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Abstract Purpose T2� is the gold standard for iron quantification in liver as well as myocardium.
In this study, we evaluated the diagnostic accuracy of myocardial T1 mapping for the
assessment of myocardial iron overload (MIO) as compared to the T2� mapping in
patients with thalassemia major (TM).
Methods Consecutive TM patients attending the thalassemia clinic were prospec-
tively enrolled. Magnetic resonance imaging was performed on a 1.5 T scanner
(Siemens Healthineers, Germany) using a gradient echo T2� as well as a T1 mapping
(MOLLI) sequence done at a mid-ventricular short-axis single 8mm slice of the left
ventricle. Values were analyzed by manually drawing a region of interest in the mid-
septum. T2�less than 20ms was used as the cutoff for significant MIO.
Results One-hundred three patients (58 males, mean age: 17�7.8 years, mean
ferritin: 2009.5 µg/L) underwent cardiovascular magnetic resonance. Median T2� of
myocardium was 33.45ms. Nineteen patients (18.4%) had T2�less than 20ms. T1 value
was low (<850ms) in all the patients with T2� less than 20ms. Receiver operating
characteristic curve analysis revealed the best cutoff of native T1 mapping value as
850ms which had high specificity (95.2%), sensitivity (94.2%) and negative predictive
value (98.8%) for T2� less than 20ms. There was excellent agreement between T1 and
T2� for diagnosis of MIO (Kappa—0.848, p<0.001).We did not find any patient who had
normal T1 mapping values but had MIO on T2�.
Conclusion T1 and T2� correlate well and normal T1 values may rule out presence of
MIO. T1 mapping can act as additional imaging marker for MIO and may be helpful in
centers with nonavailability or limited experience of T2�.
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Introduction

Iron overload is an important clinical complication that can
result from iron hyperabsorption or regular blood trans-
fusions for conditions such as thalassemia and sickle cell
disease.1,2 Iron overload cardiomyopathy (IOC) is a major
cause of premature death in patients with thalassemiamajor
(TM), usually in their second decade.3,4 According to studies,
22% of thalassemia patients who underwent magnetic reso-
nance imaging (MRI) had one or more cardiac issues, includ-
ing heart dysfunction (66%), arrhythmias (14%), or both heart
dysfunction and arrhythmias (14%). Heart failure and
arrhythmias are responsible for more than 70% of deaths in
TM.4–8 A study in India found that 50% of patients who
received several blood transfusions had severe myocardial
iron overload (MIO).3

Unless chelation therapy is drastically escalated, decom-
pensation and death occur quickly in TM patients once
cardiac symptoms appear.9,10 When IOC is diagnosed before
the end-stage cardiac failure, appropriate medical therapy
has been shown to mitigate it, emphasizing the need of early
detection of IOC.11 Serum ferritin has long been used to
measure iron overload in the body. However, both serum
ferritin and the histological liver iron concentration do not
usually correlate well with the cardiac iron and hence, they
should not be used to predict the risk of iron-related cardiac
disease.

T2� MRI for noninvasive liver and myocardial iron quan-
tification have been used over the last couple of decades to
assess patients with numerous blood transfusions and/or
suspected iron overload disorders.12,13 T2� MRI is now a
well-established approach for assessing myocardial iron in
thalassemia patients.14 This technique was first described in
a seminal publication by Anderson et al, in which the
authors observed that as the MIO increased, the ejection
fraction decreased. Myocardial T2� value of less than20ms
was seen in all the patients with ventricular dysfunction.14

Although currently T2 � is a gold standard for MIO, there is
growing interest in determining the significance of T1
mapping in detecting cardiac iron overload, particularly
in detecting lower levels of cardiac iron.15,16 The goal of
this study was to evaluate the sensitivity and specificity of
myocardial T1 mapping for detecting cardiac iron overload
in thalassemia patients with T2� mapping as the gold
standard.

Methods

Study Design and Study Population
Consecutive TM patients attending the thalassemia clinic at
our institution were prospectively enrolled between Au-
gust 2019 and March 2021, after Institutional Review Board
approval. Patients who did not give consent, those who had
prior history of any other cardiovascular disease, and those
who had contraindications to MRI were excluded. The study
was performed according to the Code of Ethics (Declaration
of Helsinki). Informed consent was obtained from all the
patients.

MRI Acquisition
MRI was performed using a Magnetom Aera 1.5 T scanner
(Siemens, Germany) using a gradient echoT2� MRI sequence
done at a short-axis mid-ventricular single 8mm slice of the
left ventricle (flip angle: 20 degree) for iron measurement.
The T2� sequence consisted of eight echoes (range: 1.88–
15.18ms, in 1.7ms increments). T2 � values from the scanner
had been validated by scanning normal controls. True-fast
imaging with steady-state precession sequence was done in
short axis slices (cine imaging) for the assessment of func-
tions. Electrocardiogram (ECG) gating, phased array coils,
and breath holding methods were used. T1 mapping (modi-
fied look locker inversion recovery–MOLLI sequence–Sie-
mens) was acquired on same single 8mm mid-ventricular
short axis slice as the T2 � slice using a single breath-hold
ECG-gated gradient multiecho technique to generate eight
imageswith a range of echo times. TheMOLLI sequence for T1
mapping consisted of nonselective inversion recovery pre-
pared ECG-synchronized Look-Locker trains performed con-
secutively in a 5s (3s) 3s pattern within a single breath-hold.

MRI Image Analysis
All MRI datawas analyzed using syngo via. software (Siemens
AG). Automated and semiautomated method was used for
contouring the endocardial surfaceof the ventricle to calculate
the left and right ventricular ejection fractions. T2� and T1
mapping values were analyzed by manually drawing a region
of interest in the mid-septum, taking care to avoid blood
volume (►Fig. 1). Analysis was performed by two blinded
readers (with 8 and 6 years of CMR experience, respectively).

Statistical Analysis
The data was summarized and analyzed using statistical
package for social sciences (SPSS, version 24.0) software. For
the comparison of categorical data that was expressed as
frequency and percentages, the chi-squared test/Fisher’s exact
test were used. Continuous variables were expressed as mean
or median as appropriate and groups were compared using
Student’s t-test or Mann–Whitney U test depending upon
normalcy of data. Sensitivity and specificity of T1 mapping
to identify tissue ironoverloadwerecalculated,usingT2� as the
gold standard. Receiver operating characteristic (ROC) curve
analysiswas toestablish thecutoff. Ap-Value less than0.05was
be used for the statistical significance of the study.

Results

A total of 103 patients (58 males and 45 females) of thalas-
semia underwent CMR. The mean age of patients was
17.08�7.82 years (►Table 1). According to modified Kup-
puswamyscale for socioeconomic status, 49.5% (n¼51)were
class IV, 27.2% (n¼28) were class III and 21.4% (n¼22) were
class V. Mean ferritin level of the patients was 2009.5 µg/L
(range: 105–4859; ►Table 2).

Cardiovascular Magnetic Resonance
All the patients underwent CMR without any complications.
Images were of good quality and were conclusive in all the
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patients. Median T2� of myocardium was 33.45ms (range:
3.08–49ms). Normal value for T2� was taken as more than
20ms.14 Nineteen patients (18.4%) had T2� value less than
20ms, suggesting MIO.

ROC curve analysis was done for T1 value to predict T2�

less than 20ms. At a cutoff of 850ms, T1 mapping could
identify T2�less than 20ms with a sensitivity of 94.7%,
specificity of 95.2% and diagnostic accuracy of 95.15%
(►Fig. 2). Of note, four (4.8%) of the patients with a normal
T2� (�20ms) had an abnormally low T1 mapping value

(�850ms; ►Table 3). Only one patient with T2� less than
20ms had a T1mapping value ofmore than 850ms. However,
this patient had a T1 mapping value less than 932.7ms
(normal lower limit of T1 mapping in our center). Positive
predictive value (PPV) for the same was 81.8% and the
negative predictive value (NPV) was 98.8%. There was excel-
lent agreement between T1 mapping and T2� mapping for
the diagnosis of MIO (Kappa: 0.848, p <0.001).

No patient with T2� less than 20ms had T1 value more
than 932.7ms. Thus, no patient with T2� value of less than
20ms had normal T1 value. Twenty-three (22.3%) patients
had low T1mapping values (<932.7ms) despite T2� values of
more than 20ms and among all the patients with T2�more
than 20ms, 27% had low T1mapping value (<932.7ms). Two
patients had severe left ventricle dysfunction and both had
severe iron deposition in myocardium (T2� <10ms).

Discussion

T2� is awell-established gold standard for iron quantification
in liver as well as myocardium.14 In our study, we evaluated
the diagnostic accuracy of myocardial T1 mapping for
the assessment of MIO as compared to the T2� mapping.

Fig. 1 T2� mapping and the decay curve of myocardium (A and B, respectively) and liver (C and D) show a T2� value of 22.69ms formyocardium
(normal myocardial iron) and 1.55ms of liver (severe iron overload). T1 map (E) and recovery curve (F) in the same patient show a T1 mapping value
of 755ms.

Table 1 Characteristics of the participants

Parameter Total patients (n¼ 103)

Age (years) 17.08�7.82

Sex M—58

F—45

SES
(modified
Kuppuswamy scale)

II 2(1.9%)

III 28(27.2%)

IV 51(49.5%)

V 22(21.4%)

Abbreviation: SES, socio-economic status.
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Our study demonstrated that T1 and T2� correlate well, and
T1 value was low (<850ms) in all the patients with T2� less
than 20ms. ROC curve analysis revealed the best cutoff of
native T1 mapping value as 850ms that has high specificity
(95.2%), sensitivity (94.2%), and NPV (98.8%) for diagnosing
T2� of less than 20ms. The high NPV implies that normal T1
values may rule out presence of iron in the myocardium. We
did not find any patient who had normal T1 mapping values
but had iron overload on T2�. This means T1 mapping value
can act as additional imaging marker for presence of myo-
cardial iron and may be helpful in centers with nonavailabil-
ity or limited experience of T2�.

Shaw et al described lower cutoff (�2 standard deviation)
of T1 mapping value for normal individuals as 932.7ms in
1.5T MR scanner at our center.17 Using this value as lower

normal cutoff, 23 (22.3%) patients had low T1 mapping
values, despite T2� values of more than 20ms. So, 27%
patients with T2� more than 20ms had low T1 mapping
values. Torlasco et al18 also described similar findings and
reported that among those with T2� more than 20ms, 38%
had low T1 with most of the subjects in the T2� range 20 to
30ms having a low T1. The gold-standard cutpoint T2� of
20ms for iron load assessment has been known to be
conservative for prioritizing specificity. T2� may be poorly
reproducible due to susceptibility artefact as iron levels
leading to decreased reproducibility. Availability of second
noninvasive imaging marker, I.E., T1 mapping, adds a new
option for clinical application of cardiac MR.

Sado et al studied 88 patients with suspected iron over-
load in myocardium and reported significant correlation of

Fig. 2 Scatter diagram (left side of the panel) depicting T1 and T2� of heart. Receiver operating characteristic (ROC) curve analysis (right side of
the panel) for T1 value to predict T2� <20ms.

Table 2 Basic biochemical and imaging characteristics of patients

Mean� SD Median Range (Min–Max)

Age 17.08� 7.82 15 7–47

Ferritin 2009.5 1968 105–4859

LVEF 59.99� 7.44 60.9 19.5–73

RVEF 55.67� 7.64 55.67 16.7–72

T2�(heart) 30� 11.04 33.45 3.08–49

T1(heart) 900.66� 119.74 942 507–1088

T2�(liver) 3.87�4.69 2.05 0.2–27

T1(liver) 413.08� 65.64 412 240–620

Abbreviations: LVEF, left ventricle ejection fraction; RVEF, right ventricle ejection fraction; SD, standard deviation.

Table 3 Number of patients with T1 value cutoff of 850ms and T2� value cutoff of 20ms for the myocardium

T2� �20ms T2� <20ms Total

T1> 850ms 80 (95.2%) 1 (4.8%) 81

T1 � 850ms 4 (4.8%) 18 (94.7%) 22

Total 84 (100%) 19 (100%) 103

�p-Value for these measurements was <0.0001.
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T1mapping valueswith T2� (R¼0.79, p<0.0001). No patient
with low T2� had normal T1, but they reported that 32%
(n¼28) of cases with a normal T2� had low myocardial T1
mapping values.17 Compared to this study, in our study, 22%
of the patientswith normal T2� (>20ms) had lowT1mapping
values (in >20ms T2�). This may be due to the fact that they
recruited patients with suspected MIO whereas in our study,
consecutive patients of thalassemia were recruited. Also,
interstudy reproducibility of T1 mapping was better than
T2� in the study by Sado et al.19

A few other studies have also reported the accuracy of T1
mapping for ironoverload estimation. Torlascoet al18 reported
their findings in TM patients (n¼138). They found out that in
established cardiac iron overload, T1 and T2� are concordant.
However, in the T2� range of 20 to30ms, T1mapping appeared
to detect iron overload. They suggested that T1 may detect
missed iron in one out of three subjects with normal T2�, and
that T1 mapping is complementary to T2�. Krittayaphong
et al20 derived best T1 mapping cutoff value of 887ms for
detection ofMIO (T2�<20ms), respectively. This value is very
close to the cutoff value obtained in our study. They also
concluded that native T1 mapping can differentiate between
severe,mild-to-moderate, andnoMIO.Meloni et al21 (n¼146)
studied the clinical impact of T1mapping for detecting cardiac
complications in thalassemia. They found out patients with
cardiac complications had significantly lower global heart T1
values (879.3� 121.9ms vs. 963.2� 98.5ms; p<0.0001). In
patients with decreased global heart T1 value rate of cardiac
complications was higher.

We found that at a T1 map cutoff of 850ms showed high
sensitivity and specificity for the diagnosis of significantMIO
(T2�<20ms). This cutoff may be be used in conjunctionwith
T2� for determining MIO. T1 mapping provides advantage of
easier clinical use as compared to T2� that usually needs
offline analysis with excel sheet. Lately this analysis has been
automatized with the advent of softwares such as Circle
cvi42 that are not widely available and costly too. It is also
important to note that T1 is less specific forMIO as compared
to T2� as T1 values may be affected by presence of fat and
fibrosis. Hence, in patients who have developed fibrosis,
unlike T2� values, T1 mapping values may not be accurate.
Hence, T2� is a more reliable marker in such patients.

Rapid CMR forms an important part of screening pro-
grams of thalassemia in India asmajority of patients are from
lower socioeconomic status and poorly chelated. In our study
70.9% patientswere from class IVandV socioeconomic status
(according to modified Kuppuswamy scale). These patients
are usually poorly chelated and not on regular follow-up. We
believe that T1mapping should be included in the rapid CMR
protocols for the assessment of MIO as it will identify
additional cases with mild iron overload and hence improve
the efficacy of the cardiac MR screening programs. These
patients may require close follow-up and escalation of
chelation therapy if required.

There were some limitations of our study. No histopatho-
logical correlationwas performed in our cases formyocardial
iron deposition. However, T2� is widely accepted as gold
standard for MIO and studies have shown the correlation of

the same with histopathological iron deposition. Another
limitation was that there was no follow-up of patients.
Future studies with long-term follow-up are required to
establish prognostic significance of T1 mapping for myocar-
dial iron deposition.

Conclusion

Myocardial T1 mapping correlates with T2� values for quan-
tification of MIO and has the potential to improve the iron
detection in cases with normal T2� values. This would be
helpful in identifying early iron deposition thus improving
sensitivity of CMR protocols. We identified a cutoff of 850ms
that delivered the best sensitivity and specificity for identi-
fying myocardial iron deposition. However, further longitu-
dinal studies are needed in patients with low T1 map values
to highlight its prognostic significance
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