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ABSTRACT

Accumulation of myocardial iron is the cause of heart failure and early death in most transfused thalassemia major
patients. T2* cardiovascular magnetic resonance provides calibrated, reproducible measurements of myocardial iron.
However, there are few data regarding myocardial iron loading and its relation to outcome across the world. A survey
is reported of 3,095 patients in 27 worldwide centers using T2* cardiovascular magnetic resonance. Data on baseline
T2* and numbers of patients with symptoms of heart failure at first scan (defined as symptoms and signs of heart
failure with objective evidence of left ventricular dysfunction) were requested together with more detailed informa-
tion about patients who subsequently developed heart failure or died. At first scan, 20.6% had severe myocardial
iron (T2*<10ms), 22.8% had moderate myocardial iron (T2* 10-20ms) and 56.6% of patients had no iron loading
(T2*>20ms). There was significant geographical variation in myocardial iron loading (24.8-52.6%; P<0.001). At first
scan, 85 (2.9%) of 2,915 patients were reported to have heart failure (81.2% had T2* <10ms; 98.8% had T2* <20ms).
During follow up, 108 (3.8%) of 2,830 patients developed new heart failure. Of these, T2* at first scan had been less
than 10ms in 96.3% and less than 20ms in 100%. There were 35 (1.1%) cardiac deaths. Of these patients, myocardial
T2* at first scan had been less than 10ms in 85.7 % and less than 20ms in 97.1%. Therefore, in this worldwide cohort
of thalassemia major patients, over 43% had moderate/severe myocardial iron loading with significant geographical

differences, and myocardial T2* values less than 10ms were strongly associated with heart failure and death.

Introduction

Over 300,000 children are born each year with a hemoglo-
binopathy, of whom more than 25,000 have thalassemia
major (TM) and need regular transfusions to survive beyond
infancy. Of the TM patients who receive transfusion, less
than half obtain adequate iron chelation therapy and approx-
imately 3,000 die each year due to uncontrolled iron overload
in their mid-20s.! These figures almost certainly underesti-
mate the true frequency of TM, but still indicate that TM is a
substantial health issue worldwide. Myocardial iron overload
leading to heart failure remains the leading cause of death.
The onset of ventricular dysfunction can be rapid and results
from iron toxicity including oxidative damage to membrane
lipids and enzymes in the mitochondrial respiratory chain,’
which occurs as a late phenomenon after a prolonged period
of iron loading.’ Cardiovascular magnetic resonance (CMR)
using T2* is routinely used in many countries for identifying
patients with myocardial iron loading and guiding chelation
therapy tailored to the heart. Myocardial T2* is calibrated to
the myocardial iron concentration,' and has been shown to
improve with intensive iron chelation therapy in parallel with
the ejection fraction.” Myocardial T2* is the only validated
non-invasive measure of myocardial iron loading and is supe-
rior for this purpose to surrogates such as serum ferritin, liver
iron, ventricular ejection fraction and tissue Doppler parame-
ters.**"® Although worldwide survival is still poor," life

expectancy is increasing in some countries with regular blood
transfusion and well-managed iron chelation therapy.”"* In
most cases, chronic myocardial siderosis is both preventable
and reversible with modern chelation regimes.”" Progress
has also been made in treatment of acute heart failure and LV
systolic dysfunction."™ A substantial 71% decrease in deaths
has been observed in the UK thalassemia cohort since the
introduction of T2* CMR and improved iron chelation.”*
Other countries have also reported improved management of
cardiac iron using T2* CMR.** Whilst myocardial T2* has
shown strong prognostic value in the UK cohort for predic-
tion of cardiac complications,” the data are limited on the
burden of cardiac iron loading or the application of CMR T2*
in different parts of the world. We therefore performed an
international survey of centers that use T2* to assess its wider
clinical application and the degree of myocardial iron loading
in a “real-life” setting.

Methods

CMR parameters

Myocardial T2* was derived from the decay curve generated from
a multi-echo gradient echo sequence with a range of echo times (TE),
as previously described.” Whilst the exact sequence parameters var-
ied between scanners, it has been shown that T2* measurement is
robust to these minor differences and transferable between scanners
across multiple different vendor platforms.”®*' All T2* measurements
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were performed at 1.5T by experienced operators at each site
using a single mid-ventricular short axis slice with a region of inter-
est (ROI) in the septum. Centers used Thalassemia-tools (a plugin
of CMRtools, Cardiovascular Imaging Solutions, London, UK) or
other commercial software for the calculation of T2*. Left ventric-
ular ejection fraction was calculated using a standardized protocol
from a stack of equally spaced short-axis cine slices.”

Recruitment of sites

The lead clinician in 65 TM centers was approached by email
and invited to participate. Forty-seven centers expressed an initial
interest and 35 completed surveys were returned with full infor-
mation (a response rate of 74% with a total of 3,445 patients). The
majority of centers (27 of 35) involved in the initial data collection
for this study had undergone rigorous quality control with site vis-
its and training in both T2* acquisition and image analysis. Only
data from these validated sites were included in the final analysis
for this study (27 sites with a total of 3095 patients). All data were
fully anonymized.

Baseline data collection

Each center was asked for baseline data on TM patients who
had undergone T2* CMR scans between 2001 and 2008. For the
patients' first scan, we requested the numbers of patients in three
strata of severity of myocardial iron loading. These were: T2* less
than 10ms (severe); 10-20ms (moderate), and more than 20ms
(normal). At the time of this first scan, we also requested: a) the
proportion of patients taking iron chelation; b) the proportion who
had been on iron chelation for more than five years; and c) the
total number of patients with heart failure defined as symptoms
(such as breathlessness) or signs of cardiac failure associated with

Table 1. List of validated centers and number of patients contributed.

objective evidence of ventricular dysfunction at rest (reduced left
ventricular ejection fraction <56% measured by CMR). This cut-
off value was derived from the lower limit of the normal range for
LV ejection fraction.”

Cardiovascular outcomes

To assess the usefulness of T2* in predicting serious adverse out-
comes, we asked for the number of patients who had either died
from cardiac causes or had developed heart failure after the first
CMR scan and for the prior myocardial T2* value to be confirmed
for each case.

Ethics and statistics

The study protocol was reviewed by the institutional research
ethics committee. A waiver of informed consent was approved for
the anonymous data collection associated with this project. All
centers were required to obtain local permission for the use of
anonymized data and, where necessary, full local institutional
review board approval was granted. All data were analyzed using
STATA version 10.1 (StataCorp, Texas, USA). Geographical differ-
ences were assessed using a ’ test. Linear regression analysis was
performed to assess association between variables. P<0.05 was
considered significant.

Results

Worldwide use of T2*
Data were analyzed from 27 fully validated centers that
returned completed survey results, representing a total of

3,095 TM patients from Europe, the Middle East, North

ontinent Country Hospital and city Number of patients
Africa Egypt Cairo University Hospital 111
Egypt Ain Shams University Hospital, Cairo 107
Europe UK Royal Brompton Hospital, London* 640
[taly Ospedali Galliera di Genova 92
[taly Ospedale Regionale Microcitemie, Cagliari 315
Greece Aghia Sophia Children’s Hospital, Athens 318
Greece Hippokration General Hospital, Thessaloniki 121
Bulgaria National Centre of Haematology, Sofia 29
[taly University of Milan 129
Middle East Oman Sultan Qaboos University, Muscat 104
UAE Thalassemia Center, Al Wasl Hospital, Dubai 66
Lebanon American University of Beirut 35
North America Canada Hospital for Sick Kids, Toronto 19
USA St Jude Children’s Research Hospital, Memphis 11
USA Children’s Memorial Hospital, Chicago 58
USA Children’s Hospital of Philadelphia 47
South America Brazil University of Campinas 61
Brazil Hospital Israelita Albert Einstein, Sdo Paolo 141
South-East Asia Hong Kong Prince of Wales Hospital, Shatin 52
Hong Kong University of Hong Kong, Queen Mary Hospital 180
Malaysia University Malaya Medical Centre, Kuala Lumpur 45
Indonesia University of Indonesia, Jakarta 10
Taiwan National Taiwan University Hospital, Taipei 34
Singapore Kandang Kerbau Women'’s and Children’s Hospital, Singapore 156
Western Asia Turkey Ege University Medical Faculty, [zmir 147
Turkey Hacettepe Medical University, Ankara 33

UK: United Kingdom,; UAE: United Arab Emirates; USA: United States of America. *Includes referrals from 21 UK hematology centers.
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America, South America, North Africa and Asia. A full list
of the sites and patient numbers reported in this study is
given in Table 1.

Baseline findings at first CMR scan

The baseline T2* values revealed that 56.6% of patients
had no significant cardiac iron loading (T2* >20ms),
22.8% had moderate loading (T2* 10-20ms) and 20.6%
had severe loading (T2* =<10ms). Overall, 43.4% of
patients had myocardial iron loading with a T2* less than
20ms. The prevalence of myocardial iron loading (T2*
<20ms) varied significantly between regions with the low-
est level being found in patients from Egypt (24.8%) and
the highest in South-East Asia (52.7%; P<0.001). A similar
distribution was found for the prevalence of severe iron
loading (T2* <10ms) with significant geographical differ-
ences (P<0.001). A full breakdown of geographical varia-
tion in terms of percentage of patients with T2* less than
20ms and less than 10ms, together with odds ratios of
having T2* less than 20ms and less than 10ms (with
Europe as the reference group), is shown in Table 2 and
presented graphically in Figures 1 and 2. A very high pro-
portion (96.7 %) of patients undergoing their first T2* scan
were taking regular iron chelation and 92.9% had been
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Figure 1. Myocardial iron loading by region. Percentage of patients
with myocardial T2* values <10ms (red), between 10 and 20ms (yel-
low) and >20ms (green) at baseline scan. Data are presented in
Table 2 with regions in order of increasing percentage of iron loading
(T2* <20ms).

taking iron chelation therapy for more than five years. In
11 of the 27 centers, all patients had been on chelation
therapy for more than five years at the time of their first
scan.

Prevalence of heart failure at first scan and T2*
distribution

For 180 of the 3,095 patients, there was not enough
information available from the clinical records to allow the
centers to make an accurate diagnosis of heart failure.
Therefore, these patients were excluded from the heart
failure analysis. For the remaining 2,915 patients, 85
(2.9%) had confirmed heart failure at the time of the first
scan with NYHA class II or above symptoms and ventric-
ular dysfunction at rest. The majority of these patients
(n=69, 81.2%) had T2* values less than 10ms with almost
all patients (n=84, 98.8%) having T2* values less than
20ms (Figure 3A).

T2* predicting the development of new onset heart
failure

In the cohort of patients who did not have heart failure
at the first scan (n=2,830), there were 108 (3.8%) who sub-
sequently developed heart failure during follow up. The
overwhelming majority of these patients (n=104, 96.3%)
had T2* values less than 10ms. All patients (100%) who
went on to develop heart failure had a myocardial T2* of
less than 20ms with no patient with a T2* value of more

<10%
10-15%
15-20%
20-25%
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Figure 2. World map showing the distribution of the prevalence of
severe myocardial iron loading at first CMR scan. The color scale rep-
resents the percentage of patients in each region who have severe
myocardial iron loading with T2* values <10ms.

Table 2. Geographical difference in T2*.

12* <10ms T2* <20ms
Region % OR 95% CI P value % OR 95% CI P value
Europe 20.3 1 reference 455 1 reference
N Africa (Egypt) 9.6 0.42 0.26 0.67 <0.001 24.8 0.39 0.29 0.54 <0.001
N America 133 0.61 0.36 1.01 0.054 304 0.52 0.36 0.76 0.001
S America 18.3 0.88 0.61 1.29 0.52 32.2 0.57 0.42 0.78 <0.001
Mid East 192 0.94 0.67 1.32 0.72 435 0.92 0.70 1.21 0.57
W Asia (Turkey) 23.9 1.24 0.86 1.78 0.25 43.9 0.94 0.69 1.28 0.68
SE Asia 29.1 1.62 1.28 2.04 <0.001 52.6 1.33 1.08 1.63 0.006

The comparison gives the odds ratio (OR) of having a T2* <10ms or <20ms (using Europe as the reference group). For each region, the percentage (%) column refers to the per-
centage of patients in that region with T2* <10ms and <20ms, respectively. The P value refers to the difference in T2* compared to the reference region (Europe). CI: confidence
intervals.
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than 12ms (Figure 3B). The median time (Q1, Q3) from
scan to onset of symptoms was 140 (7, 259) days but there
was no relationship between myocardial T2* and time to
onset of heart failure (R’ <0.001; P=0.86). Of the 637
patients with T2* less than 10ms at first scan, 104 (16.3%)
developed heart failure in comparison to 4 (0.6%) of the
705 patients with T2* between 10 and 20ms (P<0.0001),
giving an odds ratio of 32.3 for developing new-onset
heart failure if T2* was less than 10ms versus T2* between
10 and 20m:s.

Deaths

There were 35 cardiac deaths reported. The distribution
of T2* values (Figure 3C) showed that the majority (n=30,
85.7%) were less than 10ms, with 34 patients (97.1%)
having a myocardial T2* less than 20ms. There was one
outlier value with a high T2* (24.1ms). It was confirmed
that the primary cause of death was cardiac failure and the
scan images were reviewed to check the T2* measure-
ment. No problem with the initial T2* measurement was
identified. The median time (Q1, Q3) from scan date to
death was 226 [65, 353] days, and again there was no rela-
tionship between T2* and time to death (R’=0.05; P=0.24).
Of patients with T2* less than 10ms at first scan, 4.7 %
died in comparison to 0.6% of those who initially had T2*
between 10 and 20ms (P<0.0001), giving an odds ratio of
8.6 for death if T2* was less than 10ms versus T2* between
10 and 20ms.

Discussion

We have presented summary results for myocardial T2*
from 3,095 TM patients, which represents approximately
8% of the most recently published WHO estimate of
37,866 patients worldwide who receive chelation therapy
(although these numbers are considered an underesti-
mate).' These data from 27 validated centers demonstrate
4 major findings: 1) the primary dissemination of T2*
CMR technology has been successfully achieved with
robust independent operation of individual sites in a wide
geographical distribution; 2) myocardial T2* values of less
than 10ms have important and generalized prognostic
value across the world to predict future heart failure and
death, which agrees with findings from the UK,** and sug-
gests that T2* CMR has the potential to play a significant
global role in the identification of patients with myocar-
dial iron load who are at increased risk of events, and in
the prevention of events through early tailored cardiac
iron chelation treatment; 3) there is a high international
prevalence of myocardial iron overload with 43.4% hav-
ing a myocardial T2* less than 20ms, and 20.6% having a
T2* less than 10ms; and 4) there is considerable geograph-
ical variation in myocardial iron overload.

The observed association of myocardial T2* less than
10ms with the future development of heart failure proved
generally robust in this survey, but some cases were seen
with higher myocardial T2* values. As a result, the
strength of lower T2* values for associating patients with
risk of heart failure in this “real-life” study is less than in
previous reports.”® There are several possible explanations
for this finding. First, we cannot exclude technical issues
associated with the T2* CMR acquisition and image
analysis that might have resulted in incorrectly high T2*
values as overestimation of T2* can occur when the mini-
mum echo time (TE) is too long.® However, most modern

scanners are capable of running a minimum TE of ~2ms,
which makes this potential source of error unlikely. All
centers in this survey had undergone a validation and
teaching process at the time of T2* scanning initiation,
with a visit by a clinical/physics team and scanning of
phantoms of known T2* values for verification of accura-
cy. We believe this process is important for clinical gover-
nance. In general, it is a more common error to overesti-
mate T2* rather than to underestimate it at the data analy-
sis stage if the data noise in the signal intensity values at
long TE is not handled appropriately.** Second, the diagno-
sis of heart failure in TM patients may not be clear-cut.
This is because of the chronic anemia, high cardiac index
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Figure 3. Histograms of the distribution of T2* values. The broken red
line represents a T2* value of 10ms. A. Myocardial T2* values for
patients with heart failure at first scan. B. Myocardial T2* values for
patients who developed new onset heart failure subsequent to their
initial CMR scan. C. Myocardial T2* values for patients who died of
cardiovascular causes subsequent to their initial CMR scan.
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and general symptomatology of TM patients. We required
an objective measure of depressed ejection fraction for
diagnosis of heart failure in order to minimize false positive
diagnosis, but analysis error and false positive identifica-
tion of cases cannot be excluded. Third, it is likely that
some cases of heart failure result from causes other than
myocardial iron overload, with the leading alternative
cause being myocarditis. Other than myocarditis, there is
also potential for a tachycardia-related cardiomyopathy or
high cardiac output heart failure in these chronically ane-
mic patients.” Expert opinion generally holds that occa-
sional cases of fulminant heart failure have been seen with
normal or only mildly abnormal myocardial T2*. There
have been reports in the past of a more common occur-
rence of myocarditis from Greece,* but only one case
report which showed myocarditis with a normal myocar-
dial T2* but no heart failure.” Our survey data support the
possible occurrence of myocarditis as a cause of heart fail-
ure, although it appears to be rare and, in general, mild to
moderate myocardial iron loading may be an important co-
factor in its development, as new-onset heart failure with
myocardial T2* values more than 20ms was not seen, and
only one of the 85 patients (1.2%) with heart failure at the
time of first CMR scan had myocardial T2* more than
20ms (with an absolute T2* value of 23.6ms). It is known
that these T2* values correspond to a myocardial iron con-
centration of approximately 1.0mg/g dry weight,* which is
still above the upper limit of normal for the heart of 0.5
mg/g dry weight.* Only one cardiac death was recorded in
association with a myocardial T2* more than 20ms.

The variation in myocardial iron loading around the
world is of interest (Figure 2). This could be due to several
possible factors. One major factor is the relative utilization
of transfusions and iron chelation treatment. All patients
were transfused in this survey and over 96% were receiv-
ing regular iron chelation, with almost 93% on chelation
for at least five years. We do not have data on the number
of transfusions per year, the pre-transfusion hemoglobin
threshold, or the type and dose of iron chelator, so no con-
clusions can be drawn on this issue. With modern migra-
tion, patients within each geographical region are some-
what mixed, which is likely to reduce any real observable
differences between regions. Although we believe the
patients from each center to be representative of the cen-
ter and the region, we cannot exclude selection bias. This
is of particular interest in relation to the very low levels of
iron loading in the Egyptian population. Whether this rep-
resents the fact that only those patients with adequate
chelation therapy have access to T2* or that this is a
younger population remains unclear. We did not collect
data on patient age. It is also possible that access to "tai-
lored" chelation therapy is higher in the Egyptian than in
the south-east Asian cohort and where the availability of
chelation is limited, it is possible that there would be a
greater degree of cardiac iron loading. Of note, there are
also differences in patient cohorts between different
regions with a higher number of transfusion-dependent
hemoglobin E/beta thalassaemia patients in South-East
Asia; however, the current study only looked at patients
with beta thalassemia major.

One intriguing possibility that arises, however, is that
the data are also compatible with differing pre-disposition
to cardiac iron loading. This might arise from variations in
genetic modifiers of cardiac iron loading. While for the
moment there are little data to support this hypothesis, it

would be interesting to compare any genetic modifiers
that might be found in the future between the Egyptian
and the south-east Asian populations, the two groups that
showed widest difference in prevalence.

Limitations

Our survey was of a highly selected population of TM
patients and represents just the tip of the iceberg of the
worldwide burden of disease. The majority of patients
with TM live in countries with limited access to transfu-
sion and regular chelation therapy, and for these patients
advanced imaging modalities such as CMR are not afford-
able or available. CMR becomes important in the larger
scheme of healthcare provision only when the basics of
care for TM patients have been satisfied. Limitation of
access to CMR could lead to systematic bias in disease
prevalence, although it is not certain whether this would
cause under or overestimation of cardiac iron loading.
However, in regions where transfusion is available but
access to CMR is either limited or unavailable, it is likely
that there would be more patients with excess cardiac
iron. We also need to consider how long centers have had
both CMR T2* and appropriate chelation therapy avail-
able with which to tailor patient care.

A further limitation of this study was the clinical confir-
mation of heart failure. In some centers, there was not
enough clinical data available to allow accurate diagnosis
of heart failure and, therefore, although the LV ejection
fraction was known, it was not possible to analyze the
T2* values with respect to heart failure in these patients.
This resulted in the exclusion of 180 patients from this
part of the analysis. Each center used its own approved
software to determine LV ejection fraction and it is
acknowledged that this could give rise to variations in
LVEE In turn, this could lead to variation in the local diag-
nosis of heart failure according to the specified criteria.
Each center performed its own T2* analysis independently
and there are possible small differences in T2* which
could result between centers, although the effects are
unlikely to be clinically significant. A central ‘core-lab’
approach for measurement of both T2* and EF was not a
practical option given the numbers involved. However,
this could be considered for future studies. In centers
where detailed site visits for validation and setup were not
performed, data were not included in the final analysis.
This limited the total number of patients. However, the 8
centers which did not have this level of validation
returned data on 300 patients (8.8% of the total number)
and had similar event rates to all remaining sites with 3
deaths (8.1% of the total number of deaths) and 8 new-
onset heart failure (6.9% of the total number of patients
with new-onset heart failure).

Due to the intentionally simple nature of the survey and
the large numbers involved, we did not request detailed
demographic information and we only asked for specific
T2* results and scan dates for those patients with new-
onset heart failure or who had died. As we did not have
access to the complete dataset of all T2* scan results and
dates, we were unable to perform a full survival analysis
(including Kaplan-Meier curves). We only requested basic
information regarding chelation therapy and were, there-
fore, unable to capture data on transfusion and chelation
practice at each center which was sufficiently meaningful
to comment on the likely influence of these factors in the
observed geographical distribution of cardiac T2*.



However, the clinical outcomes related to low cardiac T2*
in this “real-life” study were clear.

Conclusions

These data show that there is a substantial prevalence of
myocardial iron loading in a large international sample of
TM patients who are regularly transfused and taking iron
chelation therapy. The use of the threshold of T2* of 10ms
below which the risk of cardiac complications rises signif-
icantly in previous reports has been confirmed and alter-
native explanations for heart failure other than myocardial
iron loading appear to be rare. The consistency of findings
from independent centers worldwide indicates that
myocardial T2* is a robust clinical technique with poten-
tial for further expansion to guide chelation regimes which
are tailored to the heart to prevent heart failure and pro-
long survival. These findings provide an invaluable insight
into the burden of cardiac disease and the effects of car-
diac iron overload worldwide. A major co-ordinated inter-
national effort is needed to continue to improve access to
T2* CMR, although the provision of affordable and ade-
quate transfusions and iron chelation therapy are primary
issues.
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