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Multislice multiecho T2" cardiac magnetic
resonance for the detection of heterogeneous
myocardial iron distribution in thalassaemia
patients
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The present study investigated myocardial T2" heterogeneity in thalassaemia major (TM) patients by cardiac magnetic
resonance (CMR), to determine whether is related to inhomogeneous iron overload distribution. A total of 230 TM
patients consecutively referred to our laboratory were studied retrospectively. Three short-axis views (basal, medium
and apical) of the left ventricle (LV) were obtained by multislice multiecho T2 CMR. T2" segmental distribution was
mapped on a 16-segment LV model. The level of heterogeneity of the T2 segmental distribution, evaluated by the
coefficient of variation (CoV), was compared with that of a surrogate data set, to determine whether the inhomogeneous
segmental distribution of T2" could be generated by susceptibility artefacts. Susceptibility artefacts offer an explanation
for the T2" heterogeneity observed in patients without iron overload. In subjects with global T2" below the lower limit of
the normal, T2" heterogeneity increased abruptly which could not be explained by artefactual effects. Some segmental
T2" values were below and others above the limit of normal threshold (20 ms) in 104 (45%) TM patients. Among these
patients, 74% showed a normal T2" global value. In conclusion, a true heterogeneity in the iron overload distribution
may be present in TM patients. Heterogeneity seemingly appears in the borderline myocardial iron and stabilizes at
moderate to severe iron burden. Copyright © 2009 John Wiley & Sons, Ltd.
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in a defined anatomical region. This technique is feasible in
clinical practice and has shown good inter-study and inter-
scanner reproducibility (11-13). CMR acquisition is usually limited
to a single measurement in the mid-ventricular septum to
minimize the effect of motion and susceptibility artefacts. Thus,
the T2" value measured in a single region of interest (ROI) drawn
in the mid-ventricular septum is taken as representative of the
T2 value for the whole heart (1,10,14,15).

The few histological studies available in the literature have
detected heterogeneous iron deposition in TM patients (16-18),
so it may be of interest to perform a 3D segmental measurement
of the T2" assessment in the whole left ventricle (LV). Multislice,
multiecho T2* CMR has been demonstrated to effectively assess
the segmental distribution of T2* values in iron overloaded
patients (11,12,19). Although a significant heterogeneity in T2*
segmental distribution was observed in these studies, it is not yet
clear if that represented true heterogeneous iron density or if it
could have been generated by geometric and susceptibility
artefacts.

To address this issue, we have investigated the relationship
between T2" segmental heterogeneity and iron overload
progression in a large patient population, in order to understand
if imaging artefacts may account for inhomogeneous segmental
distribution of T2* values.

MATERIALS AND METHODS
Magnetic resonance

Two hundred and thirty TM patients (95 men, age 29 + 10 year)
consecutively referred to our laboratory were retrospectively
studied. Images acquired from 20 healthy volunteers (13 men,
mean age 314 11year) were also used in this study to assess
normal values for global and segmental T2* values, as will be
described. All healthy subjects were completely asymptomatic,
with no known history of any disease. Informed consent was
obtained from all subjects and the Institutional Review Board
approved the study. Multislice, multiecho CMR was performed by
a 1.5T MR scanner (GE Signa, CV/i), using a 4-channel cardiac
phased array coil. Myocardial T2* distribution was assessed by a
fast gradient echo-multiecho sequence (FA=25° matrix=
256 x 192, FOV =35 x 35cm, thickness=8.0mm, NEX=0.75)
with ECG triggering. Each slice was acquired at nine echo times
(from 2.2 to 20.3 ms, with echo spacing of 2.26 ms) in a single
end-expiration breath-hold to assure image alignment. Acqui-
sition time for each slice ranged from 10 to 18's depending on
heart rate. Three short-axis views (basal, medium and apical) of
the LV were acquired for each subject, following the American
Heart Association (AHA) recommendations (20). A more detailed
description of the acquisition sequence is provided in
Reference (19).

Image analysis

Acquired images were analysed using a previously validated,
custom software (HIPPO MIOT™) (19) by expert CMR operators.
The software is able to map the myocardial T2* distribution into a
16-segment LV model according to the AHA standardized
myocardial segmentation (20). The inter-study, intra-observer
and inter-observer variabilities of the proposed methodology
were previously assessed (12). Briefly, for each short-axis slice, the
endocardial and epicardial contours of the LV wall were manually

traced in an image corresponding to the first or second echo
time. A reference point in the anterior septal insertion of the right
ventricle was also defined. The two contours and the reference
point were automatically replicated along all the multi-echo
images. The myocardium defined in the previous step was
automatically segmented into equiangular segments starting
from the reference point. Six segments were used in the basal
and medium slices, and four were used in the apical slice. For
each segment, the mean value of the signal intensity along all TE
values was calculated. The calculated decay curve was fit to the
exponential model:

S:SOexp(f_l-_rzE*) (M

where S represents the mean signal intensity, Sy is a constant, T2*
is the relaxation time and TE represents the echo times. Decay
curve fitting was performed by Levenberg-Marquadt method
and the T2 value for the segment was obtained. Figure 1 shows a
typical decay curve and the resulting fitting operation. It should
be noticed that the signal decay is not purely exponential, hence
the adopted decay model may be affected by measurement
errors. A small signal offset, almost constant over TEs, could be
present due to Rician distributed MRI noise and signal from slow
relaxing species as oxygenated blood (19,21). In high iron
overloaded subject, the later TEs were manually excluded from
the analysis to take this aspect into account. A valid alternative
approach is to add a constant offset to the exponential curve,
with the advantage of a reduced user-dependent variability (21).
However, the later approach may not be optimal at high T2*
values due to the incorrect estimation of the offset value (19).
Moreover, the signal decay is modulated by a sinc function due to
the susceptibility differences between tissues (22). As showed by
Ghugre et al. (21), the fitting error induced by this effect is very
small (less than 1.5%) and was further reduced in our approach,
thanks to the choice of a TE interval equal to half of the period of
fat-water ‘beating. To summarize, a single-exponential, ROI-based
decay model was used in this study due to its robustness and its
invariance to decay rate, as also suggested by other studies
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Figure 1. Typical signal decay curve (T2"=14.8ms) and fitting curve
evaluated by the single exponential model in eqn (1).
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(23,24). Finally, the global T2* value was obtained by averaging
segmental T2* values.

Artefact modelling

Large cardiac veins and heart-lung interface represent the main
artefactual sources that could affect the T2" distribution. Large
cardiac veins produce perturbations of the z-component of
the magnetic field due to the susceptibility difference between
the deoxygenated blood in the vein and the surrounding tissue
(25). Artefactual alterations of the T2* value are related to
magnetic field perturbation in a complex way, but it is visually
apparent that artefacts originate from large cardiac veins and
that the effect of these artefacts rapidly decreases with the
distance from the source. Figure 2 shows typical susceptibility
artefacts at the basal (Fig. 2A), medium (Fig. 2B) and apical
(Fig. 2C) levels. Since the susceptibility artefact intensity has a
nonlinear dependence on the angle between the axis of the vein
and the acquired slice, susceptibility artefacts’ strength is
expected to randomly vary in the population of imaged subjects.
Hence, the artefact strength on a segment could be modelled as a

random value extracted from a Gaussian distribution. The mean
and SD of the Gaussian distribution can be evaluated on a
homogeneous group of subjects as the systematic bias and the
SD of measured T2* segmental values, respectively.

Heart-lung interface is another possible source of artefacts, as
shown by means of qualitative analysis of pig hearts in vivo and ex
vivo (26). These artefacts were less important in human studies
when measurements were performed in end-expiratory breath-
hold (as in this study) when phrenicomediastinal recess
diminished (27). Artefacts related to this source should involve
a larger area with respect to ‘spot-like’ artefacts similar to the
ones produced by cardiac veins. Figure 2D shows a typical
artefact induced by the heart-lung interface. These artefacts
could affect T2* measurements in the lateral wall and might be
more severe in the apical region as compared with the base and
the mid-ventricular level.

We hypothesize that susceptibility artefacts are additive in the
R2" (1/T2%) domain and independent of the R2* value (7). This
assumption will be discussed below.

The main objective of this study is to understand if the
segmental heterogeneity of T2* values measured in the patient

GCV: Great Cardiac Vein
MCV: Middle Cardiac Vein
PV: Posterior Vein

Figure 2. Mapping of segmental T2* distribution on the 16-segments model. Sources of typical artefacts: cardiac veins (A, B, C) and heart-lung

interface (D).
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Figure 3. Examples of surrogate data realizations. (A) Patient 190 (global T2* = 37.8 ms). The CoV measured on real patient data (28.01%) is well inside
the mean + 2SD window defined by surrogate data. (B) Patient 100 (global T2* = 26.6 ms). The CoV measured on real patient data (37.9%) is outside the

mean =+ 2SD window defined by surrogate data.

population could be entirely explained by artefactual sources. A
surrogate data set was obtained with the hypothesis that
heterogeneous iron deposition does not exist and variations in
T2" values are associated only with the effect of susceptibility
artefacts. Since these artefacts are additive in R2* space, it is
convenient to generate data in the R2* domain. Based on these
assumptions, the R2* value R2*(p, s) in a segment s for a patient p
could be modelled by adding the artefacts effect to the global
R2" value R2"¢(p):
1000

T2%(p,s) = R (p.s)

B 1000 @)
 R25(p) + Aga.(s) + ora«(s)N(0, 1)

where s was the segment location, and Ag,.(s) and og,.(s) were
the mean and the SD of the difference between R2* values in the
segment s and the global LV value, respectively. Ny 1(s) represents
a normal distribution. Ag,-(s) and og,-(s) could be evaluated on a
population of normal subjects without iron overload. In this
population, the ‘true’ R2* value in the entire myocardium is
constant; the segmental variations are due only to susceptibility
artefacts.

Statistical analysis

The level of heterogeneity of the T2* segmental distribution on
each patient was evaluated by calculating the coefficient of
variation (CoV) as the standard deviation of the absolute value of
the differences between the segmental T2* values and the global
T2 value divided by the global T2* value and expressed as a
percentage.

Segmental data analysis

Patient data were analysed by the Monte Carlo simulation
method. For each patient involved in the study, a set of surrogate
data were randomly generated using eqn (2): R2*¢ (p) equal to

the global R2* value measured in the subject’s whole LV, Ag,.(s)
and ogy-(s) obtained from the analysis of normal subjects and
random values from the Gaussian distribution Ny ;(s) obtained by
the Box-Muller method implemented in IDL 6.0 (28). One
thousand surrogate data realizations were generated for each
patient to simulate the R2" variations that could be associated
with different distributions of artefact sources. The level of
heterogeneity for each surrogate data realization was evaluated
by computing the CoV as previously described.

The CoVs evaluated over the population were plotted versus
the global T2" value. Furthermore, for each patient the mean CoV
value from the surrogate data was plotted together with the
mean £+ 2SD. In the resulting plot, the region outside the
mean & 2SD interval represented the CoV values that could
not be explained by susceptibility artefacts (probability less than
5%). Figure 3 shows typical examples of surrogate CoVs'
distribution in two patients.

In clinical practice, presence of iron overload in heart is
routinely assessed by comparing the measured T2* value with the
normality threshold. AT2* normality threshold of 20 ms (50 Hz for
R2%) is commonly used in the literature (10). In the segmental
analysis, the number of heart segments below the normality
threshold could be used as an index of iron overload
heterogeneity (12). Hence, the number of segments with an
R2* value higher than the normality threshold was counted in all
patients and in the relevant surrogate data, generated as
previously described. Surrogate data were used to define the
expected number of non-normal segmental T2* values generated
by the artefacts.

Due to the heterogeneous effect of susceptibility artefacts on
different heart regions, the use of a unique normality threshold
for all LV segments may not be adequate. The use of an R2*
segmental correction map, evaluated on a normal subject, was
proposed to overcome this drawback (19). To evaluate the
effectiveness of the correction technique, the number of
segments with a T2" value above the normality threshold was
also assessed in patients’ data corrected by the procedure
described in Reference (19).
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Table 1. Distribution of segmental R2" values in normal subjects
Segment No. Segment R2* Mean (Hz) Agy- (Hz) R2* SD (ogy) (Hz)
Global left ventricle value 29.3 0 3.1
1 A, Anterior (basal) 32.0 2.7 7.9
2 AS, Antero-septal (basal) 26.6 -27 5.0
3 IS, Infero-septal (basal) 26.4 -29 3.8
4 I, Inferior (basal) 35.1 5.8 8.2
5 IL, Infero-lateral (basal) 30.7 14 59
6 AL, Antero-lateral (medium) 25.0 —43 6.6
7 A, Anterior (medium) 343 5.0 6.5
8 AS, Antero-septal (medium) 27.6 -1.7 54
9 IS, Infero-septal (medium) 271 -22 7.0
10 I, Inferior (medium) 32.0 2.7 6.3
1 IL, Infero-lateral (medium) 28.0 -1.3 6.3
12 AL, Antero-lateral (medium) 28.6 -0.7 37
13 A, Anterior (apical) 335 4.2 6.7
14 S, Septal (apical) 25.1 —42 5.1
15 I, Inferior (apical) 271 —-22 7.0
16 L, Lateral (apical) 29.5 0.2 6.6
Mean segmental R2* values were obtained by averaging over 20 subjects; (Ag,.) mean difference between the segmental value and
the global LV value; (R2* SD) standard deviation of the distribution of R2* values among subjects.

RESULTS

Table 1 shows Ag,.(s) and og,.(s) values measured on the 20
healthy subjects involved in the study. The mean global R2" value
in normal subjects was 29.3 + 3.1 Hz. The resulting limit of the
normal (mean —2SD, p =0.05) for global R2" was 35.3 Hz. The
corresponding values for T2* were 36.14+4.4 and 27.3ms,
respectively. Mean R2" and T2* values in the mid-ventricular
septum of normal subjects were 27.3 +5.0Hz and 38.5 + 7.1 ms,
respectively. The cut-off values were 37.3Hz and 243 ms. A
threshold of 20 ms (50 Hz), widely used in the literature, was taken
as a ‘conservative’ cut-off value for the normal subjects.
Sixty-nine (30%) TM patients showed both mid-ventricular and
global T2* values less than the normality threshold (20 ms), while
151 (66%) TM patients had both values in the normal range
(>20ms). Ten (4%) TM patients had discordant mid-ventricular
and global T2" values. In 45 (20%) TM patients, the T2" values in all
left ventricular segments were below 20 ms, and in 81 (35%) TM
patients, the T2 values in all segments were normal. In 104 (45%)
TM patients, some segmental T2* values were below and others
above 20 ms; so segmental T2" values were heterogeneous with
respect to the normal threshold. Of the 104 TM patients with
heterogeneous T2 values, 77 (74%) showed a normal T2*global
value (Fig. 4). Bland Altman plots comparing T2 values in the 16
LV segments with the global T2* values are depicted in Fig. 5.
Results of the Monte Carlo simulation for CoV analysis are
shown in Fig. 6. TM patients were sorted using the global T2*
value. The CoV of all the patients (square markers) and the mean
CoV value averaged over 20 samples window (black line) are
plotted versus the global T2* value. For the surrogate data, the
mean CoV value (grey line) is shown together with the region
inside the mean =+ 2SD limits (grey dotted lines). The mean and
the normal lower limit of the T2"global values assessed in the
healthy subjects are shown as well (vertical black arrows).

Results of the Monte Carlo simulation for non-normal heart
segments are shown in Fig. 7. The number of non-normal
segments for all patients averaged over 20 samples window
(black line) is plotted versus the global T2 value. For the surrogate
data, the mean number of normal segments (grey line) is shown
together with the region inside the mean+2SD limits. The
black dotted line represents the number of non-normal
segments averaged over 20 patients for the data corrected
using Table 1.

DISCUSSION

Iron overload distribution in the heart has been assessed in a few
studies. Ex vivo histological analysis revealed a ‘patched’
distribution of iron (16,17). Ghugre (18) compared in vivo, in
situ and in vitro R2" segmental measurements with iron
quantitation in a single, heavily iron overloaded heart (T2* in
mid-ventricular septum of 3.4ms). A 12-segments (4 basal, 4
medium and 4 apical) LV model was employed in that study.
Circumferential variations of the iron distribution were noted
with a very high slice-to-slice reproducibility. A CoV of 16% was
assessed by histological analysis and confirmed by R2* in vitro
measurements. R2* variability was higher in situ compared to
in vitro measurements, but a numerical value of in situ CoV was
not reported. Segmental R2* CoV in our patient population,
which was afflicted with heavy iron overload, was about 23%
(Fig. 6), compatible with the findings of the Ghugre study.
Several CMR studies were performed on patients with primary
and secondary haemochromatosis, but almost all were limited to
mid-ventricular septum measurements (9,10,29). Circumferential
R2" variations were detected in a single mid-papillary slice on 48
TM patients with myocardial iron overload by Ghugre et al. (21).
Segmental assessment of the T2* distribution in the heart was
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Figure 4. Homogeneous and inhomogeneous segmental distribution of T2" values in patient population. A large percentage (45%) of patients have
heterogeneous segmental T2 distribution, associated with both normal and non-normal global T2* values.

performed by Pepe et al. (11) (53 TM patients) and was related to
the efficacy of chelation agents (12) (36 TM patients).

In this study, we involved a large TM patient population
(230 subjects) to obtain a statistically significant mapping of T2*
heterogeneity in the whole range of T2* values exploited in
clinical practice.

The main hypothesis underlining this study was that the
segmental CoV measured on the patient population was
generated by only the uneven iron distribution and additive
susceptibility artefacts. T2* measurement errors could also play a
role, producing different segmental T2* values even for subjects
with exactly the same theoretical T2* value in all segments. A
mean inter-observer variability (different observers in different
sessions) of 12% for segmental analysis was assessed in previous
studies (11,12). This value could be used as a conservative
threshold for the measurement error that may affect the value
used in this study, where the same observer assessed segmental
values on each patient in the same session. Measurement errors
affected both TM patients and surrogate data parameters (that
were obtained from measurements on normal subjects). Hence, it
should be expected that CoV measured in both TM patients and
surrogate data were slightly overestimated. Finally, the acqui-
sition technique used in the present study (i.e. the chosen echo
times) is optimized for measurements in the abnormal range of
T2 values, leading to a decrease of measurement errors at high
iron overload level (11,30). Consequently, the overall finding of
the study (i.e. the CoV increased below the lower limit of normal)
is unlikely to be affected by this factor.

It could be argued that some non-additive artefactual sources
(as geometrical artefacts generated by heart-lung interface) may
play a role in CoV assessment. The effect of these non-additive
artefacts should be visible at high iron overload levels.
Observation of Fig. 5 reveals that the deviation of the segmental
T2 values with respect to the global T2* value vanished at the

low global T2* level, confirming the additive nature of the
artefacts. Hence, the effect of non-additive artefacts, if any, seems
to be marginal in T2* measurements. An appreciable deviation
with respect to the global value at low T2 values appears only in
segments 4 (basal-inferior), 7 (medium-anterior), 10 (mediu-
m-inferior) and 13 (apical-inferior). Hence these deviations, if
they exist, seem to be not related to the heart-lung interface.

Another evidence of the additive nature of artefacts is that
comparison between T2* and T2 measurements in heart showed
that a very good linear correlation exists in iron overloaded
patients (T2*<20ms). Linear correlation is not present in
patients with normal iron loading (31). Moreover, T2* assessment
was demonstrated to be more reproducible in patients with high
iron overload levels (10,11). The fact that the measurement error
is lower at low T2" values due to the TEs used in the acquisition
may partially explain this finding. However, the fitting error was
demonstrated to be low for a large range of T2* values, so that the
reduction of the artefact effect at high iron overload level
(because the artefact became negligible with respect to high R2*
values) may play a role as well. Hence, it is reasonable to model
the artefact effect as an additive source with a randomly
distributed strength.

From Fig. 6, it can be inferred that R2* heterogeneity for
patients without iron overload was compatible with the
hypothesis that the heterogeneity was generated only by
additive susceptibility artefacts. In fact, CoV distribution
associated with surrogate data is wide enough to include a
large percentage of patient data. CoV values for TM patients with
a global T2* value around 28 ms (the mean global T2* value in
normal subjects) are still inside the mean + 2SD region defined
by surrogate data generation. The heterogeneity abruptly
increased from 25% to about 35% near the lower normal limit
of global T2 (27 ms). The maximum heterogeneity value was
reached in borderline patients with a global T2* value between 20
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and in the surrogate data. The white squares and the black line represent

single patient measurements and the CoV average on all patients,

respectively. The grey line represents the mean CoV of the surrogate

data with the mean £ 2SD limits (grey dotted lines). The mean and the

normal lower limit of the T2" global value assessed in the healthy subjects
are shown as well (vertical black arrows).

and 27 ms. Then, the heterogeneity decreased linearly, returning
to 25% in patients with heavy iron overload. The CoV rate of
decrease is almost the same as the rate of decrease of CoV for
surrogate data.

A possible explanation of the significant CoV increase in
patients with mild iron overload is that a true heterogeneity in
iron overload distribution could be present in a significant
percentage of TM patients. Iron overload heterogeneity could
appear in the mild myocardial iron burden, justifying the strong
CoV increase in borderline patients. When significant iron
overload is present in all LV segments, iron heterogeneity could
remain stable with the progression of disease. CoV reduction for
low T2 values could be explained by the vanishing of
susceptibility artefacts that are additive in the R2" space.

Iron deposition heterogeneity seems to appear in the
borderline myocardial iron overload, and stabilizes for moderate
to severe iron burden. Thus, it can be reasonable to use the
number of LV segments with a T2* value below a normality
threshold (20 ms) to monitor the evolution of myocardial iron
burden (11,12). Figure 7 shows the progression of the number of
non-normal segments with global LV T2* values in our
population. As expected, the number of non-normal sectors
smoothly increases from 0 to 16, with a mean value of 8 segments
which corresponds to the normality threshold (T2* =20 ms) for
the global T2* value. However, the transition range between a ‘full

patient's data
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Figure 7. T2" value heterogeneity assessed by the number of heart
segments below the normality threshold (20 ms) in TM patients and in the
surrogate data. The solid black line represents patients’ averaged
measurements. The black dotted line represents the patients’
averaged measurements after the correction of segmental data by the
correction map in Table 1. The grey line represents surrogate data with
the mean + 2SD (grey dotted lines).

normal’ and a ‘full pathological’ condition is larger in the patients’
data set, with respect to the surrogate data that take into account
only the effect of the susceptibility artefacts. If an appropriate
segmental correction map based on the values in Table 1 is
applied (19), patients’ corrected data are not significantly
different from the surrogate data in the T2" normal range
(T2* >20ms). In both raw and corrected data, the number of
non-normal segments is significantly different in patients’ and
surrogate data for global T2* values related to iron overloaded
patients. Again, this could mean that the presence of non-normal
LV segments cannot be explained by the effect of susceptibility
artefacts.

In our study, a large percentage of TM patients (45%) showed
an inhomogeneous segmental T2* distribution compared to the
normal threshold. Out of the TM patients with an inhomo-
geneous segmental T2* distribution, a large percentage (74%)
presented global and mid-ventricular T2* values in the normal
range (Fig. 4). Itis possible that segmental analysis may play a role
in early and exhaustive detection of myocardial iron overload,
although further studies are required to clarify this issue.

In conclusion, T2* segmental heterogeneity in TM patients
shows a significant increase from a normal state to an iron
overload condition. This finding cannot be explained by the
effect of MRI artefacts that are additive in the R2* domain and
should vanish with the progression of iron overload. The more
likely interpretation is that a true heterogeneity in iron overload
distribution exists in TM patients and could be detected by T2*
CMR. Thus, segmental analysis may be useful in the early
detection of myocardial iron overload in borderline TM patients.

www.interscience.wiley.com/journal/nbm
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