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ARTICLE INFO ABSTRACT

Keywords: Objective: To determine the optimal MRI protocol and sequences for liver and cardiac iron estimation in chil-
Children dren.

MRI Methods: We evaluated patients < 18 years with cardiac and liver MRIs for iron content estimation. Liver T2 was
T2 star determined by a third-party company. Cardiac and Liver T2* values were measured by an observer. Liver T2*
Eizver values were calculated using the available liver parenchyma in the cardiac MRI. Linear correlations and Bland-
Heart Altman plots were run between liver T2 and T2*, cardiac T2* values; and liver T2* on dedicated cardiac and
Protocol liver MRIs.

Results: 139 patients were included. Mean liver T2 and T2* values were 8.6 *+ 5.4ms and 4.5 + 4.1 ms, re-
spectively. A strong correlation between liver T2 and T2* values was observed (r = 0.96,p < 0.001) with a bias
(+4.1ms). Mean cardiac bright- and dark-blood T2* values were 26.5 * 12.9ms and 27.2 * 11.9ms, re-
spectively. Cardiac T2* values showed a strong correlation (r = 0.81, p < 0.001) with a low bias (—1.0 ms).
The mean liver T2* on liver and cardiac MRIs were 4.9 + 4.7ms and 4.6 * 3.9 ms, respectively. A strong
correlation between T2* values was observed (r = 0.96, p < 0.001) with a small bias (—0.2 ms).

Conclusion: MRI protocols for iron concentration in the liver and the heart can be simplified to avoid redundant
information and reduce scan time. In most patients, a single breath-hold GRE sequence can be used to evaluate

the iron concentration in both the liver and heart.

1. Introduction

Iron is an essential element present throughout the body in different
tissues and cells [1]. Conditions that increase intestinal iron absorption
(e.g. hereditary hemochromatosis) or require chronic intravenous blood
transfusions (e.g. sickle cell anemia post stroke or thalassemia major)
are related to iron overload in children [1]. Iron affects multiple organs
but the heart and the liver are at the highest risk for toxicity with the
liver typically being the first organ affected given that it is the main iron
storage in the body [2,3].

Magnetic resonance imaging (MRI) has been used to detect iron
deposits for > 25 years and has revolutionized clinical care of condi-
tions that result in iron overload [4,5]. In the liver, the most validated
and widely used relaxometry methods for iron quantification are R2
and R2* [6]. These techniques are based on T2 and T2* sequences,
respectively. Although both are validated to estimate the liver iron
content (LIC), few studies have analyzed the correlation between both
sequences [9,10]. For the heart, bright-blood (BB) and dark-blood (DB)
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T2* sequences are used to evaluate response to chronic iron chelation in
clinical practice [11-13]. DB-T2* suppresses the signal comping from
the blood, improves myocardium depiction and facilitates the post-
processing [12].

In current clinical practice, in order to estimate cardiac and hepatic
iron content, we require separate MRIs with sequences tailored speci-
fically for each organ. This workflow results in multiple redundant
scans and unnecessarily long examinations. However, a large part of the
liver is included in the field of view during the cardiac MRI and can
potentially be used to estimate the LIC using any of the T2* sequences.
Optimization of this MRI protocol could reduce expenses and scanner
time while improving the patient experience without losing diagnostic
value. This retrospective study aims to compare the different sequences
for liver and cardiac iron estimation in children. In this study, we
compared different T2 and T2* sequences for iron estimation in the
liver and heart.
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2. Materials and methods

This retrospective study was approved by our Institutional Review
Board and performed in compliance with the Health Insurance
Portability and Accountability Act. The requirements for informed
consent and assent were waived. Patients aged 0-18 years old who had
both a liver and a cardiac MRI indicated for iron overload assessment
between February 2008 and December 2017 were included. Liver and
cardiac MRIs were performed < 90 days apart to ensure comparability.
During the first years of this period, the cardiac and liver MRIs were
performed at different days according to the patient's preference or lack
of availability during the day. Currently, at our institute, cardiac and
liver MRIs are preferably performed one after the other the same day.
Patients whose cardiac MRI did not have an adequate technique to
estimate the LIC and those who did not included the liver in the cardiac
MRI field of view for any given reason were excluded. Demographic and
anthropometric measures in addition to MRI scanner parameters were
retrieved from the electronic medical records. All liver and cardiac
scans were performed using a 1.5T MRI scanner (Avanto, Siemens
Health Care, Erlangen, Germany) equipped with a gradient system with
a maximum amplitude of 33 mT/m and a 125 mT/m/ms slew rate.
Imaging sequence and coils were constant between 2008 and 2017. MR
software was updated in 2011, 2016 and 2017 but without changes in
the liver or cardiac iron quantification protocol. An acquired matrix size
without reconstruction was used. Scanner parameters used for the liver
T2, liver T2* and cardiac T2* MRI sequences are shown in Table 1. DB-
T2* uses a double inversion recovery pulse to null the signal coming
from the blood.

T2 calculations were done based on methodology reported by St.
Pierre et al [7,14]. The transverse relaxation rate, T2, was calculated by
exponential curve fitting to the image signal intensities obtained by the
TE images. For LIC, a litter of saline solution bag was placed to the left
side of the torso as a reference for correction of signal gain changes. The
mean T2 values within the liver was used to calculate a mean LIC using
a calibration curve that had been determined through the measure-
ments of liver T2 and needle biopsy [7]. The image analysis for LIC
values using T2 values was performed offline by Resonance Health
(Claremont, Australia) for a fee per study using FDA approved metho-
dology. After analysis, a report was sent back to our institution. LIC
calculated from T2 sequences plateaus at 43 mg/g and values beyond
this cut-off were not reported. In order to calculate T2*, all MRI images
were transferred to a post-processing program (Circle Cardiovascular
Imaging 42, version 5.6.5, Calgary, AB, Canada). A single trained ob-
server supervised by a physicist with 15years of experience in MR
imaging drew the regions of interest (ROI) in the heart and liver. Liver
ROIs were drawn on the liver parenchyma encompassing the relevant

Table 1
Pulse sequence parameters for T2 and T2* sequences used for liver and cardiac
MRI.

Parameter T2 Liver MRI T2* Liver MRI T2* Cardiac MRI

Type of sequence Spin Echo (SE)  Gradient Echo Gradient Echo

(GRE) (GRE)

Scan mode 2D 2D 2D
TR (ms) 1000 200 120
No. of echoes 5 12 8
First TE value (ms) 6 1 2.5
Echo space (ms) 3 1.4 2.2
Flip angle 90 20 20
Matrix size 256 X 256 128 x 64 256 x 192
Slice thickness (mm) 6 10 10
No. of slices 11 2 2
Acceleration factor 2 2 2
Approx. Scan time 10:00 0:18 0:17

(min:sec)

Note: TE = Echo time, TR = Repetition time, ms = milliseconds.

53

Clinical Imaging 56 (2019) 52-57

anatomy in the right hepatic lobe with special care taken to avoid major
vessels, central biliary tree, artifacts and livers boundaries. Normal liver
iron content is 0.2-2 mg Fe/g dry weight [2]. Cardiac ROIs were drawn
delineating the mid-interventricular septum and excluding any sur-
rounding blood. ROIs size varied among the patients based on the liver
and heart size, orientation and position of large vascular structures.
Unlike liver MRI that calculates the LIC, cardiac iron overload is eval-
uated using the T2* values (ms) themselves instead of the iron content
[15]. The ROIs in the liver using a dedicated cardiac MRI were drawn in
the sagittal view encompassing as much liver as possible while avoiding
the large vascular structures in the mid-liver, usually the left hepatic
lobe, and with a size comparable to the ROI drawn in the dedicated
liver MRI, Fig. 1. As the software propagates the ROI automatically to
the other TE acquisitions of the series, it generates a decay curve and
calculates the T2* value in milliseconds for the ROI. A single ex-
ponential curve fitting was used for T2* decay curve fitting. In cases
with rapid signal decay, the curve fitting fails with the current number
of echoes. In these cases, the curve was corrected by excluding later
echoes as they were considered noise. The minimum number of echoes
necessary to achieve and acceptable curve fitting were excluded in
these patients. In addition, eight examinations were excluded because
the first TE in the dedicated cardiac exam was insufficiently short for
the high degree of liver iron overload and yield a failed curve fitting. By
default, the first TE in the cardiac MRI were shorter as compared to the
liver MRI.

Statistical analyses were performed using MedCalc (MedCalc,
Ostend, Belgium). Continuous variables were presented as mean +
standard deviation (SD) and categorical variables as percentages and
counts. Linear correlation (r) was done to evaluate the relationship
between liver T2 vs. liver T2*, cardiac BB- vs DB- T2* and liver T2*
obtained on dedicated liver MRI vs. cardiac MRI. 95% confidence in-
tervals (95% CI) for each correlation were calculated. Scatter plots and
Bland-Altman difference plots were calculated to assess the agreement
between the two methods. 95% confidence intervals were used as
prediction limit in order to identify and display outliers. A two-tailed p-
value of < 0.05 was considered significant.

3. Results

139 patients (87 Girls, 52 Boys) were included with a mean age,
weight and height of 12.5 *+ 3.7 years (range 2-18), 42.5 + 16.7 kg
(range 12.2-116.5) and 143.4 = 20.3cm (range 67.8-181.8). 74.8%
of the abdominal and cardiac MRI studies were performed on the same
day and 4.3% one day apart. 20.8% of our studies were performed
between 4 and 74 days apart with a mean 26.1 *= 19.3 days. Diagnoses
seen in our sample were beta-thalassemia (n = 88), sickle cell disease
(n = 16), sideroblastic anemia (n = 14), pyruvate kinase deficiency
(n = 3), aplastic anemia (n = 3), acute lymphoblastic leukemia
(n = 5), alpha thalassemia (n = 3), Diamond-Blackfan anemia (n = 4),
hereditary spherocytosis (n = 1), Langerhans cell histiocytosis (n = 1)
and hemolytic anemia of uncertain ethology (n = 1).

139 MRIs were included to compare T2 and T2*. The mean T2 and
T2* were 8.6 = 5.4ms and 4.5 + 4.1 ms, respectively. LIC values
were 16.6 = 13.4mg/g (range 1-43) for T2 and 15.7 = 12.7 mg/g
(range 1.02-47.9) for T2*. A strong correlation was observed between
T2 and T2* values (r = 0.96, 95% CI 0.94-0.97, p < 0.001). Bland-
Altman plot depicts a mean bias of +4.1ms (range + 0.4 to +7.7)
between T2 and T2* values. With the exception of six outliers, all values
fall within 95% prediction limits, Fig. 2.

Out of 139 patients, 99 subjects had a cardiac MRI with both BB-
and DB-T2* sequences acquired in the same examination. The mean BB-
and DB-T2* values were 26.3 = 12.9ms and 27.23 * 11.9ms, re-
spectively. Regression analysis between BB- and DB-T2* showed a
strong correlation (r = 0.81, 95% CI 0.73-0.86, p < 0.001). Bland-
Altman plot shows the mean bias between BB- and DB-T2* was — 0.6 ms
(range — 15.6 ms to +14.3 ms), Fig. 3. Except for two outliers, all values
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Fig. 1. Representation of ROIs used for T2* estimation in the liver and heart. A single trainee draw an ROI in the right hepatic lobe using the dedicated liver MRI (a),
bright blood (b) and dark blood sequences delineating the mid-interventricular septum (c); and in the mid-liver using a dedicated cardiac MRI (d).

fall within 95% prediction limits.

Out of 139 patients, 131 cardiac MRIs were included to measure the
liver T2* in the liver and cardiac MRIs. The mean T2* values measured
on the liver and cardiac MRIs were 4.9 = 4.7 ms and 4.6 = 3.9 ms,
respectively. Regression analysis between liver T2* measured in the
cardiac and liver MRI showed a strong correlation (r = 0.96, 95% CI
0.94-0.97, p < 0.001), Fig. 4. Based on Bland-Altman plots, the mean
bias in liver T2* measured between the cardiac and liver MRI is — 0.2 ms
(range — 2.3 ms to +1.8 ms). Most of our values fall within 95% pre-
diction limits, with the exception of three outliers.

4. Discussion

Our findings support an MR protocol for evaluation of iron overload
in the liver and heart in children limited to a single sequence

acquisition. We compared multiple sequences to determine an optimal
approach that improves the MR imaging experience and facilitates
follow-up in patients with iron overload. Previous studies evaluated this
approach with similar results [16,17].

While there are multiple MR sequences that allow the estimation of
liver and cardiac iron content, T2 and T2* currently dominate the
market [18]. Wood et al and Serai SD et al found good consistency and
agreement between both sequences in the liver [9,10]. Similarly, T2*
measurements have an excellent inter-obverse variability between ROIs
[19]. Although a third-party company performed the T2 measurements,
a previous study showed an excellent agreement between the proprie-
tary and non-proprietary methods [20]. However, it is important to
acknowledge that individual institutions might have traditionally opted
for a separate liver iron concentration sequence based on a low number
of patients per year or lack of acquisition or post-processing expertise.
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Fig. 3. Scatterplot shows the correlation between
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T2 is less sensitive to external magnetic in-homogeneities, technical
variation, artifacts and non-iron related confounding factors such as
metal clips [21]. In addition, data analysis, phantom's calibration and
quality control evaluations are centralize [9], which might be ad-
vantageous for centers with low patient volume. T2* data acquisition is
relatively faster than T2 and less susceptible to variations in iron dis-
tribution and deposits size but requires trained staff to perform the post-
processing. T2* is performed in a single breath hold of 10 to 15s,
compared to T2 which takes around 10 to 15min [2,9,22,23]. How-
ever, both techniques loose accuracy in patients with severe iron
overload because the signal decay is faster than the echo acquisition
times [2,7,24]. The dynamic range of LIC for T2 values is around
0-43mg/g and for T2* is usually around 0-35mg/g [9,13]. Under
current standards, patients with severe iron overload might not be able
to benefit from a single acquisition because cardiac T2* GRE sequence
use a slightly higher minimum TE compared to liver protocols. This was
the case for eight studies in our sample, which were excluded from the
analysis because the first TE in the cardiac MRI parameters was not
short enough to calculate the LIC. These patients would benefit from
ultrashort first echo time sequences in which the first echo time is short
enough to capture initial signal decay (TE < 1ms.) [8,25,26]. Recent
studies with ultra-short echo time images are based on T2* relaxometry
which may be an additional advantage to choose T2* over T2 once this
sequence starts to be use clinically [25,26]. New MR techniques, such as
quantitative susceptibility mapping and multi-echo Dixon based
methods such as mDixon/IDEAL-IQ, are based on corrected T2* se-
quences with the advantage of being unaffected by confounding factors
like fat, fibrosis and edema. This makes these modern techniques more
suitable to determine the iron concentration in the liver and heart
[27-29]. In a recent study, Serai et al, validated 3D mDixon with 2D
relaxometry based measurements as an accurate method for measuring
liver T2* [30]. Additional large scale multi-center studies are needed to
validate these findings before these newer methods can be translated to
routine clinical use.

Dark blood- performed as well as bright-blood T2* with the ad-
vantage of improving visualization by overcoming blood-related

.
w
o

T

o
®
T

Mean of bright- and dark-blood T2* (ms)

artifacts [12]. Previous studies showed DB-T2* offers better inter-ob-
server, intra-observer and inter-study reproducibility [31-34]. Al-
though we found a strong correlation between DB- and BD-T2* values,
we expected better results given that these sequences are almost iden-
tical. However, artifacts and low signal contrast between blood and
myocardium on BD-T2* can be detrimental during the post-processing
[12]. DB-T2* sequences yield fewer motion, blood flow and partial
volume artifacts with better myocardial delineation which improves
analysis [35]. One disadvantage to the DB-T2* sequence is that it re-
quires slightly more time to achieve blood signal nulling. However,
based on our clinical experience, motion artifacts with DB-T2* do not
significantly affect the analysis and is preferred for clinical use over BB-
T2* sequences [36]. Early studies used T2 sequences to quantify iron in
the heart; but, these measurements were unsatisfactory due to hard-
ware constrains and motion artifacts. [37,38]. We hope that our results
help build upon existing evidence on the feasibility and benefits of T2*
relaxometry for iron content estimation during cardiac MRI.

A single sequence to assess iron concentration in the heart and the
liver based on T2* sequences is feasible and might benefit even more
those patients unable to tolerate longer examination times and those
that require sedation. However, even in the absence of contra-
indications to longer or repeat exams, a single acquisition would im-
prove the overall experience and potentially save additional direct (e.g.;
billing for the individual exams) and indirect (e.g.; lost wages for
caregivers, transportation cost or school absenteeism). A single acqui-
sition requires additional training to the MR technologist to avoid know
albeit rare pitfalls such as imaging liver transplant recipients and those
with massive splenomegaly, which might need a second sequence with
extended coverage of the liver. In our sample, one patient had massive
splenomegaly, which displaced the liver to the right and downwards
and led to exclude enough hepatic parenchyma for LIC analysis. Finally,
liver iron deposition is heterogeneous throughout the liver par-
enchyma; commonly showing as lower T2* values in the right hepatic
lobe (segments VII and VIII) compared to the rest of the liver par-
enchyma [19,39]. However, most of the liver observed through the
cardiac acquisition belongs to the left hepatic lobe. Hence, this is not a
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liver T2* values obtained on the dedicated cardiac

a
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5 15} H limits for the best fit line (r = 0.96, R? = 0.94).
s 10 52 - - 2 %?2 Bland-Altman plot shows a low bias of — 0.2 ms be-
5 5 eian Sove $ .’ " tween liver T2* values obtained on the dedicated
N 51 i °”—‘$-:,v’§ s o :; cardiac MRI vs. liver T2* values obtained on the
2 ok y=0332 + 0.979 x E 2l §e o o8 3D dedlvcated liver MRI. Except fmT t.hree borderline
= r=0.96; P < 0.001 g Dl 23 outliers, all measurements fall within two standard
5h , : . " . L 2 i i ; ., : deviations. (For interpretation of the references to
0 5 10 15 20 25 0 5 10 15 20 25 30 color in this figure legend, the reader is referred to

Liver T2* on liver MRI (ms)

55

Liver T2* on lver - cardiac MRI (ms)

the web version of this article.)



C.A. Barrera, et al.

problem for new patients but an adjustment might be needed in those
patients in whom a single acquisition (i.e.; left hepatic lobe) data is
acquired and then compared to historic values in the right hepatic lobe.
Previous studies reported similar issues when estimating the LIC using a
cardiac MRI [16,17].

Going forward, relatively simple adjustments to the protocol,
especially regarding the field of view, could allow to measure T2* va-
lues in the pancreas which showed to help to predict endocrine dys-
function [13,40].

Our study has few limitations. First, we did not have concurrent
liver biopsies to compare with the MRI results. However, MRI is well
established and is highly correlated with LIC obtained by biopsy
[10,41]. Conversely, liver biopsy showed more sampling error com-
pared to T2 and T2* values in patients on iron chelation [42]. Ad-
ditionally, current clinical standards and guidelines no longer re-
commend liver biopsy for routine evaluation of LIC. Second, this is a
retrospective study and as such limited to the available medical records
and MRI studies from a defined spectrum of diagnoses. For example,
approximately half of our subjects have beta-thalassemia and it is well
known that iron overload rate and pattern changes according to the
underlying condition [2]. Third, ROIs were drawn only by one observed
instead of multiple measurements by two or more observers. However,
previous studies showed excellent inter-observer and intra-observer
reproducibility between T2 and T2* measurements [9,32]. Moreover, a
single trained user probably more closely resembles standard clinical
practice in most imaging centers. Finally, the cardiac T2* GRE se-
quences (either bright or dark blood) used for LIC measurement was not
optimized for this purpose. However, given our encouraging results,
minimal modifications (such as lower initial TE to accommodate pa-
tients with high LIC and education to the performing MRI technologists
and supervisors to ensure appropriate coverage) could lead to a more
robust performance of a single acquisition approach.

5. Conclusion

In conclusion, MRI protocols for iron concentration in the liver and
the heart can be simplified to avoid redundant information and reduce
scan time. In most patients, a single breath-hold GRE sequence can be
used to evaluate the iron concentration in both the liver and heart.
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