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Abstract

Objective Conventional single-echo spin-echo T2 mapping used for liver iron quantification is too long for breath-holding.
This study investigated a short TR (~100 ms) single-echo spin-echo T2 mapping technique wherein each image (correspond-
ing to a single TE) could be acquired in ~17 s—short enough for a breath-hold. TE images were combined for T2 fitting. To
avoid T1 bias, each TE acquisition incremented TR to maintain a constant TR-TE.

Materials and methods Experiments at 1.5T validated the technique’s accuracy in phantoms, 9 healthy volunteers, and 5
iron overload patients. In phantoms and healthy volunteers, the technique was compared to the conventional approach of
constant TR for all TEs. Iron overload results were compared to FerriScan.

Results In phantoms, the constant TR-TE technique provided unbiased estimates of T2, while the conventional constant TR
approach underestimated it. In healthy volunteers, there was no significant discrepancy at the 95% confidence level between
constant TR-TE and reference T2 values, whereas there was for constant TR scans. In iron overload patients, there was a high
correlation between constant TR-TE and FerriScan T2 values (+* = 0.95), with a discrepancy of 0.6+/— 1.4 ms.

Discussion The short-TR single-echo breath-hold spin-echo technique provided unbiased estimates of T2 in phantoms and

livers.
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Introduction

Patients with hematological disorders such as thalassemia or
myelodysplastic syndromes receive frequent blood transfu-
sions for anemia correction [1]. Repetitive blood transfu-
sions can cause systemic iron overload, with an excess depo-
sition of iron in the liver, heart, pancreas, endocrine glands,
and other tissues of the body. Liver iron concentration (LIC)
is a good predictor of development of liver disease, and is
used as a surrogate for total body iron [2]. Iron overload is
mitigated with chelation therapy. However, the therapy itself
can have toxic side effects. Thus, to monitor both the efficacy
as well as possible toxicity of chelation therapy, it is essen-
tial to monitor liver iron concentration at regular intervals.
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Chelation therapy may need to be modified with respect to
dosage and/or chelating agent based on LIC trends [1].
MRI is currently the method-of-choice for monitoring
LIC. It is non-invasive and can quantify the spatial distribu-
tion of iron throughout the liver. A variety of MRI meth-
ods are used to quantify LIC, including; signal intensity
ratios [3], T2/T2* mapping [4—6] and QSM [7]. One of
the most commonly used methods for LIC quantification
is the T2-based FerriScan technique (Resonance Health
Limited, Burswood, WA, Australia) [6]. It has been vali-
dated extensively, and has received regulatory approval.
However, it does have some drawbacks: It does incur an
added cost ~$350 US per exam. Related to this, an addi-
tional administrative burden of a request for Government
approval is required at some institutions (including our own).
Cost considerations may also limit the frequency of test-
ing. Additionally, there may be a delay in obtaining the LIC
results since data must be sent offsite for post-processing
and analysis. Institutional approval may also be required for
external transfer of patient data. As a result, there is interest
in developing alternative liver T2 quantification methods.
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The major challenge in performing T2 quantification in
the liver is respiratory motion. Conventional spin-echo-
based T2 mapping methods utilize TR times in the range
of several seconds to permit near complete magnetization
recovery. This results in a scan time of several minutes—far
too long for a breath-hold. As an alternative, free-breathing
scans with respiratory gating could be used. However, this
generally results in excessively long scan times. FerriScan
uses a free-breathing approach, but without gating. Instead,
post-processing is used to remove respiratory-related arti-
facts [8]. In the early FerriScan protocol, even these non-
gated free-breathing scans required about 20 min due to their
long TR (= 2500 ms) [6]. FerriScan later introduced a short-
TR (= 1000 ms) version of their protocol [9]. This reduced
overall scan time significantly, though individual scans were
still too long for breath holding (~2 min per TE). Respiratory
artifacts were still removed through post-processing.

In the present study, we investigated a single-echo spin-
echo technique with a TR that is short enough to be per-
formed in a breath-hold. Similar to the FerriScan method,
multiple single-echo spin-echo acquisitions were performed,
each at a different TE. The data was combined to form a
composite T2 decay signal. Unlike the FerriScan method,
a short TR of ~100 ms was used so that the scan could be
completed in a breath-hold. The challenge with using a short
TR in a single-echo spin-echo pulse sequence is that mag-
netization recovery is incomplete during the TR. As a result,
for each TE, there will be a variable amount of T1 recov-
ery in the time between TE and TR. In turn, this biases the
T2 fits [10]. In earlier work, we validated a technique that
ensured a constant T1 recovery for all TEs [10]. The key to
the technique was to use a TR that varied with the TE. In
particular, the difference between TR and TE (i.e. the TR-TE
value) was maintained constant. In the earlier study, in vivo
experiments were performed in cartilage and brain using the
constant TR-TE technique with a TR ~300 ms. In the pre-
sent study, we assessed the constant TR-TE technique with
a TR~100 ms. The motivation for going to this shorter TR
was so that scans were short enough (~17 s) to be performed
in a breath hold. The short TR single-echo spin-echo con-
stant TR-TE technique was validated in phantoms, healthy
volunteers, and iron overload patients.

Materials and methods

This prospective study was performed under Research Ethics
Board approval at our institution. Written informed consent
was obtained from all participants. Funding for this study
was generously provided by GE Healthcare. Due to privacy
concerns, data is not publicly available. All analysis was
performed in Matlab.
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Phantom experiments

Phantoms were constructed to provide T1 and T2 values
similar to those found in the range of mild liver iron overload
to healthy liver (T2~18-40 ms and T1~600-1000 ms) [6,
11, 12]. The challenge with constructing such phantoms is
being able to independently control the T1 and T2 values.
To accomplish this task, phantoms were constructed using
the technique described by Tofts et al. [13, 14]. The phan-
toms consisted of agar (Sigma-Aldrich Canada) doped with
MnCl,. For a specific desired T1 and T2 value, Tofts et al.
show that the required concentrations of Agar and MnCl,
are given by:

Cru = 1/T, - I/Tzw - (rzp/rlp><1/T1 - 1/T1w> (in%]

I, = <”2,,/rll,>r1u

ey

. YT =Ty, = (i fr) (VT2 = 1T, ) N
MnCl, — rlp _ (rlﬂ/rzﬂ)rzp [mm ]
@

where T1,, T2, are the T1 and T2 values of water (in
seconds); rl,, 12, are the longitudinal and transverse relax-
ivities of agar; and rl,,, r2, are the longitudinal and trans-
verse relaxivities of MnCl, (both in seconds!- mM™). Ini-
tial experiments using published values [13] of the above
parameters were found to provide T1 and T2 close to, but not
exactly equal to the desired values. Therefore, using these
initial concentrations as a starting point, further trial and
error was performed to achieve phantoms with the desired
T1 and T2 values. Table 1 lists the final concentrations used
for the phantoms. Ideally, it would be desirable to generate
phantoms with even shorter T2 values corresponding to the
range expected in moderate to high iron overload. However,
according to Eq 1, this would have required even higher agar

Table 1 Agar and MnCl, concentrations used for the phantom con-
struction, together with corresponding T2 (derived from the TR =
2500 ms reference scan) and T1 (derived from an inversion recovery
sequence) values

Agar Concentra- MnCl, Concentration T, (ms) T, (ms)
tion (%) (mM)

10 0.127 17.3 503

9.1 0.100 17.7 768
10.2 0.019 18.8 1326
5.9 0.042 21.8 1157
5.0 0.122 23.3 702
5.0 0.127 24.3 589

39 0.067 32.1 1030
2.8 0.135 38.9 632
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concentrations than those listed in Table 1. Unfortunately, it
was not possible to achieve agar concentrations greater than
~10%. In fact, even the 10% concentration required heating
on a hot plate to increase solubility.

The phantoms were imaged on a 1.5T GE Signa HDxt
Scanner (GE Healthcare) using the transmit/receive quadra-
ture head coil. Individual acquisitions at TEs of 6, 9, 12, 15,
and 18 ms were performed (see Table 2). These TEs were
selected to match those employed by FerriScan. For each
separate TE scan, the TR was set appropriately to maintain
a constant TR-TE value (i.e. TR = 106 ms for TE = 6 ms,
TR = 109 ms for TE = 9 ms, etc.) [10]. T2 fitting was then
applied to this complete TE data set. To test the performance
of this technique in different TR ranges, these T2 acquisi-
tions were repeated with four different TR-TE values (= 100,
200, 400, and 1000 ms). For comparison, scans using the
same TEs, but with the conventional approach of maintain-
ing a constant TR (= 100, 200, 400, and 1000 ms) were also
acquired (i.e. TR = 100 ms for TE = 6 ms, TR = 100 ms for
TE = 9 ms, etc.). Each individual acquisition with TR~100,
200, 400, 1000, and 2500 ms took approximately 19, 33,
60, and 140 s respectively (see Table 2 for exact values). To
provide a reference standard for the phantom experiments,
an additional set of constant TR scans was performed using
the same TE data set with a long TR of 2500 ms to allow
for near full magnetization recovery. This scan took 350s.
Other parameters included a matrix size of 128 x 128, slice
thickness of 5 mm, BW = 62.5 KHz, and FOV = 30 cm.

For the healthy volunteer experiments (described later),
it was not possible to use a long TR scan as a reference
standard (due to respiratory motion). Therefore, a short-TR
multi-echo spin-echo protocol was also validated on the
phantoms for use as a reference on the healthy volunteers.
Since all TEs were acquired during a single TR period, there
were no T1 biasing effects like in the single-echo spin-echo
case [10]. To maintain a similar TE range as the single-echo
protocol, five echoes with an inter-echo spacing of 5.5 ms
(the minimum possible) were used (see Table 2). As with
the single-echo protocols, TRs of 100, 200, 400 and 1000 ms
were used. Other parameters were similar to the single-echo
spin-echo protocol, with the exception of a 31.25 KHz BW.
Exact scan times are listed in Table 2.

For all scans used in this study, 90" excitation and 180’
refocussing pulses were used.

To estimate noise, three acquisitions at the longest TE
were performed for the single-echo scans, and all multi-
echo scans were performed 3 times. For the latter, only the
longest TE images were used for noise calculations. Noise
was calculated as the standard deviation across the repeated
longest TE images at a location in the background. Note that
the noise calculations indicated that SNR>5 in all cases.
Therefore, non-Gaussian noise statistics on the magnitude
images did not have to be taken into account [15]. To calcu-
late T2, a linear fit (using the “fit” command in Matlab) to
the logarithmically-transformed decay data was performed
by minimizing the reduced Xz value:

2
n yﬁl measured
c =)
2 _ i i
X reduced = ; ( G/yiﬁeasured > /DOF (3)

where y’j ! y:”“”“r“’ are the fitted and measured logarithmi-
cally transformed T2 decay signals, ¢ is the noise, and DOF
is the number of degrees-of-freedom in the fit. Note that a
weighted X2 value is used to account for the logarithmic
transformation [16].

Linear regression was performed between the T2 values
of all techniques and the TR = 2500 ms reference. Intercepts
and slopes were compared to zero and unity respectively
with a t-test. Significance was set at the 95% confidence
level.

Healthy volunteer experiment

Nine healthy volunteers with no suspected iron overload (4
male, 5 female, mean age = 31, age range = 21-56) were
scanned on a 1.5T GE Signa HDXt Scanner (GE Medical Sys-
tems) using the 8-channel body coil. Single-echo spin-echo
acquisitions were performed with TEs the same as the phan-
tom experiments. A single axial slice at the level of the porta
hepatis was acquired. Relevant pulse sequence parameters
included a matrix size of 128 x 128, FOV of 35 c¢m, and slice
thickness of 5 mm. TR was either fixed at 100 ms (constant TR
case) or varied to maintain TR-TE = 100 ms (constant TR-TE

Table 2 Relevant pulse PULSE SEQUENCE TYPE

TE (ms) TR (ms)

sequence parameter used for the

phantom experiments Single-Echo Spin-Echo

Multi-Echo Spin-Echo

6,9,12,15, 18 TR-TE = 100, 200, 400, 1000

(19, 33, 60, 140 s)

TR = 100, 200, 400, 1000, 2500
(17, 30, 58, 140 s)

TR = 100, 200, 400, 1000

(15, 28, 54, 130 s)

5.5,11,16.5, 22,274

The bracketed values correspond to the scan times for each TR. In the case of the constant TR-TE data,
scan times correspond to the longest TE acquisition (the other TEs are slightly lower)
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case). Breath-hold duration was between 17 and 19 s. As dis-
cussed earlier, a multi-echo spin-echo acquisition was also
acquired for use as a reference in the healthy volunteers. For
the multi-echo protocol, five echoes with an inter-echo spacing
of 6.3 ms (the minimum achievable) was used to maintain a
similar TE range as the single-echo protocol. A TR of 133 ms
was used, resulting in a breath-hold duration of 17s. Superior
and inferior saturation bands were used in all acquisitions to
minimize the blood signal.

An ROI encompassing the entire liver was selected manu-
ally using Matlab. The ROI was chosen conservatively to avoid
tissue borders, and exclude larger (~7 mm or greater) blood
vessels. Pixelwise T2 fitting was performed in a similar man-
ner to the phantom scans, and the median T2 value calculated
over all pixels in the ROI. The median was used because it is
less sensitive to outlier caused by potential fit failures (due to
artifacts, motion, etc.). Normality of the median liver T2 val-
ues across volunteers was assessed with an Anderson-Darling
test. The median liver T2 values between multi-echo, constant
TR-TE, and constant TR scans across volunteers were com-
pared with a Tukey-Kramer multiple comparison test. The
median discrepancy between individual pixel T2 values of
each of the single-echo techniques, and the multi-echo refer-
ence scan was also calculated. The ? fit values were com-
pared with a paired Student-t test. Significance was set at the
95% confidence level.

Iron overload patients

Five patients (3 male, 2 female, mean age = 45, age range =
35-56) with confirmed iron overload were scanned on a 1.5T
Avanto Fit scanner (Siemens). Standard FerriScan and con-
stant TR-TE acquisitions were performed. The constant TR-TE
scans used similar parameters as in the healthy volunteers,
with the exception that four 5 mm slices were acquired with a
gap of 5 mm. Four slices were used, as this was the maximum
allowable within the TR period. These were prescribed from
the central slices of the FerriScan acquisition (which itself
consisted of 11 slices).

The T2 values derived from the FerriScan reports were used
as the reference standard. To provide as fair a comparison as
possible to this reference, the post-processing performed on
the constant TR-TE data was similar to the FerriScan protocol
as described in Refs. [6, 9, 17, 18]. In particular, images were
post-processed to correct for signal drift, noise bias, and low-
pass filtered to improve SNR. Since our images were acquired
in a breath hold, unlike FerriScan, post-processing correction
for ghosting artifacts was not performed. Pixelwise fitting was
performed using a Levenberg-Marquardt algorithm to the fol-
lowing bi-exponential model:

S(TE) = S,(TE = 0)e™"s ™ 4 S(TE = 0)e~">E @

@ Springer

where “S” indicates the signal, and the “f” and “s” subscripts
indicate the fast and slow compartments respectively. As per
the FerriScan protocol [6, 9, 17, 18], an average relaxation
rate for the system was calculated as:

Ry = pp-ry+p,- Ry 6)
where:

_ SO 50

750+ 5,0° " T 50 +5,0) ©

Finally, the average T2 value was calculated for each pixel
as:

T2av = 1/R2le (7)

Mean T2,, values were calculated over whole liver ROIs
from all four slices (again using Matlab to manually draw
the ROIs), excluding larger blood vessels. These were com-
pared to T2,, values calculated from the FerriScan reports.
A linear fit was performed between the constant TR-TE and
FerriScan values. Slope and intercepts were compared to
unity and zero respectively with a 7-fest. Significance was
set at the 95% confidence level. A Wilcoxon Rank-Sum test
was used to compare the coefficient-of-variation between
constant TR-TE and FerriScan techniques.

Results
Phantom experiments

Figure 1 consists of T2 maps of the phantom from the short-
est TR acquisitions (~100 ms) as well as the long TR refer-
ence standard. The multi-echo and constant TR-TE T2 val-
ues are consistent with the reference. However, the constant
TR T2 maps underestimate the T2 values; especially for the
longer T2 vials. Note that in all cases, the SNR of the 100 ms
acquisitions is clearly lower than the long TR reference (as
expected).

Figure 2a plots example T2 decay curves, together with
monoexponential fits for one of the phantoms. Qualitatively,
the similarity between the constant TR-TE = 100 m and long
TR = 2500 ms reference fits can be observed, while the TR =
100 ms appears to decay away more quickly. Quantitatively,
Fig. 3 compares the T2 values of the short TR sequences to
the long TR reference standard. Both the constant TR-TE
and constant TR pulse sequences exhibit a linear relation-
ship that is highly correlated (i.e. high * values) with the
reference TR = 2500 ms values. The results of linear fitting
(Table 3) indicate a slope of unity and an intercept of zero
for the constant TR-TE data at all TR values. The constant
TR data, on the other hand, has a non-unity slope and/or
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Fig. 1 Phantom T2 maps acquired with single-echo (SE) and multi-
echo (ME) scans. The T2 and T1 values associated with the scans are
indicated in the figure (in ms). Note that the vials with the longest T2
values in the constant TR=100ms case (red “*’s”) exhibit the larg-

a non-zero intercept for TR values <= 400 ms. It tends to
underestimate the reference T2 value. These observations
can also be inferred from the Bland-Altman plots in Fig. 4.

Figure 3 also plots the results from the multi-echo scans
that will be used as a reference on the healthy volunteers.
The multi-echo data is highly correlated with the reference
TR = 2500 ms values. However, while the slope is unity, the
intercept is non-zero (Table 3 and Fig. 4).

Healthy volunteer experiments

Figure 2b plots example T2 decay curves, together with
monoexponential fits for one of the healthy volunteers.
The similarity between the constant TR-TE = 100 m and
multi-echo reference fits can be observed. The constant
TR=100ms signal, however, clearly different. Similar to the
phantom data, it underestimates the T2 value relative to the
reference (i.e. more rapid decay).

Figure 5 illustrates T2 maps from two volunteers. The
consistency between the multi-echo and constant TR-TE
techniques can be observed. On the other hand, the constant
TR technique T2 values are lower. Also note that relatively
large overall heterogeneity in the T2 maps. This is due to the
relatively low SNR when using short TRs.

Figure 6 plots the median liver T2 values of the con-
stant TR-TE and constant TR acquisitions versus the

ME, TR=100ms

T2=33 T2=23

est discrepancy with the TR=2500ms reference T2 map. The discrep-
ancy is lower for the other two T2 maps (ME, and constant TR-TE =
100 ms)

multi-echo reference. Qualitatively, the similarity between
the multi-echo and constant TR-TE data can be observed.
The constant TR data, on the other hand, exhibits both a
larger discrepancy with the other two acquisitions, as well
as a larger scatter. Quantitatively, the mean T2 values over
all volunteers was: 41 +/— 3, 33 +/— 9, and 41+/— 3 ms
for constant TR-TE, constant TR, and multi-echo scans
respectively. The Andersen-Darling test indicated that the
median T2 values were normally distributed for multi-
echo, constant TR-TE, and constant TR data (p = 0.92,
0.44, and 0.80 respectively). The results of the Tukey-
Kramer multi-comparison analysis found no significant
discrepancy between the median liver ROI T2 values of
multi-echo and constant TR-TE scans at the 95% confi-
dence level. Conversely, significant discrepancy was found
with both multi-echo and constant TR-TE techniques rela-
tive to the constant TR liver ROI T2 values.

The discrepancy between individual pixels of multi-
echo and constant TR-TE images was — 0.20 +/— 2.10 ms
(median +/— standard deviation). The discrepancy
between multi-echo and constant TR images was — 7.07
+/—7.48 ms.

There was no significant difference in the x 2 values of
the constant TR-TE (= 3.8 +/2.7) and constant TR (= 3.8
+/2.7) at the 95% confidence level (p = 0.90).
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Fig.2 Example T2 decay curves (log signal versus time) together
with corresponding fits for a) phantom, b) healthy volunteer, and c)
iron overload patient experiments. Phantom and volunteer fits are
monoexponential, whereas the iron overload patient fit is bi-exponen-
tial. The FerriScan report indicated an iron load of 14 mg Fe/g dry

Iron overload patients

Figure 2c plots example T2 decay curves, together with the
biexponential fit for one of the iron overload patients. Fig-
ure 7 illustrates T2 maps from two iron overload patients.
Note that these maps appear to have a higher SNR than the
healthy volunteer T2 maps (Fig. 5). This is because, unlike
the healthy volunteer data, the iron overload patient data
employed low-pass filtering (done to maintain consistency
with FerriScan). Figure 8 plots the mean liver T2, values of
the constant TR-TE technique against the T2, values derived
from the FerriScan reports. The fitted T2, values range from
6.0 to 20.3 ms. There is a high correlation between the two
(* = 0.95), with a discrepancy of 0.64/— 1.4 ms. Regression
fits indicate a slope not significantly different from unity (p
= 0.36) and an intercept not significantly different from zero
(p = 0.52) at the 95% confidence level. The coefficient of
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1
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TE (ms)

weight liver for this patient. Note that the phantom decay curves have
been normalized to the signal at the first TE due to the large differ-
ence in signal intensity between the long TR reference and short TR
scans. Error bars represent the noise estimates

variation was 0.25 +/— 0.05 and 0.19 +/— 0.07 for constant
TR-TE and FerriScan T2, values. The Wilcoxon Rank-Sum
test indicated no significant difference between these values

(p=0.1).

Discussion

This study investigated a short-TR single-echo spin-echo
technique for breath-hold T2 mapping. They key to this
technique was maintaining a constant TR-TE value. Phan-
tom experiments demonstrated that this technique was well-
correlated with the reference data, and provided an unbiased
estimate of T2 using TRs down to 100ms. In comparison,
the conventional approach of using a constant TR exhib-
ited biases at shorter TR values. In particular, it tended to
underestimate the true T2 value at shorter TRs. In healthy
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Fig.3 Phantom results for single-echo (SE) constant TR-TE and con-
stant TR, and multi-echo (ME) pulse sequences. Short TR T2 values
are plotted against the single-echo spin echo long TR reference T2

T21z-2500ms (MS)

values. Each subfigure represents the results from a different short TR

Table 3 Intercept and slope

of the short TR scans relative

to the long-TR reference for

the phantom experiment. The
square bracketed data represents
the 95% confidence intervals,
and the round bracketed data
represents the p-value in the
test for non-unity slope and
non-zero intercept. “*” indicates
statistical significance at the
95% confidence level

and TR-TE value: a TR and TR-TE = 1000 ms, b TR and TR-TE =
400 ms, ¢ TR and TR-TE = 200 ms, and d TR and TR-TE = 100 ms.
Error bars represent the standard deviation over the vial ROI

SEQUENCE TYPE TECHNIQUE INTERCEPT (ms) SLOPE
Single-Echo Spin-Echo TR-TE = 1000 0.10 [— 0.24, 0.43] 1.00 [0.99, 1.01]
(0.648) (0.843)
TR-TE = 400 —0.18 [- 0.72, 0.35] 1.01 [0.99, 1.03]
(0.595) (0.334)
TR-TE = 200 —0.31[-1.73, 1.11] 1.03 [0.97, 1.08]
(0.729) (0.460)
TR-TE = 100 —1.10 [~ 3.21, 1.01] 1.08 [1.00, 1.16]
(0.425) (0.163)
TR = 1000 0.03 [- 0.25,0.31] 0.98 [0.98, 1.00]
(0.875) (0.323)
TR = 400 0.72 [- 0.12, 1.55] 0.91 [0.88, 0.95]
(0.206) (0.005)*
TR = 200 1.67 [1.02, 2.31] 0.86 [0.84, 0.89]
(0.005)* (<1073
TR = 100 4.18[3.23,5.12] 0.67 [0.63, 0.7]
(<107 3)* (<107 3y
Multi-Echo Spin-Echo 1000 1.96 [1.41, 2.51] 0.97 [0.95, 0.99]
(0.001)* (0.078)
400 1.88 [1.22,2.55] 0.98 [0.95, 1.00]
(0.003)* (0.176)
200 2.15[1.47,2.85] 0.97 [0.94, 1.00]
(0.002)* 0.115)
100 1.53 [0.09, 2.97] 1.00 [0.95, 1.06]
(0.131) (0.903)
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Fig.4 Bland-Altman plots for phantom data for single-echo (SE)
and multi-echo (ME) protocols. The vertical axis is the discrepancy
between the short TR and long TR T2 values. The horizontal axis is
the mean of the short and long TR T2 values. The solid lines repre-
sent the mean discrepancy, while the dashed lines represent the 95%

volunteers, the constant TR-TE technique provided equiva-
lent liver T2 values to the reference, while the constant TR
method generally underestimated it. There were no differ-
ences in the goodness-of-fit (i.e. x 2 values) between the two
techniques. In iron overload patients, there was a high cor-
relation between the T2,, values calculated from the constant
TR-TE technique and those derived by FerriScan. This high
correlation was achieved despite the fact that iron distribu-
tion within the liver can be heterogeneous [6], and different
liver ROIs were analyzed by our group and FerriScan.

As discussed in Ref. [10], the conventional constant
TR approach requires that TR>>T1 (i.e. full magnetiza-
tion recovery). At short TRs, this condition is not satisfied,
leading to the biases observed in this study for the constant
TR technique. The constant TR-TE technique eliminates
this requirement. However, this latter technique does have
two additional requirements [10]: First, it requires that TE/
T1<<1. This condition will be easily satisfied for any real-
istic TE and T1 encountered in liver iron imaging. The sec-
ond requirement is that TR/T2 > 3. This will certainly be

@ Springer

confidence intervals. Each subfigure represents the results from a
different short TR and TR-TE value: a TR and TR-TE = 1000 ms, b
TR and TR-TE = 400 ms, ¢ TR and TR-TE = 200 ms, and d TR and
TR-TE = 100 ms. The listed bias is the mean +/— standard deviation
of the discrepancy

achieved at high iron loads, where T2 values will be less
than 10ms and TRs are in the 100ms range. On the other
hand, this requirement may not be fully met in the case of
normal liver; where T2’s are in the range of 35-45 ms. How-
ever, the results of this study indicate that accurate T2 map-
ping was achieved even in healthy volunteers using a TR in
the 100 ms range (as well as in phantoms with T2’s in this
range). In fact, the constant TR-TE T2 values for healthy vol-
unteers found in this study using the constant TR-TE tech-
nique (= 41+/— 3 ms) were nearly identical to those found
in a recent study (= 414/— 5 ms) using a radial TSE pulse
sequence [19]. For comparison, the constant TR technique
in this study provided liver T2 values of 334+/— 9 ms.

It should be mentioned that the TR value of ~100 ms
used in this study was chosen somewhat arbitrarily simply
to demonstrate the feasibility of performing breath-hold T2
mapping using TRs in that short range. Further optimiza-
tion may be possible. For example, it may be possible to
use even shorter TRs to achieve further reductions in scan
time. However, this would have to be validated in light of
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T2=41+/-12ms

VOLUNTEER #1
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TR-TE =100ms

T2=40+/-13 ms

TR =100ms

T2=21+/-5ms

T2=36+/-15ms

Fig.5 T2 maps for multi-echo, constant TR-TE = 100 ms, and constant TR =100 ms techniques for two volunteers. Listed T2 values represent

the mean and standard deviation over the liver

the technique’s constraints discussed in the previous para-
graph, as well as SNR limitations. Another possibility is that
acceleration or partial Fourier techniques could be employed
(they were not in the present study) to permit a longer TR,
whilst maintaining a similar scan time. Alternatively, accel-
erated imaging could also be utilized to improve resolution
and/or reduce scan time relative to the current protocol [20].
Longer TRs and parallel imaging could also be varied to
optimize SNR. In the present study, SNR was relatively low
with the use of the short 100 ms TR. This can be seen in the
healthy volunteer T2 maps. Low SNR was not as apparent
in the iron overload T2 maps due to the use of low-pass
filtering (done to maintain consistency with the FerriScan
protocol). Despite the fact that FerriScan acquisitions used
a much longer TR (= 1000 ms), there was no significant dif-
ference in the T2av coefficient-of-variation with the constant
TR-TE scans. This suggests that variation in T2av is domi-
nated by iron heterogeneity or some source of error other
than noise—a finding consistent with our previous study [5].

There are a number of possible alternatives for breath-
held spin-echo T2 mapping. One strategy could be to use
a fast-spin-echo approach, where more than one line of
k-space is acquired per TE. Unfortunately, this approach
would be suboptimal in cases of high iron concentrations.
Short T2 values would lead to signal apodization [21] during
the echo train. This could cause significant blurring and/or

artifacts. Another strategy for breath-hold T2 mapping is the
“T2-PREP” approach [22, 23]. In this technique, T, contrast
is prepared prior to data readout; typically with one or more
non-selective RF pulses. The volume magnetization is then
stored along the z-axis, after which a slice selective tip-down
pulse and a (typically) non-spin-echo readout are used to
generate an image of the stored contrast. Subsequent slice-
selective pulses are used to capture the contrast in the other
slices. A drawback with this approach is that there may be
additional T1 contrast generated during the magnetization
storage period. Furthermore, the magnitude of T1 contrast
will vary between the slices due to the variable magnetiza-
tion storage time. Also, the contrast may be further altered
during the data readout, depending on what acquisition
strategy is employed [24]. Another more recent breath-hold
T2 mapping approach is MR fingerprinting [25]. A detailed
comparison with short-TR spin-echo methods in terms of
accuracy and precision remains to be performed. An alter-
nate non-spin-echo approach for breath-hold LIC quantifi-
cation is T2* mapping. Several studies have demonstrated
good correlation between liver iron content as measured
against biopsy [26] and FerriScan [5]. One advantage of T2
over T2* mapping is insensitivity to voxel size and shape,
as well as insensitivity to non-iron susceptibility-induced
inhomogeneities. However, one clear advantage of T2*
methods over (conventional) T2 approaches is their ability
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Fig.6 Comparison of T2 over
the liver between single- and
multi-echo techniques for
healthy volunteers. Each data
point represents the median

T2 value over the liver of one
volunteer. Note that the figure is
plotted with equal grid spacing
on both axes (which accounts
for its elongated appearance)

¥+ Single-Echo Constant TR-TE=100ms

Single-Echo Constant TR=100ms
Line-of-Identity

30 | -

Single-Echo T, Value (ms)

25 | -
20 | O _
40 45

Multi-Echo T, Value (ms)

LIC = 14.0 mg Fe / dw liver LIC=3.3 mg Fe / dw liver

T2=7.8+/-1.6 ms T2=16.5+/-3.7 ms

Fig.7 T2 maps from two iron overload patients. The liver iron concentration as indicated in the FerriScan reports is listed above each image.
Listed T2 values represent the mean and standard deviation over the liver
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Fig.8 Comparison of T2av over the liver between constant TR-TE
and FerriScan techniques in iron overload patients. The horizontal
and vertical error bars represent the standard deviation over the liver
ROI for the constant TR-TE and FerriScan techniques respectively

to be performed in a single breath-hold. The current constant
TR-TE technique partially mitigates this advantage since it
permits breath-hold scanning—though multiple breath-holds
are required.

The focus of this study was the single-echo constant
TR-TE technique. In healthy volunteers, we used a short
TR multi-echo spin-echo pulse sequence that could be per-
formed in a breath-hold for validation. It could be argued
that the short TR multi-echo technique could itself be used
for assessing LIC. However, several caveats must be men-
tioned: First, at higher iron loads, the T2 signal decay behav-
iour differs for single- and multi-echo techniques [27-30].
Therefore, a separate multi-echo LIC calibration curve
would be required. (Note that this differing single/multi-echo
decay behavior was not a concern for the healthy volun-
teers in the present study given their lack of iron). Second,
with a short TR multi-slice acquisition, there isn’t neces-
sarily an efficiency advantage of a multi-echo vs. a single
echo approach. In the case of the former, the TR consists
of the acquisition of multiple-echoes from a single slice. In
the case of the latter, the TR consists of the acquisition of
a single echo from multiple slices. In either case, there is
minimal dead time during the TR. As a result, the efficien-
cies are similar. Another consideration with the multi-echo
technique is that hardware and SAR constraints limit the
minimum achievable inter-echo spacing. In cases of high
iron load, the minimum inter-echo spacing would likely be
too long to capture adequately the rapid T, decay [28]. On

the other hand, using an approach similar to the constant
TR-TE method employed in this study, it is possible to com-
bine together multiple multi-echo acquisitions at different
inter-echo spacings [31]. The composite signal generated by
combining these multi-echo decays would result in a shorter
effective inter-echo spacing. Further investigation into this
concept is required.

The advantage of our breath-hold technique over Fer-
riScan’s approach is that post-processing to remove respira-
tory artifacts is not required. However, it should be pointed
out that some patients cannot hold their breath. Therefore,
the present technique would not be applicable without fur-
ther post-processing. On the other hand, our technique may
be potentially useful in the context of navigated scans. Since
each scan may be completed in ~20 s, it would be feasible to
acquire a relatively large number of successive images that
could be potentially used in the context of respiratory gating.

This study had several limitations. First is that it was not
possible to generate phantom T2 values shorter than about
17 ms (whilst maintaining the requisite T1 range). This
corresponds to the mild iron overload range. As discussed
previously, achieving shorter phantom T2s would have
required a higher agar concentration (>10%) than could
be achieved. Other studies have utilized phantoms with T2
values significantly shorter than 17 ms [32, 33]. However,
in these studies, shorter T2 values were associated with
shorter T1 values, which would permit more complete
magnetization recovery over the TR. Under these condi-
tions, the constant TR-TE technique would be expected to
perform better than the present T1/T2 ranges under inves-
tigation in this study [10]. However, since this situation
is not reflective of iron overload disease, we felt that this
would not provide a meaningful (or fair) assessment of the
constant TR-TE technique. Another limitation is that there
were a relatively small number of volunteers and patients
included in this initial pilot study. A larger study involving
a more comprehensive comparison between various T2
and T2* techniques is planned. Another limitation of this
study is that the focus was on non-fatty livers. Presumably
all of the healthy volunteers had non-fatty livers (though
this was not measured), and only one of the iron overload
patients had a fat fraction greater than 10%. Therefore, the
performance of the constant TR-TE technique in fatty liv-
ers is unknown. A recent study [34] has demonstrated an
increase in the T1 values of fatty livers to ~700-1000 ms
relative to ~600 ms in healthy controls (at 1.5T). T2 was
largely unchanged. In the present context, the increased
T1 values means less complete magnetization recovery,
which could potentially lead to a greater T1 bias. On the
other hand, while the T1 values of the livers assessed in
this study were likely closer to the nominal 600 ms range,
some of the T1 phantom values were over 1000 ms (see
Table 1). The constant TR-TE technique was able to
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provide accurate T2 maps even at these longer T1 values.
Another limitation was that volunteer experiments used
mono-exponential fits, while patient experiments used
bi-exponential fits. In our experience, bi-exponential fits
on this type of data are very sensitive to noise, since a
four-parameter fit is applied to data with only five TEs.
To make bi-exponential fits robust, extensive filtering and
pre-processing of the data is required (as per FerriScan’s
approach [6, 9, 17, 18]). For patients, such pre-processing
was unavoidable since the reference standard we used
was FerriScan. In volunteers, we preferred to do as little
pre-processing as possible to permit a cleaner assessment
of the basic technique itself, and not the potentially con-
founding effects of pre-processing. A desire for minimal
pre-processing was also the reason we chose to use the
multi-echo spin-echo sequence, rather than FerriScan, for
a reference standard in volunteers. A final limitation of
this study is that no registration was performed between
single-echo images acquired at different TEs. This was
done in order to maintain consistency with the FerriScan
protocol, which does not do image registration according
to published literature (though they do post-process the
images to remove ghosting artifacts [8]). To mitigate pos-
sible effects of motion, conservative liver ROIs that were
away from any non-liver tissue were used. This minimized
the likelihood of utilizing pixels with a mixture of liver
and non-liver tissue (though this would not reduce the
effects of any heterogeneity within the liver).

In conclusion, a short-TR single-echo spin-echo breath-
hold technique appears technically feasible for liver T2 map-
ping. The key to this technique was maintaining a constant
TR-TE time for all TE values. Phantom and in vivo results
demonstrated that this constant TR-TE technique provides
T2 estimates with minimal bias using TRs down to approxi-
mately 100 ms. In contrast, the conventional approach of
maintaining a constant TR for all TEs did exhibit significant
bias both in phantoms and in vivo. It tended to underestimate
the true T2 value.
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