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Transverse Relaxometry with Reduced Echo Train
Lengths via Stimulated Echo Compensation

Md. Nasir Uddin, R. Marc Lebel,! and Alan H. Wilman*

Transverse relaxation (T,) mapping has many applications,
including imaging of iron accumulation in grey matter. Using
the typical multiecho spin-echo sequence with long echo
trains, stimulated echo compensation can enable T, fitting
under conditions of variable radio frequency homogeneity aris-
ing from slice profile and in-plane radio frequency variation.
Substantial reduction in the number of refocusing pulses could
enable use at high magnetic fields where specific absorption
rate is a major limitation, and enable multislice use with
reduced incidental magnetization transfer at all field strengths.
We examine the effect of reduced echo train lengths and multi-
slice imaging on T fitting using stimulated echo compensation
applied to iron-rich subcortical grey matter in human brain at
4.7 T. Our findings indicate that reducing from 20 echoes to as
few as four echoes can maintain consistent 7, values when
using stimulated echo compensation in grey and white matter,
but not for cerebrospinal fluid. All territories produce marginal
results when using standard exponential fitting. Savings from
reduced echoes can be used to substantially increase slice
coverage. In multislice mode, the resulting incidental magnet-
ization transfer decreased brain signal but had minimal effect
on measured T, values. Magn Reson Med 70:1340-1346,
2013. ©2013 Wiley Periodicals, Inc.
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Transverse relaxation (T,) weighting provides a qualitative
interpretation of disease and is used in almost all clinical
MRI exams. Although T, weighting is typically sufficient
for standard clinical depiction, T, quantification provides
an absolute measure that could provide additional infor-
mation on disease progression and state. In the brain,
shortened T, times in subcortical grey matter (GM) may be
indicative of iron accumulation or mineralization and
appear to correlate with normal aging and with disease se-
verity in multiple sclerosis and Parkinson’s disease (1-9).
In white matter (WM), T, fitting has proven to be valuable
in demyelinating diseases to assess myelin content using
the short myelin water T, component identified through
multicomponent fitting (5,10-12); in GM the myelin com-
ponent is much smaller (10). In addition to brain, quantifi-
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cation of single or multicomponent T, can characterize tis-
sue throughout the human body (13-21), with
applications such as iron accumulation in liver or colla-
gen-bound water in cartilage (12,22—24).

Although other approaches exist, such as DESPOT2 (25),
the most common approach to T, measurement requires
spin echo refocusing using a multiecho spin echo sequence,
whereby T, values are calculated from the resulting, pre-
sumed exponential, decay curve (26). However, accurate ex-
ponential fitting of T, times with this approach requires per-
fect spin echo behavior, which is near-impossible to achieve
when using slice selection due to imperfect slice profiles or
when using high magnetic fields due to in-plane radio fre-
quency (RF) interference (27). The presence of non-180° flip
angles can lead to the generation of stimulated echoes, con-
founding the pure spin echo exponential decay (28). While
numerous methods have been designed to minimize stimu-
lated echo effects on the exponential decay, such as using
twice-refocused adiabatic pulses (29), complex spoiler pat-
terns (30) or extremely wide refocusing pulses (31), recent
solutions have simply fit the complete spin response com-
prised of both spin echo and stimulated echo pathways.
This idea of T, measurement by fitting the spin response,
rather than introducing added complexities in the pulse
sequence, was first proposed by Jones et al. (32), then elabo-
rated on by Lebel and Wilman (33), with recent multicom-
ponent application by Prasloski et al. (34). This method,
known as stimulated echo compensation (SEC), can account
for the nonideal nature of the refocusing pulses and enable
use of more standard pulse sequences for T, quantification.

To date, SEC has been used with long echo trains of either
20 or 32 echoes (33,34). Performance of this method in the
human brain with a small number of echoes and multislice
imaging is unknown. Previous work with exponential fitting
has demonstrated the limitations of reducing echo trains,
where echo trains as low as 20 echoes were considered (35).
Here, we explore vastly reduced echo numbers beginning at
a maximum of 20 and reducing to as low as three, while
maintaining consistent echo spacing. Particularly for high-
field implementation, long echo trains are constrained by
increased RF heating, with RF power deposition increasing
with roughly the square of the magnetic field. Shorter echo
trains would reduce RF heating substantially and enable
multislice imaging with reduced losses from incidental mag-
netization transfer (MT). In human brain at 4.7 T, we exam-
ine the viability of extremely short echo trains and multi-
slice imaging for single component 7, fitting using SEC.

METHODS
MRI Acquisition

Two-dimensional multiecho spin-echo images of the
uman brain were obtained in single and multislice
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mode on a Varian Inova 4.7 T whole-body system. Axial,
transverse relaxation maps of the human brain were
obtained through the deep GM including the putamen,
globus pallidus, and caudate nucleus. Fourteen healthy
subjects (eight male, six female; mean age: 28 = 2 years)
were studied, all of whom gave written informed consent
in accordance with institutional protocols. The typical
scan parameters were 4000 ms TR, 10-ms echo spacing,
20 echo train length, 4-mm slice thickness, 8-mm slice
gap, one or two slices, 50-kHz receiver bandwidth, and
256 x 145 imaging matrix, in-plane resolution 1.00 X
1.25 mm?®. Acquisition time was 5.2 min/image set. Dif-
ferent multislice coverage was tested ranging from two to
eight slices, while maintaining the same total number of
refocusing pulses by corresponding reduction of echo
train length. Inter-echo spacing of 10 ms was maintained
for all experiments. Excitation and refocusing angles
were prescribed at 90° and 180°, respectively, with the
refocusing pulse slice profile 1.75, 3.5, or 5 times wider
than excitation. To minimize RF deposition, Gaussian
pulses were used with durations for excitation and refo-
cusing pulses of 4.00 ms (bandwidth of 672.5 Hz) and
2.29 ms (bandwidth of 1176.7 Hz), respectively. Images
were collected with a four-element receive array (36)
paired with a birdcage coil for transmit. Maximum gradi-
ent strength was 60 mT/m with a slew rate of 120 T/m/s.

T, Fitting and Analysis

Single-component T, fitting was carried out by fitting
the full spin echo and stimulated echo response using
SEC as previously described (33). This approach deter-
mines the T, and the relative flip angles for each voxel
from examination of the spin response, beginning with
knowledge of the RF pulse shapes and sequence timing.
The spin response is calculated from the extended phase
graph algorithm (28) and T, decay during the echo train
is assumed negligible relative to T,. The signal decay
curves were fit on a pixel-by-pixel basis with SEC and
with a standard exponential model for different numbers
of consecutive echoes obtained both retrospectively and
prospectively. Using the resulting T, maps, bilateral
regions-of-interest were drawn on representative sections
of iron-rich subcortical GM territories (including puta-
men, globus pallidus, and caudate nucleus), cortical GM,
cerebrospinal fluid (CSF), partial volume, as well as
WM. For multislice experiments, measurements were
also performed to determine the influence of incidental
MT on the resulting T, values.

RESULTS

Presence of stimulated echoes in the signal decay is eas-
ily recognized from an enhanced second echo as shown
in Figure 1a. Because of high-field RF nonuniformity
within the slice, the more central globus pallidus has
less stimulated echo component than frontal WM
because the refocusing flip angles are closer to the pre-
scribed 180° near the image center. Figure 1b—f shows
the population averaged T, from iron-rich deep GM (cau-
date, globus pallidus), WM territories (frontal, posterior
internal capsule, and optic radiation), CSF, and partial
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volume (caudate with 20% CSF) for echo train reduction
performed retrospectively using both SEC and exponen-
tial fits. The SEC is robust at most echo train lengths for
GM and WM, where short echo trains are effective; how-
ever, for the long T, of CSF (Fig. 1h), overestimation is
observed with echo trains below six. For WM regions of
high myelin content, a slight underestimation of T, is
observed with some short echo trains (Fig. 1f,g) due to a
stronger weighting of the short myelin water T, over the
longer components. The same effect is observed in the
partial volume caudate with longer component CSF terri-
tory (Fig. 1e), where the average T, decreases slightly
before increasing. For GM and frontal WM, consistent T,
relaxation times are observed as the echo train is short-
ened, with only 2.4% maximum variation between 4 and
20 echoes. For posterior internal capsule (IC), this varia-
tion rises to 7.7% due to increased myelin content. Simi-
lar results were obtained with refocusing slice thickness
3.5 and 5 times larger than excitation thickness (data not
shown).

For the standard exponential fit, a large variation in T,
with echo train for all structures was observed especially
with short echo trains. Signals due to stimulated echoes,
which are particularly prominent in the second echo and
present thereafter, lead to nonexponential decay produc-
ing increasing errors when echo trains are reduced when
using an exponential fit. Even with long echo trains, ex-
ponential fit still overestimates the T, since stimulated
echo pathways are not included; hence, T, convergence
at higher numbers of echoes is not expected.

Using SEC, the fit produces both a T, and a normal-
ized flip angle map. Figure 2 shows the normalized flip
angle maps derived from the SEC algorithm for 2, 3, 4,
and 20 echoes, respectively. The maps maintain consis-
tency down to three echoes. Figure 3 presents typical R,
maps (1/T,) obtained using 20 echoes (left column) then
reduced retrospectively to four echoes (middle column);
the difference images (right column) suggest the SEC (a—
c) remains accurate despite drastic reduction in echo
train length, while the standard exponential fit (d—f) is
highly dependent on the number of echoes in the fit.

Results from multislice imaging, where reduced echoes
are translated into increased slice coverage, are shown in
Table 1. The average T, values are presented using SEC
for a single slice (20 echoes), two slices (20 echoes), four
slices (10 echoes), and eight slices (5 echoes) from four
subjects. Slice coverage and echo train length were var-
ied under constant RF power deposition for the multi-
slice acquisitions. Results from echo shortening in Table
1 follow the same trend as the retrospective case consid-
ered above, indicating minimal effect of incidental MT
on the T, values. Example R, maps for various slices
and echo numbers are shown in Figure 4, along with cor-
responding normalized flip angle maps obtained from
the SEC fit.

Figure 5 examines incidental MT resulting from multi-
slice T, imaging using the ratio of multislice to single-
slice image SNR from an early echo image. Reductions
in SNR between 5 and 17% were observed as the num-
ber of slices increases with corresponding echo train
length reduction. The observed SNR reduction is negligi-
ble for CSF as expected. Note the expected dependence
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on tissue type (WM versus GM) and on the flip angle
(higher flip angle in center). The MT effects also have a
T, dependence since the off-resonant slices are inter-
leaved within the 4 s TR. For example, with two slices,
off-resonant excitation occurs 2 s before acquisition.

DISCUSSION

With SEC, we have demonstrated that short echo trains
as short as 4 can be used to constrain RF power and pro-
vide similar results to long echo trains for T, quantifica-
tion of deep GM structures. Results in multicomponent
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FIG. 2. Effect of number of echoes on normalized flip angle maps (retrospective): (a) two echoes, (b) three echoes, (c) four echoes, and
(d) 20 echoes. Flip angle maps achieve stability with three or more echoes.
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FIG. 3. In vivo R, maps: top row, stimulated echo fit; bottom row,
exponential fit. In (a,d), 20 echoes are used, while (b,e) only four
echoes. Difference maps are shown in (c,f) with stimulated echo
(c) showing minimal change, but drastic differences for the expo-
nential fit (f). Intensity scale is from 2.5 to 30 s~' in images
(a,b,d,e) and 0.68 to 7.5 s~ for difference images (c,.

WM had slightly increased variability. Reduced echo
train lengths can enable reduced RF power deposition
or an increase in slice coverage and scan efficiency.
However, given sufficient time and no RF heating con-
straints, long echo trains can produce better results, but
are not always practical at high field, especially when
more than one slice is required. Indeed, reduced echo
trains can lead to less accuracy, especially in a low
SNR environment (35). Optimal echo train length also
depends on T, (37), with longer train length needed for
longer T, values. Our results clearly indicate overesti-
mation of the CSF T, when the number of echoes is
reduced, but demonstrate excellent results for shorter
T, values.

The multiecho spin-echo technique is sensitive to RF
heterogeneity that can arise from through-plane RF varia-
tion from imperfect refocusing slice profiles or in-plane
variation from RF interference effects. At 4.7 T used
here, and at higher fields, in-plane heterogeneity is sub-
stantial for brain imaging (see Fig. 4e). Radio frequency
heterogeneity can be improved somewhat by using RF
shimming (38,39), or using multiple lobe, shaped, or
double adiabatic refocusing pulses (40), which substan-
tially increase RF power demands. Simply widening the
thickness of the refocusing pulses relative to the excita-
tion pulse can also improve the refocused slice profile

FIG. 4. In vivo R, maps using stimulated echo compensation: (a)
one slice and 20 echoes, (b) two slices and 20 echoes, (c) four sli-
ces and 10 echoes, and (d) eight slices and five echoes. Corre-
sponding normalized flip angle maps for (a) and (d) are shown in
(e,f), respectively, demonstrating consistent flip angle estimation
with short echo trains.

(31), but limits potential for increased slice coverage.
The SEC used here enables use of T, mapping at high
magnetic field by accounting for RF field nonuniformity
and enabling substantial echo reduction to minimize RF
heating effects.

Increased slice coverage is necessary for future clinical
application. We have demonstrated that savings in RF

Table 1

Average T, (ms) From Four Subjects for Different Number of Slices and Echoes Using the Stimulated Echo Fit
# of slices # of echoes Frontal WM  Caudate Putamen  Globus pallidus Posterior IC  Optic radiation CSF
1 20 531 +15 61.0+15 553=*15 37.0 = 1.1 68.9 + 2.5 65.4 + 0.3 1132 + 265
2 20 539 + 0.6 606 +25 529 + 3.1 37.0+1.2 68.7 + 2.9 65.3 =+ 0.9 1202 + 294
4 10 528 + 09 612+21 55016 36.6 = 0.8 64.9 + 2.3 63.1 =+ 1.6 1518 += 590
8 5 525 +11 629 +22 553=*22 35.0+1.0 63.1 + 2.7 60.3 + 0.5 1619 + 452
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power through echo shortening can be applied to increase
the slice coverage, with similar T, results to single slice,
even though there is signal reduction due to incidental MT
effects (Fig. 5). We observed less than 15% SNR reductions
from single slice to eight slices. Although SNR was lost in
multislice mode due to incidental MT, it did not signifi-
cantly affect the mean T, values for GM or WM and similar
results were found for either retrospective echo shortening
without MT effects (Fig. 1), or prospective echo shortening
with increased slice number and incidental MT (Table 1).
The effect of incidental MT on the T, fit was minimal
partly due to the small number of off-resonant RF pulses
used. Specifically in WM, the delay between off-resonant
excitation and on-resonant acquisition minimized differ-
ential MT effects between myelin water and other pools
due to exchange (41). The MT effects due to multislice in-
terference were previously reported for human brain using
fast spin echo sequences (42—45). Our incidental MT
results are consistent with others (44,45). As expected,
when the flip angle is similar, WM has greater MT than
GM due to higher macromolecular content (42—48).
Increased MT was observed from the posterior internal
capsule because of higher myelin water content and
greater flip angle in this more central region.

Increased slice coverage is also possible through single
slab 3D imaging without incidental MT effects (49). This
has been demonstrated at 3T using multiple spin echo
3D imaging with an eight-slice matrix (49); however,
lengthy T, times at high field may limit imaging effi-
ciency due to the need for long repetition times.

2 4 6
Number of slices

Our current implementation of SEC is based on the
assumption that magnetization involved in alternate coher-
ence pathways experiences negligible T, relaxation during
the echo train, which provides accurate T, values for T,/T,
ratio above 10 (33), but for tissues with smaller T,/T, ratios
like CSF this assumption may provide underestimated T,
values. Nevertheless, stimulated echo compensation still
outperformed exponential fitting with CSF T, values using
five echoes versus 20 echoes being 19% different with SEC
and 2500% different for exponential fitting.

Throughout this work, we maintained a constant echo
spacing of 10 ms similar to previous work (33,34) to con-
trol for diffusion effects between refocusing pulses
(50,51) and to maintain signal from relatively short T,
values that arise in regions of iron-laden ferritin in GM
or very short T, from myelin water in WM. Simulations
have shown that optimal interecho spacing and train
length varies with T, values (37,52); however, there is a
wide range of T, values across the human brain. Com-
bining long interecho spacing with few echoes, has been
shown to produce poor results in human brain (53);
thus, a short-echo spacing is preferable.

In conclusion, it was shown that in contrast to stand-
ard exponential fitting, substantial shortening of the
echo train can be achieved using SEC while maintaining
accurate T, values at 4.7 T, where there is substantial RF
inhomogeneity. Radio frequency power savings through
echo reduction enabled accurate deep GM T, values
using eight slices of five echoes each. Incidental MT was
significant in multislice mode, but had minimal effect on
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the T, values. Thus, SEC with reduction of RF refocusing
pulses can enable efficient use of T, mapping for high
field or other applications where refocusing pulses are
not ideal and RF power reductions are required.
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