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Contrast Behavior and Relaxation Effects of Conventional
and Hyperecho-Turbo Spin Echo Sequences at 1.5 and 3 T"

Matthias Weigel* and Juergen Hennig

To overcome specific absorption rate (SAR) limitations of spin-
echo-based MR imaging techniques, especially at (ultra) high
fields, rapid acquisition relaxation enhancement/TSE (turbo
spin echo)/fast spin echo sequences in combination with con-
stant or variable low flip angles such as hyperechoes and
TRAPS (hyperTSE) have been introduced. Due to the multiple
spin echo and stimulated echo pathways involved in the signal
formation, the contrast behavior of such sequences depends
on both T, and T, relaxation times. In this work, constant and
various variable flip angle sequences were analyzed in a volun-
teer study. It is demonstrated that a single effective echo time
parameter TE_ can be calculated that accurately describes the
overall T, weighted image contrast. TE_ can be determined by
means of the extended phase graph concept and is practically
independent of field strength. Using the described formalism,
the contrast of any TSE sequence can be predicted. HyperTSE
sequences are demonstrated to show a robust and well-defined
T, contrast allowing clinical routine MRI to be performed with
SAR reductions of typically at least 70%. Magn Reson Med 55:
826-835, 2006. © 2006 Wiley-Liss, Inc.
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Multi spin-echo sequences such as rapid acquisition relax-
ation enhancement [turbo spin echo (TSE), fast spin
echo. . .)] (1) find widespread applications in clinical rou-
tine MRI examinations. Insensitivity to susceptibility and
field inhomogeneity effects, well-defined contrast behav-
ior (e.g., a pure T, contrast), and sensitivity to a variety of
pathologic conditions have made such techniques an in-
dispensable tool for clinical diagnosis.

With increasing field strength the pronounced RF power
deposition (RFP) caused by the multiple refocusing pulses
is becoming increasingly problematic. The specific absorp-
tion rate (SAR) problem is further emphasized by the use
of fast gradients leading to short echo spacings (ESP) as
needed in applications such as multislice T, weighted
imaging of the abdomen in a single breathhold. Different
options exist to avoid the SAR limitations for patient safe-
ty: The most straightforward approaches include a reduc-
tion of the number of slices, shortening of the echo train
length (ETL), an increase in TR, or the use of longer RF
pulses with simpler pulse shapes (2). Consequently, dis-
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advantages such as limited volume coverage, longer acqui-
sition times, and a less well defined slice profile emerge.
These limitations are not acceptable for most clinical ap-
plications. More promising solutions are a shorter ETL via
partially parallel acquisition (PPA) techniques such as
GRAPPA, SMASH, and SENSE (3,4) or partial Fourier
reconstruction methods (5,6).

Since SAR~RFP~aq ¢ the use of refocusing flip angles
lower than 180° reduces RFP very efficiently (7). However,
a reduction of the (constant) refocusing flip angle leads to
a diminished signal-to-noise ratio (SNR) and also to subtle
changes of contrast due to stimulated echo contributions
that are usually ignored.

Recently, more sophisticated RF pulse mechanisms us-
ing varying flip angles have been proposed (8—11). In
general, these techniques use high flip angles to produce
high signal for the encoding of central k-space and lower
flip angles for the acquisition of outer parts of k-space.
Such symmetrical or asymmetrical hyperechoes (TRAPS,
transition into static pseudo steady state) have been shown
to provide full signal intensity for the central part of k-
space at considerable reduction of SAR. Typical SAR re-
ductions are on the order of 70%. Initial clinical studies
with T, weighted hyperecho-TSE sequences have demon-
strated the clinical usefulness of this approach (12). In
addition, the application of TRAPS for low SAR inversion
recovery (IR) weighted TSE sequences was recently re-
ported (13).

The original hyperecho approach (9) is based on an
anti-symmetric arrangement of flip angles around a central
180° pulse in order to completely refocus magnetization
during the acquisition of central phase encoding lines.
TRAPS (8) has been introduced as a more general ap-
proach that allows the flip angles to be varied freely
throughout the RF pulse train after a transition into the
static pseudo steady state (sPSS) (14—16). TRAPS is more
flexible and permits a direct shaping of the point spread
function (PSF), which can be used to even improve image
sharpness compared to standard TSE (17). In a slightly
different approach Busse (10) suggested maintaining high
flip angles of approximately 150° until the k-space center
has been acquired, followed by monotonically reduced flip
angles thereafter. This approach mostly maintains the pure
T, contrast of the central k-space signal but limits the
achievable SAR reduction and leads to additional image
blurring. An alternative 3D-TSE sequence by Mugler et al.
(11) uses very long echo trains with extremely low flip
angles as small as 20°.

The aim of this work is to present the results of a vol-
unteer study on the contrast behavior of different types of
T, weighted TSE sequences with constant and varying flip
angles. An overview of examples employing hyperTSE
(TRAPS) and various combinations of TE and ETL and
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their respective SAR reduction is presented. Based on the
theoretical framework presented in an earlier paper (8), T,
and T, contributions of the multiple signal pathways are
calculated and compared to the experimental results. The
results demonstrate that the intrinsic contrast of any ge-
neric TSE sequence with arbitrary flip angles can be a
priori predicted employing the extended phase graph
(EPG) concept (18). This concept is used to introduce
specific contrast corrections for an adapted effective T,
weighting, which can be expressed by an effective echo
time TE, intrinsic to each sequence. The described adap-
tation can be directly implemented into the TSE sequence.
Equivalence of contrast is demonstrated by a comparison
of high-resolution contrast adapted hyperTSE and conven-
tional TSE180° at identical TE ;.

THEORY

The EPG concept allows the mixing of different magneti-
zation pathways to be calculated in a multi spin-echo
experiment. Thus, if the relaxation times T, and T, are
known it is possible to quantify signal intensities of all
echoes in a TSE echo train. Assuming that the contrast of
an MRI image is determined by the echoes encoded for the
center of k-space and that the finite-duration RF pulses can
be treated as & functions, the signal intensity I qictea OF
the nth echo for a specific MRI sequence and tissue at a
given echo time TE can be predicted as (17)

Ipredicted(aijlvTZ) = B -PD 'fEPG(OLl» . <n:T1)T2) . [1]

fupc describes the sequence specific mixing of magnetiza-
tion pathways depending on all previous refocusing flip
angles o, . It also includes signal decay due to relax-
ation. PD represents the proton density and B is a scaling
factor that accounts for physical parameters such as coil
sensitivity, receiver gain, and FFT scale factor. B is con-
stant for the TSE and hyperTSE sequences with identical
TE and ETL used in our experiments.

Since stimulated echo pathways contribute to the mea-
sured signal, whenever any of the refocusing flip angles in
a multiecho sequence deviates from 180°, both T, and T,
decay must be considered. According to Eq. [1] from Ref. 8,
the factor f;pg can be split into two components,

Ipredinted(aerlyTZ) = B ‘ PD 'fa(an) 'fm(al- . <1’1715T11TZ) ’ [2]

where f,, represents the available magnetization as a result
of spin evolution for previous refocusing flip angles. The
attenuation factor f, reflects the amount of this magnetiza-
tion is read out by «,. For a conventional TSE sequence
with ideal 180° pulses f, equals 1. The same applies for a
symmetrical hyperecho experiment at the time of hypere-
cho formation even though «,, may differ significantly from
180°. In fact, o, can assume any arbitrary value given that
the hyperecho conditions are fulfilled for all echoes. In an
asymmetric hyperecho (TRAPS) experiment magnetiza-
tion is always kept close to the sPSS. During the acquisi-
tion of the center of k-space, magnetization «,, is close to
180° and therefore f, is close to 1 as well. For TSE se-
quences with lower but constant flip angles only some
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fraction of the available magnetization is translated into
signal and f, < 1. For such sequences f, is maximized if the
magnetization has been prepared into the static pseudo
steady state sPSS(a) for the respective a with any of the
preparation sequences described in the literature (14—16).
Therefore, f, represents the signal intensity of the corre-
sponding sPSS(«) if relaxation effects are ignored and Eq.
[2] can be rewritten as

Ipredicted(ath’TZ) = B -PD 'fa(OLSPSS) 'fm(ar . ~n’T1’T2) s [3]

where o pgq signifies the flip angle to which the sPSS
refers. Eq. [3] can also be used for TRAPS-TSE implemen-
tations for which f,(aspgs) = f,(180°) = 1 (see above). By
omitting relaxation effects, the factor f,(a,pgg) can be cal-
culated via the EPG as

Jalagpss) = fapalay. . n Ty = T, = ). [4]
The term f,,, can be decomposed into T, and T, contribu-
tions (8)

f"TE)-exp<—(l_ﬁ).TE), (5]

fo= (17 T,

where f, represents the fraction of time during which mag-
netization has been present as transverse magnetization.
This decomposition leads to

.+ TE 1—f)-TE
I(TE)=B-PD-f,(aspss) * exp(JcTZ) . exp< — %) .
(6]
From Egs. [1] and [6] f, is determined as

fEPC(' . )) . i i

ln<fa(aspss) TE * T,
fi= 1 1 [7]

T, T,

For many biologic tissues with T, >> T, and for TE << T,
the T, dependent term can be neglected and (6) becomes

+ TE
f ) [8]

I[TE] :B'PD'fa(OLsPSS) : exp<_ TZ

It has already been demonstrated by numerical simula-
tions that f; is mostly independent of T, and T, for a broad
range of relaxation times (8). It is thus reasonable to use a
single characteristic value for f, to characterize the T,
contrast of a given TSE sequence that is identical to that of
a fully refocused experiment with

’I‘Ecorrccted= Tchfzft : TE . [9]

Since f, < 1 the effective echo time TE_; for signal readout
of central k-space data are prolonged by a factor 1/f, com-
pared to a conventional TSE sequence for equivalent T,
contrast.
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For practical applications the weak dependence of f; on
T, and T, can be employed to estimate f, for a given TSE
sequence. By defining a “virtual tissue” with arbitrary T,
within the physiologic range (typically T,,,. = 100 ms,
T, = =) a reliable estimate for f, can be determined as

fEPG(aisTZmnst)> ’ [10]

ftm!immiml = TZCOHSt ' hl( fa (Otspss]

which will be shown in subsequent sections. As a result of
the weak dependence of f, on T,, f, and therefore TE
depend only on the sequence parameters and can therefore
be calculated and displayed during sequence setup. For
further automation, the user interface is modified such that
f; is calculated for any desired TE, and the proper phase
encoding scheme to yield the desired T, contrast is auto-
matically generated while yielding a specific reduction in
SAR.

METHODS

Experiments were performed on two whole-body imaging
systems at 1.5 T (Magnetom Sonata, Siemens, Erlangen,
Germany, n = 10) and 3 T (Magnetom Trio, Siemens, n =
13). Sixteen cooperative healthy volunteers (between 26
and 38 years old, 14 males and 2 females) without any
history of brain disease were included in the study. Seven
volunteers (5 males, 2 females) were examined at both 1.5
and 3 T.

Different flip angle variation schemes were imple-
mented into the TSE sequence provided by the manufac-
turer. General parameters were FOV = 24 X 20 cm?, ma-
trix = 253 X 206, BW = 210 Hz/pixel, ESP = 8.9 ms, TR =
5000 ms, sinc pulses with one sidelobe (duration =
2.56 ms). A single oblique transversal slice (slice thick-
ness = 5 mm) in anterior—posterior cerebral commissural
alignment was acquired in order to minimize magnetiza-
tion transfer effects.

The following protocol was used for all experiments:
First, anatomic reference scans (duration 0:54 min) were
performed followed by scans to determine T, and T, re-
laxation times (total acquisition time 14:00 min). Subse-
quently, four blocks of TSE imaging sequences with two
different echo times (TE = 80 ms, TE = 134 ms) and two
different echo trains lengths (ETL = 15, ETL = 25) were
acquired. The acquisition times for an imaging block with
ETL = 15 and ETL = 25 were 13:45 and 9:10 min, respec-
tively, leading to a total acquisition time of 60:44 min for
the whole experimental protocol.

Each imaging block consisted of 11 different sequences.
Five TSE measurements used constant flip angles (180,
150, 120, 90, and 60°) while different kinds of flip angle
variations (ranging from 180° down to 90 or 60°) using
TRAPS were applied for 6 additional scans. Linear and
optimized sinusoidal flip angle ramps were employed. The
acquisition parameters and the respective SAR reductions
for each sequence are summarized in Table 1. A more
detailed description of the TRAPS indices is given in Fig.
1 and Refs (8). and (17). Relative SAR values for generic
TSE sequences compared to a TSE180° were calculated as
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Table 1

Overview of Complete Imaging Part of the Protocol including
Relative RF Power Deposition SAR,,, and Effective Echo Time
TE (identical for 1.5 and 3 T) (a) First Imaging Block with the
General Parameters TE = 80 ms, ETL = 15, TR = 5000 ms

TRAPS TE ./
Sequence type Indices SAR,./% ms
TSE180° — 100 80
TSE150° — 70 77
TSE120° — 46 70
TSE90° — 27 59
TSE60° — 13 45
TRAPS90°_lin 4,9,9,15 53 70
TRAPS60°_lin 4,9,9,15 42 62
TRAPS90°_sin1 4,9,9,15 45 68
TRAPS90°_sin2 3,9,9,14 46 70
TRAPS60°_sin1 4,9,9,15 33 58
TRAPS60°_sin2 3,9,9,14 34 61

(b) Second Imaging Block with the General Parameters
TE = 80 ms, ETL = 25, TR = 5000 ms

TSE180° — 100 80
TSE150° — 70 77
TSE120° — 45 70
TSE90° — 26 59
TSE60° — 12 45
TRAPS90°_lin 4,9,9,20 48 70
TRAPS60°_lin 4,9,9,20 38 62
TRAPS90°_sin1 4,9,9,20 42 68
TRAPS90°_sin2 3,9,9,18 41 70
TRAPS60°_sin1 4,9,9,20 29 58
TRAPS60°_sin2 3,9,9,18 29 61

(c) Third Imaging Block with the General Parameters
TE = 134 ms, ETL = 15, TR = 5000 ms

TSE180° — 100 134
TSE150° — 70 128
TSE120° — 46 116
TSE90° — 27 96
TSE60° — 13 71
TRAPS90°_lin 6,15,15,16 51 114
TRAPS60°_lin 6,15,15,16 40 99
TRAPS90°_sin1 4,15,15,16 49 113
TRAPS90°_sin2 6,15,15,16 45 110
TRAPS60°_sin1 4,15,15,16 37 98
TRAPS60°_sin2 6,15,15,16 33 92
(d) Fourth Imaging Block with the General Parameters
TE = 134 ms, ETL = 25, TR = 5000 ms
TSE180° — 100 134
TSE150° — 70 128
TSE120° — 45 116
TSE90° — 26 96
TSE60° —_ 12 71
TRAPS90°_lin 4,15,15,25 55 118
TRAPS60°_lin 4,15,15,25 45 106
TRAPS90°_sin1 4,15,15,25 47 113
TRAPS90°_sin2 6,15,15,23 43 110
TRAPS60°_sin1 4,15,15,25 35 98
TRAPSB0°_sin2 6,15,15,23 31 92
ETL o 9
SAle:ﬁ' 2(1800) . [11]

=1

The relation expresses the fact that the RFP is directly
proportional to the square of the refocusing flip angle.
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FIG. 1. Definition of TRAPS indices along the RF pulse train. An
example for an echo train length of 80 is shown.

SAR,,; was normalized to the echo train length ETL and set
to 1 for a standard TSE with ideal 180° RF pulses.

For T, measurements an inversion recovery prepared
TSE (TE = 8.9 ms) with inversion times TI = [50, 100, 500,
1500, 3500] ms was employed. Transverse relaxation time
T, was measured by TSE sequences with different echo
times TE = [8.9, 53.4, 89.0, 222.5] ms. A repetition time of
TR = 7000 ms was used for all relaxation time measure-
ments. All other parameters were identical to those used
for the TSE with flip angle variations. Pixel-by-pixel maps
of relaxation times were calculated by exponentional fits
using the following fit functions:

TI;
I(TL) = I,- <1 - a-exp< —T)>

TE,
I(TE,.)=IO-exp(f T ) [13]

[12]

Signal intensities I(sequence,tissue) were evaluated in
global (frontal, insular, parietal, occipital) ROIs of cortical
gray matter (GM) and white matter (WM), the left and right
ventricle for cerebrospinal fluid (CSF), and in subcutane-
ous fat. Identical ROIs were used to extract the correspond-
ing relaxation times T eue aNd T issue rom the fitted
maps. The average number of evaluated pixels per ROI was
450 (CSF), 630 (fat), 840 (GM), and 1360 (WM), respec-
tively.

fepc was obtained for each measurement/sequence per
tissue and volunteer by applying the measured individual
values for T, and T,. A common proton density value
PDy;ssue multiplied by the additional scaling factor B was
assessed for all measurements for each tissue and each
volunteer using the corresponding fp and the following
equation:

Imeasured

‘PD issue— £ (v T T
B ' Jerclew. . 0, T1,T2)

[14]
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B*PD,;ssue Was averaged over the 11 sequences of one block
for a specific TE and ETL per tissue and per volunteer to
obtain B*PD,, ... (see also Fig. 2). B*PD,,,., was then used
for the forward calculations of signal intensities via Eq. [1]
for each measurement, tissue, and acquired dataset/volun-
teer. B*PDy;.sue Was not averaged over all 44 sequences of
one dataset since B may change between sequences with
different parameters TE or ETL.

Quantitative proton density ratios were obtained by di-
viding B*PD,, can tissue With B*PD,c.n.on fOr each imaging
block per volunteer and tissue. Hence, the scaling factor 3
cancels and the resulting proton density ratios were aver-
aged over all four imaging blocks and volunteers for each
tissue.

The relative deviation between the actually measured
and its corresponding predicted signal intensity for each
measurement/sequence, tissue, and volunteer was then
computed as

_ Ipredicted - Imeasured

Al aive(sequence,tissue)= [15]

Imeasured

Subsequently, the effective T, weighing factor f, was de-
termined from the data.

For further optional automation the employed TSE se-
quence was modified such that for any desired TE,; the
proper phase encoding scheme to yield the desired T,
contrast is automatically generated. The implemented al-
gorithm starts with TE = TE ¢ gesirea @and an initial flip
angle of 60° (TRAPS60°) resulting in a maximum saving in
SAR. Next, the flip angles needed for the user selected flip
angle ramps are calculated. The resulting TE,; is then
calculated according to Egs. [9] and [10]. Subsequently,
the TE of the hyperTSE is iteratively enlarged and the
corresponding flip angle ramps and TE,; determined until
the resulting TE,; closely matches TE i qesired-

Finally, the feasibility of the described methods was
clinically evaluated by high-resolution imaging. Five pa-
tients (between 6 and 62 years old, 4 males and 1 female)
underwent MR imaging with TSE sequence used in the
volunteer study (Table 1c). A higher resolution of matrix =
506 X 412 and slice thickness = 2 mm with two averages
was used, while the other parameters were identical.

=
.4
'ﬁ 0.60 ® conv. TSE
g m  hyperTSE
5 linear fit
‘g. 0.55-
2
2
% 0.50
slope=R*PD__.
0.45

700 800

Intensity measured / a.u.

600

FIG. 2. Measured intensities versus intensity predictions for gray
matter of one volunteer (TE = 80 ms, ETL = 25, 3 T). The direct
proportional behavior can be observed well (R = 0.99). The slope
corresponds to B*PD,,can-
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FIG. 3. Images acquired during one series of measurements at 3 T are presented (TE = 80 ms, ETL = 15). In the upper row the T, (a) and
T, (b) relaxation maps are displayed. For better viewing a window between T, = [0;5000] ms and T, = [0;500] ms was used. In the middle
row the five conventional TSE images (c—g) are shown in consecutive order as listed in Table 1. In the lower row five of six TRAPS-TSE (h-l)
imaging sequences are presented (“TRAPS90_sin1” was omitted). An identical window-leveling (W = 675, L = 1006) was used for all
imaging sequences. By comparing the resulting images an SNR decrease and changes in contrast (less T, contrast paired with additional
T, contributions) from the TSE180° (c) to the TSE60° (g) can clearly be identified. Imaging with hyperTSE (h-l) reinstates full signal intensity

for all tissues but also exhibits slightly different contrasts compared to the TSE180° due to the unmatched TE .

All human studies have been approved by the local
ethics review committee and informed written consent
was obtained prior to the measurements.

RESULTS

Images acquired during one series of measurements (TE =
80 ms, ETL = 15) at 3 T are shown in Fig. 3 (T, map (a), T,
map (b), conventional (c—g), and TRAPS-TSE (h-1) imag-
ing sequences). By comparing the resulting images an SNR
decrease and changes in contrast (less T, contrast paired
with additional T, contributions) from the TSE180° (c) to
the TSE60° (g) can clearly be identified. Imaging with
hyperTSE (h-1) reinstates full signal intensity for all tis-
sues but also exhibits slightly different contrasts compared
to the TSE180° due to the unmatched TE .

Table 2 presents the mean relaxation times over all
volunteers at 1.5 and 3 T, respectively. As expected, lon-
gitudinal relaxation times increase with field strength
whereas transverse relaxation times decrease with field
strength except for CSF.

As an example, Fig. 2 displays the measured signal
intensities versus the predicted relative signal intensities
fupc for gray matter for a single volunteer dataset (TE =
80 ms, ETL = 25, 3 T). The slope of the linear regression

(R = 0.99) corresponds to the tissue specific proton density
PD,,.., multiplied by the additional scaling factor B ac-
cording to Eq. [1].

The resulting averaged relative proton density values
compared to GM are also listed in Table 2.

At 1.5 T, the maximum difference between the measured
signal intensities and the theoretically predicted values
(Eq [15]) for all tissues and measurements was 2.3%. At
3 T, the corresponding maximum difference was 1.2%.

Figure 4 shows an overview of the measured f; (Eq. [7])
for CSF, fat, GM, and WM for each sequence (TE = 134 ms,
ETL = 15) at 1.5 (a) and 3 T (b). f; directly represents the
true fractional T, contribution to the signal. The interin-
dividual standard deviations of the measurements are very
low and indeed most of the error bars are virtually invis-
ible, indicating the good reproducibility of the performed
measurements and calculations.

As evident from Fig. 4 the T, contrast of standard TSE
sequences with reduced refocusing flip angles is consider-
ably reduced. For example, TSE sequences with constant
flip angles of 120° show a contribution of 87% of T,
contrast, indicating effective echo time reduction. For the
hyperecho / TRAPS implementations, ft can be as low as
~70% for the sequences, which show the highest reduc-
tion in SAR. Figure 4 also demonstrates that the sequence

Table 2
Relaxation Times and Proton Density Ratios of Liquid Proton Pools per Tissue at 1.5 and 3 T
CSF Fat GM WM
15T 3T 15T 3T 15T 3T 15T 3T
T,/ms 3916 + 828 3651 + 421 561 + 129 678 + 149 1213 = 26 1543 *= 50 679 *= 20 907 + 27
T,/ms 1330 = 619 1429 + 475 153 = 30 130 = 18 126 = 10 122 =8 95+ 4 92 +3
Rel. PD 1.09 + 0.07 1.09 + 0.05 1.00 + 0.09 0.91 = 0.11 1 1 0.87 = 0.05 0.92 = 0.04

Note. Mean = std (interindividual standard deviation) at 1.5 T (n = 10) and 3 T (n = 13).
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FIG. 4. Measured true T, contributions (f,) for TE = 134 ms, ETL =
15 averaged over all volunteers at 1.5 T (a) and 3 T (b) are displayed.
The error bars are often not visible since the interindividual SD is
extremely low. f, is almost identical for CSF, fat, WM, and GM for
one corresponding imaging sequence.

specific effective f, for each tissue typically differs by less
than 1.0% despite pronounced differences in T, and T,.
Exceptions are found for conventional TSE90° and TSE60°
with higher variations of 1.6 and 3.3%, respectively. A

Table 3
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mean f; can therefore be defined to characterize the effec-
tive T, contrast of a given sequence at both field strengths
(Tables 3 and 4). Excellent agreement between different f,
is demonstrated by the low standard deviations over all
types of tissue.

In addition, Tables 3 and 4 show high correspondence
between the measured values of f, and the a priori esti-
mated T, contribution deduced from Eq [10]. For all se-
quences the predicted T, contribution is within 1% of the
measured T, contributions for all types of tissues. A com-
parison of the values at 1.5 and 3 T also shows excellent
agreement (Fig. 4, Tables 3 and 4).

Conversion of the predicted and experimental f, values
into the effective echo time TE.; according to Eq. [9]
indicate that TE corrections can be as high as 30%.

From the known values of f, appropriate contrast correc-
tions can be directly introduced into the conventional or
hyperTSE sequences. Figures 5 and 6 compare images of
conventional and hyperTSE sequences with matched
TE.s Figure 5 presents an example of a volunteer with
dilated Virchow Robin spaces and another lesion on the
left side. Figure 6 was acquired during clinical routine
MRI and displays a young patient with a pilocytic astro-
cytoma. Both hyperTSE images display identical contrast
as the conventional TSE180° by using a substantially de-
layed readout time for the central k-space line.

DISCUSSION

Hyperecho- and TRAPS-TSE (hyperTSE) methods have
proven to be useful for T, weighted imaging at high fields
due to their low SAR (12). In this study it could be shown
that the contrast of any TSE sequence with arbitrary flip
angles can be predicted by the EPG concept. In addition,
the EPG algorithm was employed to introduce a sequence-
specific effective echo time TE, to characterize and con-
trol the overall T, contrast of TSE sequences with variable
refocusing flip angles.

Data Acquisition and Evaluation

Cross-contaminations between adjacent slices and mutual
magnetization transfer effects have been carefully avoided

Overview of Measured True T, Contributions (f,) Averaged over All Tissues Including Their Mean Estimated T, Contribution for TE =

80 ms

15T

Sequence type

3T
15TR3T

TE = 80 ms /% /% /% /% estimated f,/%
ETL = 15 ETL = 25 ETL = 15 ETL = 25
TSE180° 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0 100.0 * 0.0 100.0
TSE150° 96.3 + 0.1 96.3 + 0.1 96.3 + 0.1 96.3 + 0.1 96.2
TSE120° 87.7 + 0.1 87.7 + 0.1 87.6 = 0.1 87.6 = 0.1 87.5
TSE90° 739+ 0.3 739 +0.3 73.8 + 0.4 73.8 + 0.4 73.4
TSE60° 57.3 + 0.7 57.3 +0.7 571+ 0.8 571 +0.8 56.1
TRAPS90°_lin 87.0 + 0.1 87.0 = 0.1 87.0 = 0.1 87.0 = 0.1 86.8
TRAPS60°_lin 77.4+ 0.2 77.4+0.2 773+ 0.2 773+0.2 84.5
TRAPS90°_sin{ 84.6 + 0.1 84.6 + 0.1 84.6 + 0.1 84.6 + 0.1 77.1
TRAPS90°_sin2 87.0 = 0.1 87.0 = 0.1 86.9 + 0.1 86.9 + 0.1 86.9
TRAPS60°_sin1 732 +0.3 732 +0.3 731+ 03 731 +0.3 72.7
TRAPS60°_sin2 77.0 + 0.2 770+ 0.2 77.0+ 0.2 770+ 0.2 76.7

Note. Mean =+ std of all tissues: CSF, fat, GM, and WM.
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Table 4
Overview of Measured True T, Contributions (f,) Averaged over All Tissues Including Their Mean Estimated T, Contribution for TE =
134 ms
15T 3T
Sequence type 15T/3T
TE = 134 ms /% /% /% /% estimated /%
ETL = 15 ETL = 25 ETL =15 ETL = 25
TSE180° 100.0 = 0.0 100.0 = 0.0 100.0 = 0.0 100.0 = 0.0 100.0
TSE150° 96.4 = 0.1 96.4 = 0.1 96.3 = 0.1 96.3 = 0.1 96.1
TSE120° 87.2 + 0.1 87.2 = 0.1 87.2 = 0.1 87.2 = 0.1 87.0
TSEQ90° 72.7 £ 0.6 72.7 = 0.6 726 = 0.6 726 = 0.6 71.8
TSEG0° 55.5 +1.2 55.5 = 1.2 552 =14 552 =14 53.5
TRAPS90°_lin 85.5 + 0.22 88.5 = 0.12 85.5 = 0.22 88.5 + 0.12 85.3/88.4%
TRAPS60°_lin 74.9 * 0.4% 80.0 = 0.32 74.8 = 0.42 80.0 = 0.32 74.4/79.6%
TRAPS90°_sin1 82.6 + 0.2 82.6 = 0.2 82.6 = 0.2 82.6 = 0.2 82.3
TRAPS90°_sin2 85.2 + 0.2 85.2 = 0.2 85.2 = 0.2 85.2 + 0.2 85.0
TRAPS60°_sin1 69.9 + 0.5 69.9 = 0.4 69.7 = 0.5 69.7 = 0.4 69.1
TRAPS60°_sin2 743 =04 743 0.5 742 =04 742 =05 73.7

Note. Mean =+ std of all tissues: CSF, fat, GM, and WM.

@Different ramps were used for ETL = 15 and ETL = 25 (TE = 134 ms); thus, the corresponding T, contributions f, differ (see Table 1).

by using a single slice measurement (19-22). T, and T,
relaxation times were acquired using an identical TSE
sequence in order to minimize other and more subtle er-
rors due to eddy current effects and sequence dependent
variations in the PSF. For T, quantification an additional
IR preparation was employed. Identical TSE sequences for
T, and T, assessment as well as imaging were used in
order to allow pixel-by-pixel comparisons between im-
ages.

The acquisition time for the whole experimental proto-
col was restricted to approximately 60 min in order to
ensure compliance of the volunteers and to enhance the
reliability of the data.

Relaxation Times and Proton Densities

A rather broad range of T, and T, values for brain tissue
has been reported in the literature, probably due to differ-
ent measurement techniques and—to a minor degree—to
varying anatomic locations used in the evaluation. Litera-
ture values for T, at 1.5 T range between 633 and 728 ms
for white matter and between 998 and 1304 ms for cortical
gray matter (23—26). Our values presented in Table 2 agree
very well with these reports. T, \v\; also shows excellent
agreement with the predicted value of T,y 157

652 ms according to the theoretical considerations by Fi-

scher et al. (“two step high field relaxation dispersion for
WM” (27)).

So far there have not been many published data on
longitudinal relaxation times at 3 T. First reports (28,29)
state T, values between 832 and 1110 ms for white matter
and between 1150 and 1470 ms for cortical gray matter,
depending on the location in the brain. The values re-
ported in Table 2 agree very well with both reports for
white matter and closely match the upper range of gray
matter. Considering published results for T, at 4 T (30)
both T, yyy and T, g\, are within in the expected range of
longitudinal relaxation times at 3 T. T, yy s also shows
excellent agreement with the empiric predictions
(Ty w3t = 880 ms) from (27) (see above). However, no
significant B, dependence of T, g has been observed
between 1.5 and 3 T, which may be expected from longi-
tudinal relaxation theory since CSF is much more similar
to water than tissue. Our experimental value may indicate
that the measured T, is not the true T, but shortened by
motional effects although Clare and Jezzard report an al-
most identical value for T, cgp ¢ (31). This assumption is
supported by the higher SD of CSF values compared to GM
and WM at 1.5 as well as 3 T.

The mentioned empiric model for longitudinal relax-
ation dispersion can also be employed for predictions of

FIG. 5. Comparison of a TSE and hyperTSE image
at 3 T from a volunteer with later diagnosed dilated
Virchow Robin spaces and another lesion on the
left side. An intrinsic T, weighted contrast correc-
tion with the validated EPG concept was employed.
Both display the same contrast and high resolution.



Contrast Behavior of Generic TSE Sequences

FIG. 6. Comparison of a TSE and hyperTSE image
at 3 T from a pediatric patient with a pilocytic as-
trocytoma. The images with matched TE.; were
acquired during clinical routine MRI. Both images
resolve the pathology equally well.

T, of gray matter. Estimated T, relaxation times using a
“one step high field relaxation dispersion for GM” are
close to the lower range of reported values in the literature
and also differ from our results. Considering that the cor-
responding predictions for T, ., at even higher field
strengths such as 4 T (30) do not coincide with this theory
as well, an adjustment of the model for predictions of gray
matter relaxation times at high fields may be necessary.

Transverse relaxation may best be characterized with a
multiexponential decay (32,33). For a monoexponential
model, T, values at 1.5 T are usually in the range between
66 and 80 ms for white matter as well as 80 and 100 ms for
cortical gray matter (23-25,30,32,34,35). Our measured
values (Table 2) are somewhat higher compared to most
published data. Possible explanations of these discrepan-
cies include increased partial volume effects from CSF.
However, this assumption is unlikely since the effect
would be expected to vary between subjects and, thus,
lead to an increased SD of the average values. In addition,
the use of slice selective refocusing pulses that lead to a
variation of flip angles across the slice profile (21,33,36,37)
or B, inhomogeneities that have a higher impact on slice
selective pulses than on nonselective RF pulses as shown
in (33,36) may result in a nonperfect refocusing behavior,
thereby prolonging the measured T, decay. An additional
factor may be the use of a rather short echo spacing ESP =
8 ms, which diminishes diffusion effects leading to a
shorter T, (38).

A previous study of the transverse relaxation times at 3
T reports T, = 80 ms for white matter and a range of T,
between 99 and 117 ms for gray matter depending on the
sex of the volunteers (29). The latter difference between
males and females was significant (P < 0.0001). Our values
(Table 2) are somewhat higher but still in a similar range.
Especially our gray matter value of T, is close to the “male
T, o\~ assessed by Wansapura et al. (29). In our study we
did not find a significant difference between males and
females, which may be due to the small number of female
subjects (n = 2).

The T, values for gray and white matter exhibit a non-
significant trend to lower values for higher field strength
B,, potentially related to increased T,’ effects in local
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susceptibility fields, which increase with field strength.
The reduction of T, of fat is more pronounced most prob-
ably as a consequence of J-coupling dependent dephasing,
which increases with the chemical shift difference and,
thus, with field strength.

PD ratios for the “visible” liquid proton pool (Table 2)
are in good agreement with previously published values at
1.5 T, which have been reported to be within 0.83 and 0.86
for PDyy/PDgys (25,32,35,39) and between 1.02 and 1.25
for PDqr/PDgy (25,40).

Flip-Angle-Dependent Signal Variations

It could be shown that the extended phase graph concept
can accurately predict the signal intensities of any tissue
in generic TSE sequences at 1.5 and 3 T. Although all
calculations were performed via a hard pulse approxima-
tion neglecting influences such as slice profiles and B,
variations, excellent agreement within 2% or better be-
tween predicted and measured results was observed.
These results further illustrate the usefulness of the EPG
concept for calculating refocusing flip angles for pre-
defined signal amplitudes (17).

T, and T, Contributions and Estimation of Effective Echo
Time TE ¢

Our results demonstrate that a single f, value, independent
of T, and T,, can be used to characterize the effective T,
contrast of any TSE sequence with arbitrary flip angles
(Fig. 4, Tables 3 and 4). Therefore, an explicit TE4 can be
determined and used to characterize the T, contrast of
such sequences, which was previously demonstrated by
simulations for TRAPS (8,17) and is now experimentally
validated in vivo.

It should be noted that even for constant flip angle
sequences the effects of stimulated echo contributions is
quite pronounced. In the TSE120° sequence f, is 87%
leading to 13% T, contribution to the signal intensity. As
a result, reduced T, contrast must be taken into account
when using low flip angle TSE in clinical routine protocols
like breathhold abdomen imaging at 3 T. For sequences
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employing even lower flip angles—and thus more pro-
nounced SAR reduction—TE. can be reduced by up to
30% compared to the nominal readout time of the k-space
center. Thus, appropriate adaptations have to be made to
ensure identical T, contrast.

No significant differences have been observed between
sequences at identical echo times but different echo train
lengths, which further emphasizes the validity of the con-
cept that the contrast behavior is determined by the signal
at the center of k-space.

Adaption of T, Contrast and TE

The fact that f; is largely independent of T, and T, and,
thus, can be calculated a priori based on the known flip
angles alone is of great practical value. It allows one to
automatically match the effective TE.; to yield the T,
contrast expected from using a conventional TSE sequence
with ideal 180° RF pulses. In our implementation the echo
readout time is automatically adapted to generate constant
and identical T, contrast irrespective of the type of flip
angle variation used to save SAR. Although shifting of the
readout time, i.e., TE, of course works only in increments
of the echo spacing, the resulting mismatch in TE.4 be-
tween conventional TSE and hyperTSE is, however, neg-
ligible in practice.

The robustness of f; to various T, and T, combinations
was illustrated by comparisons between high-resolution
T, weighted conventional TSE180° and hyperTSE with
prolonged TE to match the desired TE,.

Prolongation of the signal decay and shift of TE to later
echoes is actually an advantage since it enables the use of
longer echo trains and thus to reduce the overall acquisi-
tion time. Longer echo trains also provide more flexibility
with respect to flip angle variations and thus SAR savings.
It should be kept in mind, however, that for tissues with
short T, and short T, the use of a prolonged TE may lead
to reduced signal intensity.

The calculation of an adapted TE_; is based on the
approximation T, >> T,. This assumption is not strictly
valid for CSF where T, ¢gr is on the same order of magni-
tude as T, . However, as shown by the tissue-dependent
f, values in Fig. 4 and Tables 3 and 4, this approximation
still works very well for CSF.

Although it was not the focus of this study, it should be
noted that no loss in image resolution was observed for the
hyperTSE sequences. Consequently, prudent use of flip
angle variations preserves or may even improve the point
spread function of TSE in accordance with our previous
reports (8,17), whereas blurring has been demonstrated to
occur using other than optimized flip angle variation
schemes (10).

CONCLUSIONS

Extended phase graph concepts can be used to accurately
predict the intensity of tissues of a given TSE sequence
with arbitrary flip variations. A single parameter f, accu-
rately describes the effective T, contrast of a given se-
quence irrespective of the tissue type. Thus, an effective
echo time TE,; can be used to predict the T, contrast of
any such sequence. TE can be calculated by employing

Weigel and Hennig

the EPG concept and is demonstrated to be independent of
the field strength and the observed tissue type. Sequences
using low flip angles used to reduce SAR by 70% and more
show significantly different T, contrast at identical echo
times. Using the recalculated effective echo time TE_y,
identical T, contrast is reestablished and imaging can be
performed at drastically reduced SAR.
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