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Fast SE imaging provides considerable measure time reduction, high signal-to-noise ratios as well as
similar contrast behavior compared to conventional SE sequences. Besides TR and TE, echo train
length (ETL), interecho time 7, and k-space trajectory determine image contrast and image quality in
fast SE sequences. “True” proton density contrast {CSF hypointense) and not too strong T2 contrast
are essential requirements in routine brain MRIL. A Turbo SE sequence with very short echo train
length {ETL = 3}, short TE.x and short interecho time (17 ms), and TR = 2000 ms was selected for
proton density contrast; a Turbo SE sequence with ETL = 7, TEo; = 90 ms, 7 = 22 ms, and TR = 3250
ms was selected for Ty-weighted images. Using both single-echo Turbo SE sequences yielded 50%
measure time reduction compared to the conventional SE technique. Conventional SE and
optimized Turbo SE sequences were compared in 150 patients resulting in very similar signal and
contrast behavior. Furthermore, reduced flow artifacts in proton density—and especially in
T,-weighted Turbo SE images—and better contrast of high-intensity lesions in proton density-
weighted Turbo SE images were found. Slightly reduced edge sharpness—mainly in Ty-weighted
Turbo SE images—did not reduce diagnostic reliability. Differences between conventional and
Turbo SE images concerning image contrast and quality are explained regarding special features of
fast SE technique.
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INTRODUCTION

Depending on the repetition time TR and the echo
time TE, spin-echo (SE) sequences provide T;-, T~ or
proton density (PD)-weighted images. Long acquisi-
tion times—especially for T-weighted SE images—are
an important drawback of this standard sequence.
Several fast imaging techniques have been proposed
including gradient-echo (GE), fast spin-echo (FSE) and
echo planar imaging (EPI). Using short repetition and
echo times yields an essential reduction of measure
time in GE sequences [1-3]. In ultrafast GE imaging
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(TurboFLASH) [4]—using very short TR and TE and a
very low flip angle—the spin system has to be pre-
pared once before the excitation to produce T;-, T,- or
PD-contrast. In SE as well as in GE imaging, only one
phase encoding step is performed during a TR period,
whereas in FSE [5-7] or rapid acquisition with relax-
ation enhancement (RARE) [8,9] and EPI [10] tech-
niques several or even all lines of the k-space are
measured between two excitation pulses. The k-space
trajectory not only influences the image contrast but
also image quality: reduced or even increased edge
sharpness in FSE imaging depends on the manner of
k-space filling. Signal and contrast behavior is mainly
determined by low-phase encoding steps encoding
the center of the k-space; therefore, TE.+ denotes the
echo time for the central phase encoding step (Fig. 1).
Furthermore, echo train length (ETL) and interecho
time 7 (echo spacing) are important parameters for
image contrast and quality in FSE imaging.

Up to now, most studies concerning fast SE or Turbo
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Fig. 1. Sequence diagram, measurement parameters de-
termining signal behavior, and time of acquisition. {a} SE
sequence; (b} TSE sequence.

SE (TSE) imaging of the brain were performed at 1.5 T
comparing (mildly or strongly) Tr-weighted images
[11-15]. The aim of this study was to obtain equivalent
PD- and T,-contrast of TSE sequences for routine brain
magnetic resonance imaging (MRI) at 1.0 T compared
to conventional SE imaging. The optimization in-
cluded a measure time reduction of about 50%, main-
taining good image quality and “true” PD-contrast,
which is important for delineation of periventricular
and subcortical lesions. Signal and contrast behavior,
flow artifacts, and delineation of small structures were
compared for optimized TSE and conventional SE
technique.

METHODS

All examinations were performed on a 1.0-T scanner
(Siemens Magnetom “Impact”) using a quadrature
transmit/receive head coil. In a pilot study, several
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single-echo and dual-echo TSE pulse sequences were
evaluated in healthy volunteers to optimize PD- and
T,-contrast compared to our standard SE sequence
(TR = 2200 ms, TE = 13-80 ms) for routine brain imag-
ing.

We selected two single-echo TSE sequences: for
PD-weighted images, a TSE sequence with ETL = 3,
TR = 2000 ms, TE.¢ = 17 ms, and 7 = 17 ms; for
T,-contrast, a TSE sequence with ETL = 7, TR = 3250
ms, TE.¢ = 90 ms, and 7 = 22 ms. The time of
acquisition for PD- and T,-weighted TSE sequences
was 2 min 53 s and 2 min 5 s, respectively, whereas the
SE technique required 9 min 26 s imaging time. In each
case the measurement included 19 axial slices with a
slice thickness of 6 mm, a 1.2-mm slice gap, and a
matrix size of 2562 with one acquisition.

The optimized TSE sequences as well as the stan-
dard SE sequence were compared in routine brain
examinations of 150 patients. Of these patients, 109
patients revealed pathologic changes: arteriosclerotic
white matter lesions (n = 35), neoplastic changes
(n = 25), inflammatory diseases (n = 22), infarctions
(n = 10), hematomas (n = 9), neurodegenerative dis-
eases (n=3), and closed lip schizencephalopathies
(n = 24); in 41 patients, no lesions were found.

In all patients, signal intensities of gray and white
matter and CSF were measured in operator-defined
regions of interest (ROIs) and signal-to-noise ratios
(S/Ns) were calculated. The measurement of back-
ground noise was performed in large circular regions
free of artifacts outside the patient; the standard
deviation in this area was used as the noise value (N).
The ROIs for noise and all anatomical structures were
positioned within the same slice. The contrast-to-noise
ratio (C/N) for gray and white matter was calculated:

C/N = (Sem — Swm)/N (1)

where Sgy and Swy are the signal intenities of gray
and white matter, respectively.

Furthermore, gray/white matter contrast, flow arti-
facts, and delineation of small structures were ana-
lyzed by three independent radiologists (F.F., R.5,
T.H.) using a scale ranging from 1 to 5. A 1 denoted
very low contrast and a 5 very high contrast between
gray and white matter. Flow artifacts were evaluated
ranging between “no artifacts” (1) and “severe
artifacts” (5). Delineation of vessels and contrast of
high-intensity lesions (inflammatory and arterioscle-
rotic white matter lesions) were rated separately,
again using a scale between 1 and 5.

Mean values and standard deviations were calcu-
lated for the results of ROI measurements as well as
for the results of visual evaluation. A paired t-test
(Student) was performed to determine the statistical
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Table 1. Results of ROl evaluation: mean vaiues {n = 150} and standard deviation of signal intensities, S/N, noise, and
C/N (gray matter/white matter) in PD- and T,-weighted SE and TSE images

SEPD TSE PD SET, TSET,
S gray matter 1280.5 + 58.6 1114.2 + 47,22 509.6 + 34.6 630.2 + 49.22
Swhite matter 1142,7 + 56.0 985.6 + 48.97 3923 + 339 458.1 + 48.1°
Scer 788.0 + 36.8 725.4 + 38.0° 660.6 = 38.1 1096.5 + 52,12
Noise 13.3+1.3 12.1 = 1.42 8.9=09 11.8 = 1.28
S/Ngray matter 97.4 = 10.3 93.4 + 9.82 58.1 = 6.9 54,1 = 6.12
S/Nuwhite matter 87.0 96 82.7 + 9.02 44.6 = 5.6 39.3 £ 5,28
S/Nesk 60.0 + 6.6 61.1 = 6.9 75.1 £ 8.2 94.3 + 9,82
C/Ngrayswhite matter 105 = 4.0 10.8 = 4.1¢ 13.3 £ 4.9 14.8 + 4.6°

Statistics (paired Student’s t-test): 2 < 0.001, %o < 0.02, °not significant.

significance between the results of SE and TSE se-
quences.

RESULTS

At the beginning of this study, dual-echo TSE se-
quences yielded only mildly or strongly T,-weighted
images. To realize “true” PD-contrast—showing CSF
hypointense compared to white matter—a single-echo
TSE sequence with a very short ETL (ETL = 3) had to
be selected. An ETL of 7 for Tr-weighted TSE images
was used to reduce the time of acquisition to about
50% for both TSE sequences compared to conven-
tional SE imaging. For T,-weighted TSE images, the
repetition time TR had to be prolonged up to 3250 ms
to obtain 19 slices. Owing to longer TR, T,-contrast
was enhanced in T,-weighted TSE images compared
to SE images.

Mean values of signal intensities for gray and white
matter and CSF including standard deviation for both
sequence types and statistical significance are pre-
sented in Table 1. For all tissues, signal intensities were
significantly lower in PD-weighted TSE than in SE
images: the signal reduction was more pronounced
for gray (—13.0%) and white matter (—13.8%) than for
CSF (-8.0%). In contrast to PD-weighted images,
T,-weighted TSE images showed higher signal intensi-

ties for gray (+23.7%) and white (+16.8%) matter; for
CSF, the signal gain was even 66% (see also Fig. 4).

The mean values of noise were 13.3 and 8.9 in PD-
and T,-weighted SE images, respectively, and 12.1 and
11.8 in PD- and T»-weighted TSE images, respectively.

Caused by different noise values for SE and TSE
images, different S/N behavior resulted (Table 1):
S/Ns in PD-weighted TSE images were slightly lower
for gray and white matter and only a little bit higher
for CSF compared to SE images. T,-weighted TSE
images yielded higher S/N for CSF, but lower S/N for
gray and white matter.

Contrast between gray and white matter was equiva-
lent in PD-weighted SE and TSE images. Contrary to
equivalent contrast in Ty-weighted images for visual
evaluation, the measurement of C/N in ROIs resulted
in significantly higher contrast for TSE images. Table 2
summarizes the results of visual evaluation. Flow
artifacts were judged to be clearly reduced in T,
weighted TSE images; this advantage was found to be
less pronounced in PD-weighted TSE images (Fig. 2).
TSE images—in particular T,-weighted TSE images—
were inferior in depicting small vessels. Contrast
between small arteriosclerotic white matter lesions
and surrounding tissue was higher in PD-weighted
and lower in T,-weighted TSE images compared to
corresponding SE images. Equivalent results were
found for inflammatory white matter lesions (Fig. 3).

Table 2. Results of visual evaluation for PD- and T,-weighted SE and TSE images

SEPD TSEPD SET, TSET,
Contrast gray/white matter 431+ 0.73 4.25 + 0.70° 4.13 = 0.75 4,16 = 0.72¢
Contrast vessels/surrounding tissue 3.83 043 3.59 =+ 0.54° 403 =044 3.36 = 0.60?
Contrast arterioscierotic lesions/white matter 3.19 = 0.58 3.94 + 0.692 4,74 + 0.44 4,24 + 0.472
Flow artifacts 2.73 = 0.97 2.46 + 0.85° 222 £ 0.83 1.07 = 0.26°

Mean values {n = 150} and standard deviation using a scale between 1 and 5 for contrast (1 = no contrast, 5 = high contrast) and flow

artifacts (1 = no artifacts, b = severe artifacts). Statistics {paired Student’s t-test): 2 < 0.001, % < 0.02, °not significant.
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Fig. 2. Reduced flow artifacts in PD-weighted and espe-
cially in T,-weighted TSE images compared to correspond-
ing SE images. (a} PD-weighted SE image (TR = 2200 ms,
TE = 13 ms; dual-echo}. {b} PD-weighted TSE image

DISCUSSION

A dual-echo SE sequence with a repetition time of
2200 ms and echo times of 13 and 80 ms had proved to
be optimal for routine brain MRI because periventricu-
lar and subcortical lesions can be delineated in PD-
weighted as well as in T,-weighted images. Further-
more, differentiation of CSF versus edema is possible
in T,-weighted SE images due to lower signal intensity
for CSF compared to edema.

To realize “true” PD-contrast in TSE images, the
signal intensity of CSF can be reduced, suppressing T,
relaxation effects. We, therefore, shortened the repeti-
tion time (TR = 2000 ms) and chose TE g, ETL, and 7 as
short as possible. Applying these measurement param-
eters, the signal intensity of CSF was still higher in TSE
than in SE images but was hypointense compared to
white matter.

Differences in signal and contrast behavior between
SE and TSE images can partially be understood by
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(TR = 2000 ms, TE = 17 ms, ETL = 3; single-echo). {c}
T, -weighted SE image (TR = 2200 ms, TE = 80 ms; dual-
echo). (d) T,-weighted TSE image (TR = 3250 ms, TE = 90
ms, ETL = 7; single-echo).

taking into account different repetition and echo
times. Therefore, mean values of signal intensities
measured in SE images were extrapolated to those
measurement parameters used in TSE sequences with
the well-known formula

TE TR
5~ pexp T 1-—exp T,

2

2)

The proton density p was kept constant and T; and T,
relaxation times according [16-18] were applied: Ty =
810 ms and T, = 101 ms for gray matter, T; = 680 ms
and T, = 92 ms for white matter, and T; = 1390 ms and
T, = 140 ms for CSF. Very different relaxation times
have been published for CSF; the relaxation times
used above might be too short, and, therefore, signal
intensity for SE 3250/90 might be too low. Figure 4
represents the results of this extrapolation together
with mean values of measured signal intensities for
gray and white matter and for CSF in PD- and
T,-weighted SE and TSE images. Similar results were
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Fig. 3. Patient with multiple sclerosis: Inferior lesion con-
trast in To-weighted TSE images, but superior contrast in
PD-weighted TSE images compared to corresponding SE
images. Note slightly reduced edge sharpness of small
lesions and vessels in Ty-weighted TSE images. (a) PD-
weighted SE image (TR = 2200 ms, TE = 13 ms; dual-
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SE PD SEPD TSEPD SET2  SET2 TSE T2
2200/18 200017 2000117 2200/80 3250/90 3250/30
Fig. 4. Mean values of signal intensities for gray and white
matter and CSF in PD- and T,-weighted SE and TSE
images including extrapolated values for SE 2000/17 and
SE 3250/90.

echo). {b) PD-weighted TSE image (TR = 2000 ms, TE = 17
ms, ETL = 3; single-echo). (¢} T,-weighted SE image
(TR = 2200 ms, TE = 80 ms; dual-echo). {d) T-weighted
TSE image (TR = 3250 ms, TE = 90 ms, ETL = 7; single-
echo}.

found in healthy volunteers (n = 6) by comparing
signal intensities in SE sequences with 2200/13.80 and
2000/17, respectively, 3250/90: signal reduction in
PD-weighted images for gray and white matter and
CSF (—0.6%, —1.2%, —4.6%); signal gain for CSF
(+31.5%) in T, -weighted images, but signal reduction
for gray and white matter (—1.0%, —4.8%). This
extrapolation is only a rough estimation: signal and
contrast behavior is mainly determined by the signal
of central k-space lines, i.e., the effective echo time
TE.q but the remaining echoes within an TSE echo
train also contribute to the signal according to their
position in the k-space. Thus, signal intensities in
PD-weighted TSE images are reduced owing to longer
TE and shorter TR compared to SE images and,
furthermore, owing to the influence of two later
echoes. Signal loss caused by a later echo time (90 ms
instead of 80 ms) is compensated only for CSF prolong-
ing TR from 2200 to 3250 ms. Despite this signal

MAGMA (1994) 2(1)
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reduction, signal gain due to earlier echoes is higher
than signal loss due to later echoes within a symmetri-
cal echo train used in T,-weighted TSE sequences
resulting in higher signals in T,-weighted TSE than in
SE images.

Additionally, two types of saturation effects are
important in multislice imaging: direct saturation ef-
fects caused by imperfect excitation profiles and mag-
netization transfer (MT) effects [19, 20]. Using a “train”
of off-resonant 180° radio frequency (RF) pulses, MT
effects are more pronounced in TSE than in SE
multislice imaging. Figure 5 illustrates saturation ef-
fects varying the number of slices in SE and TSE
imaging: direct saturation effects should be equivalent
in SE and TSE imaging; therefore, increased saturation
effects in TSE images can be attributed to magnetiza-
tion transfer. Reducing the number of slices yields a
considerable increase of signal intensities for gray and
white matter in both sequence techniques, whereas no
significant changes were found for CSF (except for the
single slice technique where no direct saturation is
possible). Signal gain—and, therefore, MT effects—is
more pronounced in the T,-weighted TSE sequence
(ETL = 7) than in the PD-weighted TSE sequence
(ETL = 3). MT and direct saturation effects can be
diminished, performing “interleaved” imaging, ie.,
collecting first the odd slices and then the even slices
[11]. We employed the interleaved mode in both
sequence types to gain more signal. Reduction of
signal intensities of gray and white matter in TSE
compared to extrapolated SE values was more pro-
nounced than for CSF: MT effects are only significant
for gray and white matter but not for CSF.

Our results for signal intensities in SE and TSE
images seem to be in contradiction with results pub-
lished earlier: Ahn et 4l. [12] reported similar signal
intensities for gray and white matter in PD-weighted
TSE (2000/15) and in SE (2000/30) images and lower
signal intensities in T;-weighted TSE (2000/90) than in
SE (2000/80) images. Once again, differences in TR
and TE have to be taken into account; additionally,
k-space filling might be different for both TSE se-
quence types.

A higher noise level was measured in PD-weighted
SE images than in TSE images, although both se-
quences use identical bandwidths (130 Hz/pixel). Ow-
ing to reduced bandwidth (45 Hz/pixel) for the second
echo of the SE sequence, T,weighted SE images
showed less noise than corresponding TSE images
(pandwidth 130 Hz/pixel). However, reduction of
noise was lower than expected. Generally, noise was
lower in TSE than in SE images, assuming identical
bandwidth. These results differ from those published
by Jones ef al. {13, 14] who found a higher noise level
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Fig. 5. Increase of signal intensities for gray and white
matter and CSF decreasing the number of slices in PD- and
T,-weighted SE and TSE sequences. (a) PD- and T,-
weighted SE images {dual-echo sequence)}. (b} PD- and
T,-weighted TSE images {single-echo sequences).

in the phase encoding direction for TSE images. For
our TSE images, there was no difference between
noise in the phase encoding direction and noise in a
circular region. Higher noise in PD-weighted SE and
T,-weighted TSE images results in a similar S/N for SE
and TSE sequences—except for very high signal inten-
sity and S/N of CSF in T,-weighted TSE images. An
advantage of T,-weighted TSE images was reduced
chemical shift artifacts due to higher bandwidth com-



TURBO SE SEQUENCES IN MR! OF THE BRAIN

57

Fig. 6. Patient with periventricular and subcortical mi-
croischemic lesions. Higher contrast in PD-weighted single-
echo images and especially in dual-echo TSE images
compared to corresponding SE images. Better delineation
of periventricular lesions in dual-echo than in single-echo
T,-weighted TSE images. {a) PD-weighted SE image
{TR = 2200 ms, TE = 13 ms; dual-echo). (b} PD-weighted

pared to corresponding SE images—maintaining suffi-
ciently high S/N.

C/N values for gray and white matter were found to
be superior in Tr-weighted TSE images and equivalent
in PD-weighted SE and TSE images—in opposition to
Ahn ef al. [12]. The contradiction between the results
of our visual evaluation of gray matter/white matter
contrast and C/N values in T,-weighted SE and TSE
images can be understood taking into account the
following: different windowing for TSE images com-
pared to SE images is necessary to avoid too high
signal intensities of CSF resulting in reduced gray/
white matter contrast.

Considerably less flow artifacts were observed in
T,-weighted TSE than in SE images, although gradient
moment nulling was used in both sequences. This
effect might be attributed to the higher number of
rephasing 180° RF pulses in TSE sequences. The

TSE image (TR = 2000 ms, TE = 17, ETL = 3; single-
echo). {c) PD-weighted TSE image (TR = 2100 ms, TE = 14
ms, ETL = 5; dual-echo). {d) T,-weighted SE image
(TR = 2200 ms, TE = 80 ms; dual-echo)}. {e} T,-weighted
TSE image (TR = 3250 ms, TE = 90 ms, ETL = 7; single-
echo}. {f} T,-weighted TSE image (TR = 2100 ms, TE = 85
ms, ETL = 5; dual-echo).

advantage of reduced flow artifacts is less pronounced
in PD-weighted TSE images.

Inferior contrast between vessels and surrounding
tissues in TSE images can be attributed to the well-
known effect of reduced edge sharpness in the phase
encoding direction for TSE sequences [8, 21]. This kind
of blurring is caused by different echo times for
different phase encoding steps and is described by the
point spread function (PSF). For conventional SE
imaging, the PSF is a 3-function. Especially for long
ETL, long =, short TE.4 and for tissues with short T,,
the PSF broadens [21]. This effect of reduced edge
sharpness was more pronounced for the longer echo
train in T,-weighted TSE images.

Similar behavior was observed for small lesions.
However, PD-weighted TSE images yielded better
contrast of high intensity lesions than conventional
images (Figs. 3 and 6). Increased T, influence due to

MAGMA (1994) 2(1)
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later echoes and MT effects reducing the signal of
white matter but not of lesions can explain this result.

A disadvantage of TSE sequences is reduced con-
trast of some iron-containing structures and calcifica-
tions [14, 15, 22]; therefore, we routinely use a gradi-
ent echo sequence (20 FLASH multislice, o = 90°) in
addition to the TSE sequences described earlier. Be-
sides high image quality and similar signal and con-
trast behavior compared to conventional SE imaging,
this TSE technique—consisting of two single-echo TSE
sequences—is well suited for routine brain MRI [22].
True PD-contrast—an essential tool for depicting peri-
ventricular and subcortical lesions (Fig. 6)—is difficult
to realize with dual-echo TSE sequences with good
image quality and a sufficient number of slices [12].
For that reason we selected two single-echo TSE
sequences. Meanwhile, an improved gradient system
provides a gradient field strength up to 15 mT/m: TSE
sequences with shorter echo and interecho times can
be realized; thus, a dual-echo TSE sequence with
ETL = 5 (TR = 2100 ms, TE¢ = 14, 85 ms, including 19
slices) yields a further decrease of measuring time (3
min 35 s) maintaining good PD- and Ty-contrast (Fig.
6) [23].

CONCLUSION

Optimized TSE sequences provide very similar signal
and contrast behaviors compared to conventional
dual-echo SE sequences, reducing the time of acquisi-
tion to 50%. True PD-contrast and increased T,-
contrast compared to SE images could be realized
using two single-echo TSE sequences. “True” PD-
contrast—showing CSF hypointensive compared to
white matter—is an important requirement for rou-
tine brain MRI. Owing to improved hardware and
software, a new dual-echo TSE sequence can also yield
high-quality PD- and T,-weighted images reducing
the measuring time to 3 min 35 s for 19 slices.

Differences in signal and contrast behaviors be-
tween conventional and TSE imaging can be under-
stood taking into account different imaging param-
eters and special properties of fast spin-echo imaging:
k-space ordering and central echoes, but although
influence of those echoes filling the k-space, interecho
time and magnetization transfer effects are the most
important features.

Reduction of flow artifacts—especially in the poste-
rior fossa—is an important advantage, whereas re-
duced edge sharpness is disadvantageous in TSE
images; both effects are more pronounced in T,
weighted than in PD-weighted TSE images. Further-
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more, the contrast of high-intensity lesions is in-
creased in PD-weighted TSE images.
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