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Signal-to-Noise and Contrast in Fast Spin Echo (FSE) and

Inversion Recovery FSE Imaging

R. Todd Constable, Robert C. Smith, and John C. Gore

Abstract: Fast spin echo (FSE) imaging has recently experienced a renewed
enthusiasm in the clinical setting for its ability to provide high contrast T2-
weighted images in short imaging times. This article evaluates the signal-to-
noise ratio (SNR) and contrast-to-noise ratio (CNR) properties of the FSE
sequence, inversion recovery (IR) FSE sequence, and conventional SE imag-
ing. The results indicate that FSE imaging displays similar contrast properties
to SE imaging, but that the SNR and CNR are improved secondary to the
longer TRs and longer effective TEs that may be used. The SNR per unit time
of the FSE sequence, and hence its efficiency, is at least a factor of 8 better
than the SE sequence when 16 echoes are acquired for each excitation. The
addition of a slice selective inversion pulse in IR-FSE allows rapid generation
of IR images with image contrast similar to that of conventional IR sequences.
When used with a multicoil array for abdominal, pelvic, and spine imaging, the
IR-FSE sequence produces images that are virtually free of motion artifact
from the subcutaneous fat immediately adjacent to the coils. Both FSE and
IR-FSE, when compared with SE imaging, provide superior image contrast
and SNR in reduced imaging time. Index Terms: Magnetic resonance imaging,
techniques—Magnetic resonance imaging, fast spin echo (FSE)—Noise.

Fast scan techniques in the recent past have been
dominated by gradient echo sequences that can pro-
vide images with various types of contrast with re-
duced physiologic motion artifacts. These se-
quences, however, suffer from increased suscepti-
bility, chemical shift and field inhomogeneity
effects, and poor T2-dependent contrast when com-
pared with SE imaging (1,2). Gradient echo imaging
sequences include echo planar imaging (EPI) (3)
and a number of small flip angle techniques such as
FLASH, GRASS, FISP, etc. (4-6). Echo planar im-
aging, while representing the fastest of the MR se-
quences (an entire image may be collected in <50
ms), is the most difficult to implement as it requires
special hardware and places severe constraints on
the gradient coils, coil amplifiers, and receiver ca-
pabilities. In practice, this sequence produces im-
ages with relatively low resolution and signal-to-
noise ratio (SNR). Many of the other gradient echo
techniques are available on commercial scanners,
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and these sequences provide mostly T1-weighted or
density-weighted contrast in imaging times ranging
from milliseconds, in turbo-FLASH, to minutes.
Several reviews on the contrast- and signal-to-noise
behavior of these sequences have been published
(1,2,7,8). All of the above gradient field echo se-
quences suffer from loss of signal due to field in-
homogeneities and hence can be used only for short
TE imaging. Spin preparation pulses have been
added to the beginning of a number of these gradi-
ent echo sequences, which aid in producing some
T2 weighting (9,10).

The fast SE (FSE) sequences include RARE
imaging (11,12), first developed by Hennig, and
HYBRID (13,14). These sequences can provide
strongly T2-weighted contrast in short imaging
times, but have previously not gained acceptance in
the clinical environment partly because imperfect
refocusing pulses produced stimulated echo arti-
facts (15,16) and also because they resulted in high
RF power deposition due to the large number of 180
pulses applied in quick succession in RARE. Addi-
tional problems were associated with using nonlin-
ear gradients in HYBRID. Recently, variants of the
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RARE imaging method have attracted renewed in-
terest (17-19) and, through the use of improved 180
pulses and gradient nulling to eliminate spurious
features, appear to perform well without serious ar-
tifacts. In addition, a better understanding of the
role of k-space trajectories and contrast behavior in
variable TE imaging has led to the development of
sequences characterized by smooth, but narrow,
point spread functions (PSFs) and hence reduced
artifacts at any effective TE. In the sequence de-
scribed below, the operator is free to choose the
echo train length (ETL: the number of echoes and
hence phase encode steps per 90° RF excitation
pulse), the spacing between the echoes in the echo
train, the TR, and the effective TE, which is defined
as the TE for the echo associated with the zeroth
and other low-order phase encode gradients. The
sequence is compatible with muitislice imaging. In
general, every factor of 2 increase in the ETL will
lead to a reduction in imaging time by the same
factor, provided that the TR is long enough to ac-
commodate all the requisite slices.

This article reports our measurements of the SNR
and contrast-to-noise ratio (CNR) properties of the
FSE sequence, IR-FSE, and conventional SE im-
aging. When used in conjunction with a short TI,
the IR-FSE sequence can produce images with sim-
ilar contrast and quality to conventional STIR se-
quences (20), with an eightfold reduction in scan
time. When used with a multicoil phased array, high
resolution, strongly T2-weighted, and IR images are
readily obtained, as shown below. The suppression
of signal from the subcutaneous fat immediately ad-
jacent to the multicoil produces images virtually
free of respiratory motion artifacts arising from the
abdominal wall.

MATERIALS AND METHODS

All studies were performed on a GE Signa Ad-
vantage, 1.5 T scanner. Images of the brain of a
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normal volunteer were recorded using the three
pulse sequences FSE, IR-FSE, and SE. The FSE
and SE images were compared over a range of TEs
from 40 up to 160 ms. Over this range, both SNRs
and CNRs were measured and compared for differ-
ent tissues. The measurements were made by se-
lecting at least three different regions of interest for
each tissue type, including gray matter, white mat-
ter, and CSF, and repeating the measurements in
two different slices at the level of the lateral ventri-
cles. One volunteer was used for these measure-
ments as we are interested only in interpulse se-
quence differences in SNR and CNR and not in
interpatient differences. The noise measurements
were made by measuring the standard deviation of
the noise in selected regions adjacent to the brain.
Regions of interest were measured adjacent to the
brain in both the frequency and the phase encode
directions and averaged. The IR-FSE sequence was
tested using a fixed TE and TR and a range of Tls
from 20 to 400 ms. Unless otherwise noted, five
slices, 5 mm thick, with a field of view of 24 cm,
were collected in the imaging studies. The ETL for
the FSE and IR-FSE sequences was 16 echoes in all
cases, while the SE imaging was performed using a
four echo, multiecho sequence.

RESULTS AND DISCUSSION

A pulse sequence diagram for the FSE se-
quence with an ETL of eight echoes is schemati-
cally shown in Fig. 1. An important feature to note
about the sequence is that the phase is rewound
after each echo to ensure that no residual phase is
added onto the phase encode gradient applied to the
later echoes of the same echo train. This rewinding
also ensures that any stimulated echoes that may
form at a later TE will have the correct phase for
that echo. Figure 2 demonstrates the relationship
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FIG. 1. Pulse sequence diagram for the FSE
technique shown for an echo train length of
eight echoes. The effective TE is determined
by the E, .. (time between consecutive ech-
oes) and the echo number of the zeroth
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phase encode step. In this diagram the ze-
roth phase encode step occurs on the fourth
echo, yielding an effective TE of 4" Egpace-
Note also that the phase encode gradient
(G,) is rewound after each echo.

x —— JL N N _Nn__Nn_n n n_

J Comput Assist Tomogr, Vol. 16, No. 1, 1992



SNR AND CNR OF FSE SEQUENCES 43

2a Effective TE at Echo #1 2b Effective TE at Echo #8 Effective TE at Echo #16 %€
20 20 20

°

£

1

2 10 10 4 10 -

o

£

(5]

37]
0 v T T T T T 0 T T T T T T T 0 T T T T T T v
-200 -100 0 100 200 -200 -100 0 100 200 -200 -100 0 100 200

Phase Encode Step

Phase Encode Step

Phase Encode Step

FIG. 2. Echo number versus phase encode step for three different effective TEs with an echo train length of 16 and an echo
spacing of 20 ms between each echo in the echo train. The effective TE is determined by the echo number at which the zero and
other low-order phase encode steps occur. a: The low-order phase encode gradients are placed on the first echo in the echo
train, yielding an effective TE of 20 ms. b: The low-order phase encode steps are placed at the eighth echo, giving an effective
TE of 160 ms. ¢: The low-order steps are placed at the last echo in the echo train, giving an effective TE of 320 ms.

between the phase encode order and the echo num-
ber in an echo train for three different effective
TEs. The effective TE in this sequence is defined as
that TE at which the lowest-order phase encodes
are collected. The relationship between phase en-
code step and echo number is chosen in such a way
as to produce the smoothest and narrowest PSF
possible, while still covering all of phase encode
steps and making full use of all 16 echoes in each
echo train. If different phase encode lines are col-
lected at different TEs, the T2 weighting of the lines
will vary across the data set. It is this variable T2
weighting that leads to the PSF found in FSE imag-
ing. A shorter ETL will result in a flatter signal
response across the phase encode direction due to
reduced T2 decay and hence a narrower PSF in the
final image, although this will also increase imaging
time. The PSF for a given tissue may be obtained by
substituting the expression for TE(k), where k is the
phase encode step, plotted in Fig. 2, into the signal
strength equation for SE imaging. The Fourier
transform of the resulting expression yields the PSF
for that tissue under the selected imaging parame-
ters. Figure 2 demonstrates that using an echo train
of 16 echoes per 90° excitation pulse and an echo
spacing of 20 ms within the echo train will lead to an
effective TE of 20 ms if the low-order phase en-
codes are collected on the first echo (a), 160 ms if
they are collected on the eighth echo (b), and 320
ms if the low-order phase encodes are collected on

the last echo (¢). Clearly, the effective PSF will be
markedly different for the different effective TEs,
and this can have important consequences on image
quality (21).

Figure 3a and b demonstrates the SNR behavior
of the FASE sequence and an SE sequence as a
function of TE for three different tissues: gray and
white matter and CSF. The figure demonstrates that
the SNR per unit time and hence the efficiency of
the pulse sequence is at least a factor of 8 higher in
the FSE sequence than in the SE sequence. While
the TR for the FSE sequence was higher (TR =
2.000 ms for SE vs. TR = 3,200 ms in FSE), this
would contribute only an extra 5% signal in the FSE
sequence, and so it is not the dominant factor in the
SNR differences. (The length of time a conventional
SE sequence would take using the same TR, ~28
min, precluded a comparison at this TR.) The
changes in SNR as a function of TE for the different
tissues are qualitatively similar for each pulse se-
quence, indicating that, as expected, the contrast
behavior of the FSE sequence with changes in the
effective TE is similar to that of a conventional SE
sequence. The SNR of the FSE sequence is a func-
tion of the effective TE used, the ETL, and the
spacing between consecutive echoes in an echo
train, since these all affect the PSF of the imag-
ing sequence. Since the PSF acts only to modulate
the noise-free signal from different tissues and does
not affect the noise level, the SNR will not be

J Comput Assist Tomogr, Vol. 16, No. 1, 1992



44

3a 1.0

0.8 4

0.6

0.4

SNR/second
SNR/second

0.2 4

R R s o —
0 50 100 150 200

Effective TE (msec)

3c 70

60 4 0 a

50

40 A

30 4

Signal to Noise Ratio

20 A

10 b

0 T T
0 100

T

T T =1
200 300 400

Inversion Time Tl (msec)

the same at all spatial frequencies or for all tissues.
The CNRs per unit time for both the FSE and the
SE sequences are given in Table 1 for two different
effective TEs. The table clearly shows that the
FSE sequence is by far the more efficient se-
quence and that very high contrast can be achieved
in very short imaging times with this sequence.
Figure 3c demonstrates the SNR behavior of the
IR-FSE sequence as a function of the TIL. It also
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FIG. 3. a and b: Signal-to-noise ratios (SNRs) per
unit time for FSE versus a conventional SE se-
quence are shown. The SNRs per unit time demon-
strate similar trends between the two sequences
(a), while the absolute values for the conventional
SE sequence are much lower (b). c: The SNRs of
the IR-FSE sequence for three tissues are plotted
as a function of TI. The curves indicate a significant
drop in the gray matter signal as Tl is increased,
while the signal from the CSF remains nearly con-
stant, thus providing higher contrast at longer Tls.
Open square with dot, CSF; diamond, gray matter;
solid square with dot, white matter.

TABLE 1. Contrast-to-noise ratios per unit time for
FSE versus conventional SE imaging

Gray/white CSF/gray
matter matter
FSE SE FSE SE
TE = 80 ms 0.172 0.010 0.159 0.016
TE = 160 ms 0.126 0.009 0.362 0.035
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FIG. 4. FSE and IR-FSE images of a normal brain, 108/3,200
with no inversion pulse (a), and inversion pulse added with Tl
= 20 ms (b), TI = 100 ms (c), and Tl = 400 ms (d).

demonstrates the high contrast that may be ob-
tained between CSF and gray and white matter as
TI is increased. For maximum contrast between
gray and white matter and CSF, imaging should be
performed at the null point of the fat, thereby al-
lowing all of the gray scale contrast to be divided
between the CSF and gray and white matter. Im-
ages demonstrating the increased contrast at TI =
100 ms are shown in the following figures.

The effect of applying the inversion pulse in IR-
FSE is shown in Fig. 4. The imaging parameters are
3,200/108/1:50 with three different TIs: without an
inversion pulse (a) and with an inversion pulse at TI
= 20 ms (b), TI = 100 ms (c), and TI = 400 ms (d).
The fat signal is suppressed for TI = 100 ms, al-
though not completely. It has been our experience
with clinical applications that incomplete nulling of
the fat signal is advantageous as anatomic reference
points are preserved. A TI of 143 ms was found to
completely null the fat signal in body imaging. Con-
trast similar to that of regular STIR imaging (20) is
obtained at TIs of =100 ms.

Figures 5 and 6 demonstrate current, high reso-
lution, state-of-the-art fast MR imaging combining
the FSE sequence with a phased array multicoil re-
ceiver (22,23). In Fig. 5, the top row shows consec-
utive sagittal images of the uterus obtained with the
FSE sequence (4,500/126/4:49) and a phase array
multicoil with a 20 ¢cm field of view and a 512 X 256
matrix. Even with an anterior, in field of view sat-
uration (SAT) pulse, there are motion artifacts from

the high signal intraperitoneal fat. The bottom im-
ages are at similar locations in the same patient ob-
tained using the IR-FSE sequence (TI = 100 ms)
and a multiple coil array. The suppression of the fat
signal in the IR-FSE sequence, even without SAT
pulses, eliminates the motion artifact from the sub-
cutaneous as well as the intraperitoneal fat.

In Fig. 6 high resolution FSE (a and b) and IR-
FSE (c and d) sagittal images of the uterus are
shown. The images were obtained using a phased
array multicoil with a 20 cm field of view, 512 X 256
matrix, 4,500/126/4:49, and TI = 100 ms for the
IR-FSE images. Figure 6 also shows high resolution
FSE (e and f) and IR-FSE axial images (g and h)
from the same patient as the sagittal images and
obtained using the same imaging parameters. The
images demonstrate very high resolution and excel-
lent contrast and visibility of anatomical detail,
particularly in distinguishing the zonal anatomy of
the uterus, and show only minor motion artifact.
The IR-FSE images appear to be superior in diag-
nostic quality, although clinical trials to test
whether there is a diagnostic advantage to this tech-
nique over the FSE sequence have yet to be com-
pleted.

CONCLUSIONS

This article presents a demonstration of the SNR
and CNR behavior of both FSE and IR-FSE imag-
ing and compares this behavior to conventional SE
imaging. The FSE sequences demonstrate superior
image contrast and quality to the conventional SE
technique and achieve this with much reduced im-
aging times. The addition of an inversion pulse to
the FSE sequence either adds a slight additional
time to the TR, and hence overall imaging time, or
it may be absorbed through the loss of a slice or
more, dependent upon the TI. When a short TI is
used, images with contrast similar to conventional
IR sequences are produced. In addition, when used
with a multicoil array for high resolution pelvic im-
aging, the inversion pulse eliminates respiratory
motion artifact from the anterior abdominal wall.

A drawback to the IR-FSE sequence and FSE
itself is the high peak RF power deposition that en-
sues from the large number of 180° refocusing
pulses (and the slice selective inversion pulses, one
per echo train per slice, in IR-FSE). Calculations
have indicated that the peak specific absorption rate
in these sequences is still well below the federal
guidelines. The advantages of using a SE fast imag-
ing sequence include reduced susceptibility arti-
facts, field inhomogeneity, and chemical shift ef-
fects and the ability to move to long effective TEs,
thereby producing heavily T2-weighted images with
very short acquisition times.
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FIG. 5. Consecutive sagittal images of the uterus obtained with the FSE sequence (4,500/126) using a multicoil array with a 20
cm field of view and 512 X 256 matrix are shown (a—c). Even with an anterior, in field of view saturation pulse, there remains
motion artifact from the high signal intraperitoneal fat. The bottom row of images (d—f) are at similar locations in the same patient
but were obtained using the IR-FSE sequence (T| = 100 ms) and a multicoil array. The suppression of the fat signal, even without
the SAT pulses used in (a—c), eliminates the motion artifact from the subcutaneous as well as the intraperitoneal fat.

FIG. 6. High resolution multicoil FSE (a,b) and IR-FSE (c,d) sagittal images of the uterus obtained using a 512 x 256 matrix, 20
cm field of view, 4 mm slice thickness, and TR/TE of 4,500/126. Also shown are high resolution FSE (e,f) and IR-FSE (g,h) axial
images of the same patient (TI = 100 ms in all IR-FSE images). The inversion pulse decreases the bright signal from subcuta-
neous fat and thus allows for increased contrast between the remaining soft tissues. The zonal anatomy of the uterus is well
differentiated in all of the images, with the axial images clearly demonstrating the septate uterus.
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