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Technical Note

Reduction of CSF Artifacts on FLAIR Images by Using
Adiabatic Inversion Pulses

Joseph V. Hajnal, Angela Oatridge, Amy H. Herlihy, and Graeme M. Bydder

Summary: The purpose of this study wasto investigate the
possibility that some artifactual high signals produced in
CSF with fluid-attenuated inversion-recovery MR sequenc-
es could be due to inhomogeneity in the amplitude of the
initial inversion pulse, and that this problem could be re-
duced or eliminated by the use of adiabatic inversion puls-
es. Studies with four volunteers showed dependence of high
CSF signalsin the posterior fossa on radiofrequency pulse
amplitudes and that these signals could be eliminated by
the use of adiabatic inversion pulses. Two illustrative clin-
ical cases areincluded.

Although the fluid-attenuated inversion-recovery
(FLAIR) pulse sequence is widely used, problems
arise in the diagnosis of diseases of the brain and
meninges because of spurious high signals in CSF
(1-3). These signals may be due to pulsatile flow
of CSF causing inflow of noninverted or only par-
tially inverted CSF into the slice between the initial
180° pulse and the subsequent 90° pulse (4) as well
as shortening of the T1 of CSF due to the presence
of increased protein or molecular O, from inhala-
tion of 100% O..

In this report we consider another potential cause
of these signals; namely, inhomogeneity of the am-
plitude of the initial inversion pulse of FLAIR se-
quences. In parts of the body remote from the cen-
ter of the transmitter coil, the amplitude of the
radiofrequency (RF) field of an inversion pulse
may be reduced such that the magnetization of tis-
sues and fluids in these regions is only partly in-
verted. In brain imaging this is most likely to occur
near the entrance to a typical bird cage transmit-
receive head coil and may therefore affect mainly
the posterior fossa and craniovertebral junction. In
spine imaging, it is likely to be most apparent at
the periphery of large fields of view (FOVSs).

We performed simulations of this effect in im-
aging studies of four volunteers. We also compared
the performance of FLAIR sequences in which
conventional and adiabatic pulses were used to in-
vert the initial magnetization, since adiabatic in-
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version pulses (5) provide full inversion over a
wider range of RF amplitudes and would therefore
be expected to reduce this effect. For comparison,
similar studies were performed with short-inver-
sion-time inversion-recovery (STIR) sequences.
The STIR sequence is technically similar to the
FLAIR sequence, but the consequences of an in-
adequate initial inversion pulse are quite different.

Theory

The mode of operation of FLAIR and STIR sequences is
illustrated in Figure 1. Calculated normalized signal strengths
for these sequences are plotted as functions of RF flip angle
for initial inversion pulses of different amplitudes in Figure 2.
In each case, representative values of T1 and T2 have been
used for the fluids or tissues concerned. TR was set at infinity
and inversion time (T1) was chosen to null the appropriate fluid
or tissue with a full inversion (ie, a flip angle of 180°, right-
hand end of graphs). With incomplete inversion there is a fail-
ure to null the target tissue or fluid.

With the FLAIR sequence, incomplete inversion resultsin a
failure of CSF suppression and a slight increase in signal from
the brain (Fig 2A). With the STIR sequence, incomplete in-
version produces an initial loss of the magnitude of the muscle
signal and an increase in fat signal. This is followed by an
artifactual reversal of contrast with fat having a higher signal
than muscle. At a later stage, muscle has a higher signal than
fat (Fig 2B).

The adverse effects of variations in local B; amplitude (or
effective RF pulse flip angle) on the performance of inversion
pulses may be mitigated by the use of adiabatic inversion puls-
es (5), which are more tolerant of variations in RF field am-
plitude. In adiabatic inversion pulses, the effective B, field
rotates slowly from being parallel with B to being antiparallel
with By, and the magnetization follows it around. Providing
the amplitude of the adiabatic pulses is above a threshold val-
ue, the magnetization is locked to B, so that proper inversion
is assured.

Adiabatic pulses are not widely used for clinical imaging at
the present time, but have been used (in nonselective form)
with whole-body systems (6) and in conjunction with surface
coil transmit systems (7-9). They have aso been incorporated
into inversion-recovery (IR) sequences for T1 measurements
in spatially inhomogeneous B; fields (10, 11) and have been
used with multiple inversion pulses to suppress background
signal in MR angiography (12). A magnetization-prepared rap-
id acquisition gradient-echo version of the FLAIR sequence
that incorporates adiabatic pulses has been described by Ep-
stein et a (13).

Methods

All studies were performed on a 1.0-T MR system. In vivo
tests were performed on four male volunteers (ages 38 to 65
years) who had given informed consent.
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Fic 1. Operation of signal-nulling IR sequences. Normalized signal plotted against inversion time.

A, The longitudinal magnetization of the target tissue to be nulled must pass through zero when the 90° pulse is applied (curve ).
Tissues with other T1 values (eg, curve I) produce signals at this time. For example, at 100 ms (when curve | passes through zero),
curve Il yields a signal of —0.63.

B, An incorrect flip angle of the inverting pulse produces only partial inversion of the longitudinal magnetization and now results in a
recovery curve that has already passed through zero when the 90° pulse is applied (curve [) so that the target tissue is no longer nulled.
The signal from the other tissue at this time is changed from —0.63 to —0.43.
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Fic 2. A and B, Signals (normalized to value at full relaxation) for FLAIR (A) and STIR (B) sequences plotted against RF flip angle
(degrees) of the initial “inversion” pulse. Sequence parameters have been set at «/90 (TR/TE) and TI = 2100 for the FLAIR sequence
and «°/30, Tl = 130 for the STIR sequence. 1.0-T values for tissue T1/T2 (ms) were used as follows: brain (mixed gray and white matter)
= 700/80, CSF = 4500/4500, fat = 185/80, and muscle = 500/40. The desired performance (which is an effective flip angle of 180°)
is shown at the extreme right-hand end of the graphs. For brain and CSF with the FLAIR sequence, there is a gradual rise of CSF
signal as the flip angle is decreased (ie, shifts to the left). Equal signals are seen at 112°. With the STIR sequence, fat increases its
signal as the flip angle is reduced. Muscle shows a reduced signal magnitude and is nulled at a flip angle of 108°. It has a higher signal
than fat at flip angles less than 75° (B).

The initial inversion pulse of the conventional FLAIR se-
quence consisted of a 4-ms numerically optimized sinc pulse
of bandwidth 557 Hz. For the adiabatic version of the FLAIR
sequence, a phase-modulated hyperbolic secant adiabatic pulse
(9) was implemented. Two adiabatic pulses were used, each
with a peak RF amplitude of 23.5 uT. They were of 10- and
20-ms duration, with bandwidths (full width at half maximum)
of 1554 and 777 Hz, respectively. Experiments on phantoms
were performed to check the properties of both the conven-
tional and adiabatic pulses. In these tests, the amplitude of the
pulses was varied in equa increments from O to peak. The
pulses under test were immediately followed by spoiler gra-
dients (10 mT/m for 9 ms on all three axes). A standard spin-
echo sequence with constant RF pulse amplitudes was then
used to excite and measure the remaining longitudinal
magnetization.

For the purposes of this study, conventional and adiabatic
versions of the FLAIR pulse sequences were constructed with
the same imaging parameters (apart from the initial inversion

pulses described above). Interleaved FLAIR sequences were
used. Ten 7-mm-thick slices with an imaging matrix of 128 X
256 were obtained for all in vivo studies. Imaging parameters
for the FLAIR sequence were 6500/90/1 (TR/TE/excitations),
TI = 2100, and FOV = 25 cm. FLAIR imaging was performed
in the transmit-receive bird cage head coil. For the STIR se-
quences, imaging parameters were 2500/30/2, Tl = 130, ma-
trix = 128 X 256, dlice thickness = 7 mm (10 slices), and
FOV = 45 to 55 cm. STIR imaging was performed in the
transmit-receive body coil. All the IR sequences were tested
on phantoms to confirm their properties.

Test of Effects Attributable to RF Inhomogeneity in
Volunteers

To test the basic hypothesis that artifactual failure to null
selected signals with conventional FLAIR sequences could be
due to RF inhomogeneity, we performed the following exper-
iment. With subjects positioned such that the inferior aspect of
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Fic 3. Graph of the normalized signal obtained after magneti-
zation inversion followed by a 90° pulse plotted against RF am-
plitude for the conventional inversion pulse (triangles), the 10-ms
adiabatic pulse (circles), and the 20-ms adiabatic pulse
(squares). The adiabatic pulses provide full inversion over wider
ranges of RF amplitudes (or effective flip angles) than does the
conventional pulse.

the jaw was dlightly outside the transmit-receive coil, conven-
tional FLAIR images were acquired in the transverse plane. A
slice-selective excitation located at a slice position that showed
poor CSF suppression was then used to recalibrate the inver-
sion pulse to a level designed to suppress the CSF signa in
this region, and a further conventional FLAIR image was
acquired.

Comparison of Conventional and Adiabatic Forms of the
FLAIR Sequence in Volunteers

Comparative brain studies with conventional and adiabatic
versions of the FLAIR sequence were also obtained in the four
volunteers with the head positioned normally. In two volun-
teers, comparative studies of the lumbar spine and pelvis were
obtained with conventional and adiabatic STIR sequences.

Signal suppression and signal-to-noise ratio (SNR) were as-
sessed visually and by region-of-interest (ROI) measurements.
The ROI data were used to calculate the SNR, which was
defined as signal in nonsuppressed tissue divided by the stan-
dard deviation of noise in regions outside the body.

Results

Plots of normalized signal performance against
RF amplitude for a conventional pulse and for the
adiabatic inversion pulses are shown in Figure 3.
Full inversion was achieved over a range of 90%
to 100% of RF amplitude with the conventional
pulse. Full inversion was achieved from 70% to
100% and from 35% to 100% of full amplitude for
the 10- and 20-ms adiabatic pulses, respectively.
The adiabatic pulses provided full inversion over a
much wider range of RF amplitudes than did the
conventional pulse.

Test of Effects Attributable to RF Inhomogeneity
in Volunteers

The in vivo tests of conventional FLAIR se-
quences obtained from the healthy volunteers
showed failure to suppress the CSF signal at the
periphery of the transmitter field. Recalibration of
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the transmitter system to produce a higher-ampli-
tude RF pulse resulted in suppression of the CSF
signal at the specified peripheral location but aloss
of CSF signal suppression in the images obtained
from the central region of the coil. This experiment
confirmed that the failure to suppress the CSF sig-
nal at the periphery of the coil was due to RF in-
homogeneity, and could be rectified.

Comparison of Conventional and Adiabatic
Versions of the FLAIR Sequence in Volunteers

Typical results of the comparative studies are il-
lustrated in Figure 4, which shows conventiona
and adiabatic FLAIR sequences of the brain in a
healthy volunteer. Performance of the two sequenc-
es was similar at the thalamic level (Fig 4A and B)
but at the level of the pons there was a high signa
in the CSF anterior to the pons and cerebellum
when the conventional sequence was used (Fig 4C).
The 10-ms adiabatic pulse increased the region of
suppression in comparison with the conventional
pulse. The 20-ms adiabatic variant increased the
region of suppression further, and produced a low
signal from CSF anterior to the pons and cerebel-
lum (Fig 4D).

The SNR of white and gray matter was not af-
fected by the use of adiabatic pulses, with values
of 102, 100, and 101 for FLAIR sequences with
conventional, 10-ms adiabatic, and 20-ms adiabatic
pulses, respectively. The adiabatic FLAIR sequenc-
es tended to produce higher signals from inflowing
blood than did the conventional version.

The STIR sequence showed the expected fat sup-
pression over the central region of the FOV (Fig
BA). However, toward the periphery of the FOV
(ie, in the retroperitoneum, superiorly, and at the
level of the mid-shaft of the femur and below, in-
feriorly), fat signals abruptly increased and the
muscle signal rapidly decreased. In addition, su-
periorly in the lumbar spinal canal, the CSF was of
low signal (Fig 5A). The 10-ms adiabatic pulse re-
duced the magnitude of these effects and moved
them farther peripherally. The 20-ms adiabatic ver-
sion showed none of these problems and displayed
appropriate tissue contrast over the full FOV, in-
cluding no signal from fat, consistent signal from
muscle, and high signal from CSF (Fig 5B). The
signal from muscle is lower in Figure 5B because
of T2 relaxation during the extended adiabatic (20-
ms) pulse. There is a compromise between increas-
ing tolerance to inhomogeneity of B, by using lon-
ger adiabatic pulses and loss of SNR due to T2
relaxation effects.

In the central part of the images, the SNR of
muscle was 39 for the conventional sequence, 42
for the 10-ms adiabatic version, and 27 for the 20-
ms adiabatic version. The SNR for regions of ap-
propriate fat suppression was 3.4, 4.7, and 4.0 for
the conventional, 10-ms, and 20-ms adiabatic pulse
sequences, respectively.
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Fic 4. A-D, Comparison of FLAIR images of the brain in a healthy male volunteer aged 53 years. At the thalamic level, transverse
slices show comparable CSF suppression and SNR for the conventional (A) and 20-ms adiabatic (B) pulse versions. At the level of the
pons, the conventional sequence fails to suppress CSF anterior to the pons and cerebellum (C, arrows), whereas the 20-ms adiabatic
version provides good CSF suppression (D).

Fic 5. Comparison of coronal STIR sequences acquired through the lumbar spine and pelvis of a healthy male aged 65 years.

A, The conventional version only produces effective fat suppression in the central part of the image. Superiorly, fat has a high signal
(upper arrows). CSF in this region has a low signal. The conventional sequence suppresses muscle at the level of the mid-shaft of the
femur (lower arrows) and fat has a high signal inferior to this.

B, The 20-ms adiabatic version produces effective fat suppression and appropriate signals from muscle over the full FOV. CSF also
has its normal high signal (arrow).
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Fic 6. Hydrocephalus with edema around the fourth ventricle in a patient with a high-grade glioma.
A and B, Sinc (A) and 10-ms adiabatic (B) FLAIR sequences (8142/135, TI = 2200). CSF signal is markedly reduced in B.

Fic 7. Patient with probable meningioma.

A and B, Sinc (A) and 10-ms adiabatic (B) FLAIR sequences (8142/135, Tl = 2200). The tumor is more readily seen in B (arrow),

without the high signal from CSF seen in A.

Clinical use of the technique is illustrated by
comparing two FLAIR images obtained with asinc
pulse (Fig 6A) and a 10-ms adiabatic pulse (Fig
6B) in a 41-year-old man with an obstructive hy-
drocephalus and an enlarged fourth ventricle with
associated edema. The brain stem and fourth ven-
tricle are better seen in Figure 6B. Figure 7 shows
sinc (Fig 7A) and 10-ms adiabatic (Fig 7B) FLAIR
images in a 61-year-old man with a probable me-
ningioma adjacent to the pons on the right. It is
more readily seen in Figure 7B, where the CSF
signal is more adequately suppressed.

Discussion

It is likely that each of the three mechanisms
mentioned in the introduction (ie, inadequate initia
inversion pulse, inflow of noninverted CSF, and re-
duction in the T1 of CSF) may play a role in the
production of spurious high signals in CSF with
FLAIR sequences. The effects of an inadequate ini-
tial inversion pulse may be ameliorated with an adi-
abatic inversion pulse, as described in this report.

Effects caused by inflow of CSF may be reduced
by widening the initial slice-selective inversion
pulse (14) or by using 3D multislab methods (15).
They may also be reduced by using a nonselective
inversion pulse at the price of successively increas-
ing values of Tl for each dlice (16) or by using a
nonsel ective inversion pulse combined with k space
reordered by inversion time at each slice position
(KRISP) in the form of the KRISP-FLAIR se-
quence (17, 18). The effects of increased CSF pro-
tein in reducing CSF T1 can be compensated for
by reducing the Tl of the FLAIR sequence (19).
Comparison with the STIR sequence was of in-
terest, because of its different mode of failure due
to B, inhomogeneity. While failure of the FLAIR
sequence produced a gradual increase in signal
from CSF, which became higher than that of brain,
failure of the STIR sequence produced a drastic
loss of muscle signal and abrupt reversal of tissue
contrast over a short distance, with the CSF signal
becoming low rather than high. As a result, the
problem is much easier to recognize with the STIR
sequence than with the FLAIR sequence, in which
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there may be no other sign of failure apart from a
raised CSF signal. This insidious and frequently
unpredictable change may cause diagnostic
confusion, since it may also be the only sign pro-
duced by some disorders, such as subarachnoid
hemorrhage.

One disadvantage of adiabatic pulsesistheir lon-
ger duration, which may account for the fact that
they are not more widely used. This is likely to be
a greater problem in sequences in which inversion
pulses may be closely spaced than in the situation
with the initial pulse of a FLAIR sequence. Adia-
batic pulses are also often associated with a higher
specific absorption rate than are conventional se-
quences. In spite of these difficulties we now use
the adiabatic pulses for FLAIR imaging at conven-
tional clinical field strengths.
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