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Reduction of CSF and Blood Flow Artifacts on FLAIR

| mages of the Brain with k-Space Reordered by
Inversion Time at each Slice Position (KRISP)

Amy H. Herlihy, Joseph V. Hajnal, Walter L. Curati, Nazma Virji, Angela Oatridge, Basant K. Puri, and

Graeme M. Bydder

BACKGROUND AND PURPOSE: Our purpose was to test a new variant of the fluid-atten-
uated inversion-recovery (FLAIR) sequence that was designed to reduce CSF and blood flow
artifacts by use of a non—slice-selective inversion pulse and k-space reor dered by inversion time
at each dlice position (KRISP).

METHODS: With the KRISP FLAIR sequence, the dlice order was cycled so that each in-
version time (T1) was associated with a region of k-space rather than a particular dlice, and
the effective inversion time (Tl ;) was chosen to null the signal from CSF. Scans wer e obtained
with both conventional and KRISP FLAIR sequences. Studies were performed in 20 adult
patients with a variety of brain diseases. Images were evaluated for artifacts from patient
motion, CSF, and blood flow, and scored on a four-point scale. The conspicuity of the cortex,
meninges, ventricular system, brain stem, and cerebellum was evaluated, as was lesion number
and conspicuity.

RESULTS: The KRISP FLAIR sequence showed more patient motion artifacts but had a
pronounced advantage over the conventional sequence in control of CSF artifacts around the
foramen of Munro, in the third ventricle, aqueduct, and fourth ventricle, aswell asin the basal
cisterns and around the brain stem and cerebellum. Blood flow artifacts from the internal
carotid, basilar, and vertebral arteries were also much better controlled. Spurious high signal
in the sylvian branches of the middle cerebral artery was eliminated. The meninges, cortex,
ventricular system, brain stem, and cerebellum were better seen due to improved artifact sup-

pression and an edge enhancement effect.

CONCLUSION: The KRISP FLAIR sequence can suppress CSF and blood flow artifacts and
improve the conspicuity of the meninges, cortex, brain stem, and cerebellum. Its major dis-
advantage is its duration, which may be reducible with a fast spin-echo version.

Fluid-attenuated inversion recovery (FLAIR) is an
MR pulse sequence that typically uses a slice-se-
lective inversion pulse to null the signal from CSF
and a long echo time (TE) to provide heavy T2
weighting. The technique provides a sensitive
means for detecting lesions in the brain (1-12) as
well as disease involving the subarachnoid space
and meninges (13-15). A major problem with the
technique is the occurrence of high signals within
CSF that may simulate disease in the subarachnoid
space as well as create partial volume effects and
motion artifacts that obscure disease in the brain
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(16-19). The most important cause of these spuri-
ous high signals is inflow of uninverted, or only
partialy inverted, CSF into the slice during the pe-
riod between the initial dlice-selective 180° pulse
and the subsequent 90° pulse; that is, during the
inversion time (T1), which is typically 2000 to 2500
milliseconds (20). A solution is to use a non-dlice-
selective initial 180° pulse so that a large volume
of CSF isinverted and spurious signals are not pro-
duced by inflow during Tl (21-23). The disadvan-
tage of this approach is that the Tl of successive
slices in a multislice set is progressively increased,
s tissue contrast is altered and the number of slices
that can be imaged with nulling, or near nulling, of
the CSF is limited.

Recently, Norris (24) described a method for re-
ducing radiofrequency power deposition in ultra—
high-field imaging using the modified driven equi-
librium Fourier transform pulse sequence, which is
a variant of an inversion-recovery pulse sequence.
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Norris used a single non—slice-selective 180° pulse
and maintained constant tissue contrast in al slices
by cycling the slice order and associating each Tl
with a region of k-space rather than a particular
dlice. We have adapted this approach to FLAIR im-
aging. This article describes the pul se sequence and
presents clinical results from 20 patients.

M ethods

The k-Space Reordered by Inversion Time at Each Sice
Position (KRISP) FLAIR Pulse Sequence

The k-space reordered by inversion time at each slice po-
sition (KRISP) FLAIR pulse sequence is illustrated for three
dlices in Figure 1A. After the non—slice-selected 180° initial
inversion pulse is applied, data are collected at Tl delay times
«, B, and v, as shown in Figure 1B. If the data collected at TI
= «a were always used for dlice 1, the dataat TI = B for slice
2, and the data at TI = v for dlice 3, we would just have a
multislice sequence with TI progressively increasing for each
slice, as described previously (21-23).

With the KRISP sequence, during the first repetition (TR1),
the data acquired at Tl = « are mapped to the beginning of
the first strip of k-space in slice 1 (Fig 1C), the data acquired
at Tl = B are mapped to the beginning of the second strip of
k-space in slice 2, and the data acquired at Tl = y are mapped
to the beginning of the third strip of k-space in slice 3. For
the next repetition (TR2), data with TI = « are mapped to the
first strip of k-space of slice 3, data with TI = B are mapped
to the second strip of k-space of dlice 1, and data with Tl =
v are mapped to the third strip of slice 2. In TR3, data acquired
a Tl = « are mapped to the first strip of k-space of slice 2,
dataacquired at TI = B are mapped to the second strip of slice
3, and data acquired at Tl = y are mapped to the third strip
of slice 3. For TR4, the alocations are the same as for TR1
but the phase-encoding gradients are stepped to provide the
next line of k-space in each strip for each slice (dotted lines
in Fig 1C).

The TR cycles are repeated until k-space is fully mapped
for each slice. The end result is shown in Figure 1D, in which
the k-space map for all slices is the same. Each slice shows a
range of TI values across the phase-encoded direction from «
to y (shading has also been used to indicate that the phase-
encoding values have increased from left to right). Since the
signals from tissue and fluids vary with Tl as a function of
their T1 value, this form of k-space mapping applies a tissue-
and fluid-specific T1 filter to k-space.

The T1 k-space filter of KRISP FLAIR operates in an anal-
ogous manner to the T2 filter associated with the fast spin-
echo (FSE) pulse sequence (Fig 2A). The data at the center of
k-space determine the overall image contrast and that at the
periphery of k-space provide information about detailed struc-
tures, such as edges. In T2-weighted FSE imaging, the late
echo (echo 3 in Fig 2A) is used to fill the center of k-space
and thus is the effective TE (TEgs) of theimage. Earlier echoes
(echoes 1 and 2) are then used to fill in the peripheral points
of k-space (which is generally done systematically to make the
smoothest possible pattern). A heavily T2-weighted FSE se-
quence (long echoes at the center) can show fine detail because
the short high-amplitude echoes are used to encode the edges
of k-space.

In KRISP FLAIR, data acquired with a Tl for which CSF
is at its null point (TI = Bin Fig 2B) are placed at the center
of k-space. The resulting image has dark CSF, because the CSF
signal is nulled, but the brain magnetization is substantially
recovered at Tl = B (Fig 1B) and so gives a high signal. The
edges of k-space are filled with data acquired at Tl = « and
Tl = v (Fig 2B) for which both CSF and brain provide high-
amplitude signals. As aresult, the edge detail of brain is main-

REDUCTION OF ARTIFACTS WITH KRISP 897

tained. However, CSF can also produce high signal at the pe-
riphery of k-space even though the central CSF signal is
nulled. This can result in images in which brain/CSF and me-
ninges/CSF interfaces are particularly well defined. Although
Figures 1B and 2B have been presented with only three slices
for illustrative purposes, the clinical implementation was with
20 dlices. This provides a smoother variation of T| across k-
space (ie, 20 strips instead of three).

Patient Studies

With the approval of the research ethics committee of our
institution, we studied 20 unselected patients (13 men and sev-
en women, ages 16 to 78 years; mean age, 46 years) who were
referred for MR imaging because of suspected disease of the
brain (Table 1). All subjects had conventional and KRISP
FLAIR sequences performed during the same examination and
in the same dlice position.

Brain images were obtained with a quadrature bird cage coil
on a 1.0-T MR system. The following parameters were used
for both the conventional and KRISP FLAIR sequences. TR/
TE/excitations = 8142/135/1, Tl or Tlgs = 2250, field of view
= 25 cm, slice thickness of all selective pulses = 7 mm, res-
olution = 128 X 256, number of slices = 20, and a numeri-
caly optimized initial sinc inversion pulse. The duration of
each sequence was 13 minutes, 40 seconds. Conventional T2-
weighted spin-echo (2500/20—80) sequences (10 minutes) and
T1-weighted spin-echo (760/20) sequences (4 minutes) were
performed before the FLAIR sequences in each case.

Artifacts from patient motion, CSF, and blood flow were
evaluated, as was conspicuity of the meninges, cerebral cortex,
ventricular system, brain stem, and cerebellum. These were
assessed for each slice from both sequences for each of the 20
patients on a workstation by two experienced radiologists.
Each of the eight variables was scored on a four-point scale,
with 0 as the minimum. These values were then summed over
the whole brain for each patient. The paired conventional and
KRISP FLAIR ordinal values for each variable were then com-
pared across all 20 patients by means of the Wilcoxon signed-
rank test, using the SPSS version 9 package (25).

The lesion number as well as false-positive and false-neg-
ative results were noted. Lesion conspicuity was evaluated on
the same four-point scale as for meninges, cerebral cortex, and
so forth. Disagreements as to artifact visibility and lesion in-
terpretation were resolved by review of al other imaging stud-
ies and the patients’ clinical data. The radiologists’ scoreswere
averaged.

Results

Three patients had norma findings, and 19 di-
agnoses were made in the remaining 17 patients
(Table 1). Table 2 shows median values with min-
imum and maximum scores in brackets for the
eight variables assessed (patient motion, CSF, and
blood flow artifacts as well as conspicuity of the
meninges, cerebral cortex, ventricular system, brain
stem, and cerebellum) for both the conventional
and KRISP FLAIR pulse sequences. The conven-
tional FLAIR sequence was superior to the KRISP
FLAIR sequence for level of artifacts from patient
motion. The KRISP FLAIR sequence was superior
to the conventional sequence for each of the other
seven variables (ie, the artifact scores for the
KRISP FLAIR sequence were lower and the con-
spicuity scores were higher).

CSF artifacts (which mainly consisted of high
signals due to flow, but also included effects due
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to inadequate inversion of magnetization and prob-
able elevated CSF protein) were better controlled
with the KRISP FLAIR sequence. CSF flow arti-
facts were most apparent with the conventional
FLAIR sequence at the foramen of Munro, in the
third ventricle (Fig 3), basal cisterns, aqueduct, and
fourth ventricle, as well as around the brain stem
and cerebellum (Fig 4). CSF signal was well con-
trolled with the KRISP FLAIR sequence, except
inferiorly, where uniform higher signal was seen in
the region of the foramen magnum and inferior cer-
ebellar folia. This was probably due to inadequate
inversion of the CSF magnetization. Paradoxically,
the reduction in CSF signal in the third ventricle
defined the ventricular boundary better and in some
cases was a source of ghost artifacts, which were
propagated across the thalami.

Blood flow artifacts were very apparent on the
conventional FLAIR sequences in the phase-encod-
ing (left-right) direction from the internal carotid,
basilar, and vertebral arteries and to a small extent
from the superior sagittal sinus. These were con-
trolled with the KRISP FLAIR sequence (Fig 5).
In nine of the 20 cases, high signal was seen in one
or more of the sylvian branches of the middlie ce-
rebral artery with the conventional FLAIR se-
quence. This signa was absent on the KRISP
FLAIR sequence (Fig 6). High signal was also fre-
quently seen in the posterior cerebral arteries ad-
jacent to the brain stem and the veins at the skull
base with the conventional sequence but not with
the KRISP version.

The conspicuity of the meninges, cortex, ven-
tricular system, brain stem, and cerebellum were all
improved (see Figs 3-6), owing to better control
of the CSF and blood flow artifacts as well as to
an edge enhancement effect. Comparison of the
number of lesions visualized revealed an extraaxia
tumor that was only evident on the KRISP FLAIR
sequence (Fig 7). No lesions were seen only with
the conventional FLAIR sequence. Lesion conspi-
cuity was reduced with the KRISP FLAIR se-
quence in six cases and increased in five cases (see
Fig 8). Total lesion conspicuity was almost identi-
cal for each sequence (Table 1).

Lesions were designated as false-positive find-
ingsif they were only seen on one FLAIR sequence
with no corroborating evidence from the other
scans (T1- and T2-weighted) obtained at the same
examination (or from other sources) and after full
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and repeated review by both radiologists. These in-
cluded five apparent periventricular lesions and two
apparent lesions in the suprasellar cistern (see Fig
9) that were only seen on the conventional FLAIR
sequences. No false-positive findings were identi-
fied with the KRISP FLAIR sequence. (Scores
were not assigned for false-positive lesions.)

Discussion

The KRISP FLAIR sequence produced a marked
reduction in CSF flow artifacts, which was most
evident at the foramen of Munro and in the third
ventricle, basal cisterns, aqueduct, and fourth ven-
tricle. There was aso a marked reduction in blood
flow artifacts. The meninges, cortex, ventricular
system, brain stem, and cerebellum were all better
visualized than with the conventional sequence.
This was in spite of the increased level of patient
motion artifacts seen with the KRISP FLAIR se-
quence. The increase in artifacts may have been
due to some unintended feature of the sequence it-
self or to the fact that it was performed after the
conventional sequence and at the end of the ex-
amination in 18 of 20 cases. (Patient motion arti-
facts are often greatest at the end of a long study
such as this one.)

Blood flow artifacts were much reduced, which
may have been due in part to more uniform inver-
sion of rapidly flowing blood by the non—slice-se-
lective inversion pulse. In addition, the slice firing
order cycling inherent in the KRISP method may
reduce the effects of inflow from adjacent slices by
partialy saturating flowing blood. Unlike CSF, the
signal from blood is not nulled (it has a much
shorter T1 than CSF; ie, 1000 vs 4500) and signal
from slowly and uniformly flowing blood is readily
seen in the cortical veins and in veins and sinuses
at the skull base. The signa from pulsatile fast-
flowing blood may be zero because of dephasing,
but it may also be a source of artifacts.

The high signal in the sylvian branches of the
middle cerebral artery has been proposed as an ear-
ly sign of cerebral infarction when seen with a con-
ventional FLAIR sequence (26), but this may arise
as a false-positive finding because of inflow of
blood with uninverted or only partialy inverted
magnetization with the conventional FLAIR se-
quence. This problem was eliminated by use of the
KRISP FLAIR sequence.

—

Fic 1. lllustration of the KRISP FLAIR pulse sequence.
A, Three transverse slices through the brain.

B, Diagram shows T1 recovery curves for brain and CSF and illustrates sampling (with a 90° pulse at each data collection) at three

progressively increasing TIs: «, 8, and vy, with CSF nulled at time .

C, Diagram shows mapping of k-space for each of the three slices. In TR1, lines are mapped as shown with the first sample at Tl =
« to the first strip of k-space in slice 1; sample 2, at TI = B to the second strip of slice 2; and sample 3 at Tl = vy to the third strip of
k-space in slice 3. For TR2, the sample at TI = « is mapped to the first strip of slice 3, the sample at TI = B to the second strip of

slice 1, and so on.

D, Diagram shows the end result for each slice with the first strip of k-space mapped with Tl = «, the middle strip with TI = 8, and
the third strip with TI = . Since the signals from tissues and fluids vary with Tl as a function of their T1 value, this applies a tissue-
and fluid-specific T1 filter across k-space, which is the same for each slice.



900 HERLIHY

kphase

TE, | TE, | TE,=TE,, TE, | TE,

kread

.

Lo |

A TE increases  TE increases

AINR: 22, May 2001

kphase

TLy=B | TI=y

k1'ead

>

B TI increases

Fic 2. Diagrams show associations between regions of k-space and TE for a three-echo FSE sequence (A), as well as Tl for a three-
slice KRISP FLAIR sequence (B). The center of k-space controls image contrast, and the periphery of k-space contains information
about fine structures, such as edges. With the FSE sequence, the TE used for the center of k-space is known as the effective echo
time (TE.). In A, the third echo, which has a long TE, provides the data for the center of k-space, and echoes 1 and 2, which have
shorter TEs, are used to fill the periphery of k-space. A heavily T2-weighted image appearance with good edge definition would result
from this type of acquisition. With the KRISP sequence, image contrast is determined by the Tl., which is the Tl of the data at the
center of k-space. In B, a three-slice example is shown with Tls corresponding to the slice excitation timings shown in Figure 1. Data
with Tl = B are shown in the center of k-space and have been chosen to null CSF. The high-amplitude signals from brain and CSF

at Tl = a and Tl = vy provide good edge definition.

TABLE 1: Diagnosis and lesion conspicuity in 20 patients imaged
for suspected brain disease

Lesion Conspicuity on
Diagnosis FLAIR Seguence
(No. of Cases) Conventional  KRISP
No imaging abnormality detected (3)
Cerebellar astrocytoma 3 3
Wallerian degeneration (2) 3 3
2 2
Meningioma (2) 2 3
1 3
Postoperative cyst (1) 2 3
Infarcts (5) 3 2
2 2
2 3
3 2
3 3
Punctate lesions (5) 3 2
3 2
3 2
3 2
2 3
Atrophy 3 3
Periventricular lesions 3 3
CADASIL 3 2

Note—FLAIR indicates fluid-attenuated inversion recovery; KRISR,
k-space reordered by inversion time at each slice position; CADASIL,
cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephal opathy.

The KRISP sequence applies a T1 filter to k-
space because Tl varies across k-space (see Fig
2B). Although CSF is nulled at the center of k-
space, at the periphery, CSF contributes signal,
which can enhance definition at brain/CSF and me-

ninges/CSF interfaces. Increasing the number of
slices and/or the TE increases this effect. This can
be beneficial, particularly for small areas of abnor-
mality and for lesions with well-defined boundar-
ies, but if it is excessive it can result in an over-
shoot phenomenon and produce spurious high
signal in the cortex. It is possible that this effect
may increase the sensitivity of the sequence to sub-
arachnoid hemorrhage beyond the theoretical limit
suggested from calculations from the T1 and T2
values of brain and CSF containing blood (27).

The lack of a mgjor advantage in lesion detection
in this series may reflect the fact that only two pa-
tients had disease in the subarachnoid space or me-
ninges, where a pronounced advantage might have
been expected for the KRISP FLAIR sequence. The
high signal seen in some cysts with the conven-
tional FLAIR sequence may arise from inflow of
fluid within the cysts and may be misinterpreted as
evidence of proteinaceous fluid or hemorrhagic
breakdown products producing a shortening of T1.
It may also reflect the increased T1 weighting for
very long T1 lesions with the KRISP FLAIR se-
quence. The partial volume effects and spurious
high signal seen in periventricular regions with the
conventional FLAIR sequence may arise as an edge
effect from a selective 180° pulse giving incom-
plete inversion of CSF magnetization.

Other mechanisms of increased CSF signal in the
region of the subarachnoid space and ventricular
system besides CSF inflow were still manifest. Uni-
form nonzero signal was seen in the CSF in the
region of the foramen magnum in several cases.
This was probably due to inhomogeneity of the B,
field in this region with incomplete inversion of the
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TABLE 2: Descriptive statistics for artifacts and conspicuity (n = 20 in each case)

FLAIR Sequence

Conventional KRISP
Median (Min, Max) Median (Min, Max) z Score P Vaue

Artifacts

Patient motion 3.25 (0, 33) 10.5 (0, 47) 2.97 .003*

CSF 41.5 (36, 58) 11.0 (2, 31) 3.921 <.005

Blood flow 17.05 (6, 26) 5.0 (0, 9) 3.921 <.005
Conspicuity

Meninges 7.0 (0, 15) 31.0 (10, 43) 3.922 <.0005

Cortex 12.0 (1, 20) 36.0 (19, 49) 3.924 <.0005

Ventricular system 100 (1, 14) 23.5 (10, 39) 3.924 <.0005

Brain stem 6.5 (0, 12 185 (8, 29) 3.930 <.0005

Cerebellum 7.0 (0, 18) 14.0 (6, 19) 3.294 .001

Note—FLAIR indicates fluid-attenuated inversion recovery; KRISP, k-space reordered by inversion time at each dlice position.
* KRISP FLAIR was inferior; for al other variables KRISP FLAIR was superior.

Fic 3. Comparison of conventional (A) and KRISP (B) FLAIR images at level of third ventricle obtained with identical parameters 8142/
135/1; TI = 2250. The CSF signal is higher in A than in B at the foramen of Munro and in the third ventricle. The meninges are more
clearly seen in B.

Fic 4. Comparison of conventional (A) and KRISP (B) FLAIR images (8142/135/1; Tl = 2250) at the level of the pons. In A there is
high signal anterior to the pons as well as in the fourth ventricle and across the pons. This has been controlled in B, where the pons,
cerebellum, and meninges are clearly seen.
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Fic 5. Comparison of conventional (A) and KRISP (B) FLAIR images (8142/135/1; Tl = 2250) at the level of the medulla. High levels
of artifact are seen from the vertebral arteries and the CSF on A. These are not seen on B.

Fic 6. Comparison of conventional (A) and KRISP (B) FLAIR sequences (8142/135/1; TI = 2250). High signal is seen in a sylvian
branch of the middle cerebral artery on the right in A (arrow) but not in B.

Fic 7. Extraaxial tumor (probably a meningioma) on conventional (A) and KRISP (B) FLAIR sequences (8142/135/1; Tl = 2250). The
tumor is difficult to see because of CSF artifacts on A, but is obvious on B (arrow).
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Fic 8. Postoperative cyst on conventional (A) and KRISP (B) FLAIR sequences (8142/135/1; Tl = 2250). The cyst is of slightly
increased signal in A but is of low signal in B (long arrow). The brain stem and partially resected meningioma (short arrow) are also

better seen in B.

Fic 9. False-positive finding on conventional (A) but not on KRISP (B) FLAIR sequence (8142/135/1; Tl = 2250) in the suprasellar
cistern. A high-signal lesion is seen on A (arrow) but not on B. It was not present on other sequence (SE 2500/20—80) or on transverse
or sagittal T1-weighted sequences (SE 720/20). The left cerebral peduncle shows evidence of wallerian degeneration.

CSF magnetization (28). This problem can be
avoided by use of adiabatic inversion pulses, which
are tolerant of B, amplitude variation (29). Such a
solution is valid equally for a slice-selective inver-
sion, such as is used in a conventional FLAIR se-
quence, and for a nonselective inversion, as used
in the present KRISP FLAIR sequence. In cases of
glioma, in which there may have been high CSF
protein content, high signal was seen in the inferior
aspect of the cerebellum. This may have been due
to a combination of inadequate pulse inversion (as
above) and shortening of the T1 of CSE Other
causes of high signal in the subarachnoid space in-
cluded susceptibility and chemical shift artifacts as
well as anatomic structures, such as the choroid
plexus, crania nerves, pituitary stalk, and arach-
noid villi.

In relation to other approaches to obtaining
heavily T2-weighted images of the brain with CSF

suppression, a 3D FLAIR sequence in principle al-
lows the use of a non-slice-selective 180° initial
pulse but in the only implementation so far report-
ed, a series of dlab excitations was used with a
slice-selective 180° pulse (eg, 15-mm dlice thick-
ness) (30) phase encoded into a series of narrower
partitions (eg, 1.5 mm). This was still subject to
CSF inflow effects. Another approach to CSF sup-
pression with T2-weighted imaging is the high-in-
tensity reduction sequence (31), in which a late-
echo image (mainly due to CSF signal) is
subtracted from an early-echo image in the FSE
acquisition. As initially implemented, the clinica
results were inferior to a FLAIR sequence for le-
sion detection but superior for artifact control. The
method is being developed further. Diffusion-
weighted imaging (DWI) characteristically produc-
es a low signal in CSF in spite of the heavy T2
weighting of the sequence as a consequence of the
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free diffusion of water molecules in CSE DWI re-
sembles FLAIR imaging in this regard (ie, the low
signal in CSF) (32). However, CSF suppression in
DWI may be incomplete, and a combination of
FLAIR and DWI may lead to more accurate values
of the apparent diffusion coefficient in the brain by
providing more complete suppression of the CSF
signal (33, 34).

A disadvantage of the present KRISP FLAIR im-
plementation is that, like the conventional FLAIR
sequence, it is slow. Using afaster acquisition tech-
nique, such as the FSE sequence, could reduce im-
aging time. The practicalities of implementing such
a version of the KRISP FLAIR sequence are the
subject of current study. Simulations of sequence
properties for brain and CSF suggest that this ap-
proach is likely to be effective.

Conclusion

This study establishes a proof in principle that
the KRISP FLAIR sequence can suppress confus-
ing CSF and blood flow artifacts and improve the
conspicuity of the meninges, cortex, brain stem,
and cerebellum. Further clinical studies with a fast-
er version of the sequence in more specific groups
of patients will be necessary to determine its clin-
ical utility.
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