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To evaluate a magnetic resonance (MR) imaging contrast
technique, called FLAIR*, that combines the advantages of
T2-weighted fluid-attenuated inversion recovery (FLAIR)
contrast and T2*-weighted contrast on a single image for
assessment of white matter (WM) diseases such as mul-
tiple sclerosis (MS).

This prospective pilot study was HIPAA compliant and in-
stitutional review board approved. Ten patients with clin-
ically definite MS (eight men, two women; mean age, 41
years) provided informed consent and underwent 3.0-T
MR imaging. Images from a T2-weighted FLAIR sequence
were combined with images from a TZ2*-weighted seg-
mented echo-planar imaging sequence performed during
contrast material injection, yielding high-isotropic-resolu-
tion (0.55 X 0.55 X 0.55 mm?) FLAIR* images. Qualita-
tive assessment was performed for image quality, lesion
conspicuity, and vein conspicuity. Contrast-to-noise ratio
(CNR) was calculated to compare normal-appearing WM
(NAWM) with cerebrospinal fluid, lesions, and veins. To
evaluate the differences in CNR among imaging modal-
ities, a bootstrap procedure clustered on subjects was
used, together with paired ¢ tests.

High-quality FLAIR* images of the brain were produced at
3.0 T, yielding conspicuous lesions and veins. Lesion-to-
NAWM and NAWM-to-vein CNR values were significantly
higher for FLAIR* images than for T2-weighted FLAIR
images (P < .0001). Findings on FLAIR* images included
intralesional veins for lesions located throughout the brain
and a hypointense rim around some WM lesions.

High-isotropic-resolution FLAIR* images obtained at 3.0
T yield high contrast for WM lesions and parenchymal
veins, making it well suited to investigate the relationship
between WM abnormalities and veins in a clinical setting.

©RSNA, 2012
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mong conventional magnetic res-

onance (MR) imaging techniques,

[I'2-weighted fluid-attenuated inver-
sion recovery (FLAIR) is considered one
of the most useful contrast techniques
for investigating white matter (WM) dis-
eases such as multiple sclerosis (MS) (1).
Because of its high sensitivity to WM ab-
normalities and its excellent suppression
of cerebrospinal fluid signal, brain imag-
ing with T2-weighted FLAIR is used rou-
tinely to diagnose disease and to evaluate
changes in lesion load (2). However, T2-
weighted FLAIR imaging cannot provide
specific information about lesion pathol-
ogy (3).

Magnetic susceptibility-weighted
(so-called T2*-weighted) MR imaging
has been shown to provide specific infor
mation about parenchymal veins (4,5),
hemorrhage and calcification (6,7), tis-
sue iron deposition (8), and iron-laden
macrophages (9-11), especially at high
field strength (7.0 T). However, in most
of these previous studies, T2* imaging
was performed by using a conventional
T2*-weighted gradient-echo sequence,
which requires long acquisition times
to achieve whole-brain coverage. As a
result, imaging in these prior studies
was typically limited to the supraten-
torial region, neglecting the brainstem
and cerebellum, both of which are of-
ten affected in MS.

Recently, an acquisition strategy dif-
ferent from the conventional gradient-
echo sequence has beenintroduced, which
allows for fast, high-isotropic-resolution

Advances in Knowledge

® High-isotropic-resolution whole-
brain FLAIR* images can be
obtained with a 3.0-T clinical MR
imager, with or without use of
contrast agents, in less than 10
minutes.

® FLAIR* imaging combines
T2-weighted fluid-attenuated in-
version recovery (FLAIR) con-
trast with T2*-weighted contrast
on a single image.

® FLAIR* imaging can provide high-
quality cerebrospinal fluid-sup-
pressed images that highlight
white matter lesions and veins.

susceptibility imaging of the whole brain
(12). By using a T2*-weighted segmented
echo-planar imaging (segEPI) sequence
in healthy brains at 7.0 T, T2*-weighted
images with high anatomic fidelity and
a considerable gain in volume coverage
relative to conventional T2*-weighted
gradient-echo images were obtainable
without a sacrifice of acquisition time.
To translate this technique to the clinic,
we recently implemented a T2*-weighted
segEPI protocol at 3.0 T that allows the
acquisition of high-isotropic-resolution
T2*-weighted images by using standard
3.0-T MR equipment (13). However, un-
like T2-weighted FLAIR images, the T2*-
weighted images produced by this proto-
col lacked cerebrospinal fluid suppression
and high contrast between lesions and
normal-appearing WM (NAWM), both of
which are extremely helpful for detection
of MS lesions by clinicians.

Thus, the purpose of our study was
to evaluate an MR imaging contrast
technique, called FLAIR*, that com-
bines the advantages of T2-weighted
FLAIR contrast and T2*-weighted con-
trast on a single image for assessment
of WM diseases such as MS.

Materials and Methods

Subjects

Ten patients (eight men, two women;
mean age, 41 years; range, 26-52 years)
with clinically definite MS in accordance
with the 2010 revised McDonald criteria
(14) were included in this prospective
pilot study, which was performed from
June to August 2011. Among the 10 pa-
tients, seven had relapsing-remitting MS,
one had secondary-progressive MS, and
two had primary-progressive MS. All pa-
tients gave written informed consent in
accordance with the institutional review
board. These patients were between 18
and 70 years old, not pregnant, and able

Implication for Patient Care

B The FLAIR* contrast technique
may be a useful clinical tool for
the study of the relationship
between parenchymal veins and
multiple sclerosis lesions.

to tolerate MR examinations. Exclusion
criteria included metal implants (such
as pacemakers, aneurysm clips, and me-
tallic prostheses), a history of allergic
reactions to gadolinium-based contrast
agents, and impaired renal function. All
patients underwent a 3.0-T MR imaging
examination and a physical examination
to rate disability by using the Expanded
Disability Status Scale (EDSS) (15). The
patients had a median EDSS score of 1.5
(range, 1.0-6.5) and a mean disease du-
ration of 9.4 years (range, 0.4-21 years).

MR Imaging

MR imaging was performed by using a
3.0-T whole-body MR system (Achie-
va 3.0 T; Philips Healthcare, Best, the
Netherlands) with a manufacturer-
provided eight-channel head coil for
reception and body coil for transmis-
sion. The MR imaging protocol was
implemented by one author (P.S., with
5 years of experience in MR imaging)
and included the following: T1-weight-
ed magnetization-prepared rapid gra-
dient echo (MP-RAGE), T2-weighted
FLAIR, and T2*-weighted segEPI se-
quences. These three-dimensional

Published online before print

10.1148/radiol. 12120208~ Content codes:

Radiology 2012; 265:926-932

Abbreviations:

CNR = contrast-to-noise ratio

EDSS = Expanded Disability Status Scale

FLAIR = fluid-attenuated inversion recovery

MP-RAGE = magnetization-prepared rapid gradient echo
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segEPI = segmented echo-planar imaging

WM = white matter
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sequences covered the entire brain
and were performed in the sagittal
plane. The main sequence parameters
are available in Table 1.

During imaging, a single dose (0.1
mmol/kg) of gadopentetate dimeglumine
(Magnevist; Bayer Healthcare, Leverku-
sen, Germany) was injected by using a
power injector (Medrad, Warrendale,
Pa) over a period of 60 seconds to as-
sess for the presence of enhancing MS
lesions. T1-weighted MP-RAGE imaging
was performed before contrast agent in-
jection, T2*-weighted segEPI during in-
jection, and T2-weighted FLAIR imaging
approximately 4 minutes after injection.

Image Postprocessing

Image postprocessing was performed by
three authors (C.D.S., I.C.G., and P.S.
with 2, 3, and 5 years of experience in
image processing, respectively). The sag-
ittal three-dimensional magnitude images
were collected directly from the MR im-
ager and then postprocessed by using
an automated pipeline built in-house
in MIPAV (Medical Image Processing,
Analysis & Visualization, National Insti-
tutes of Health; mipav.cit.nih.gov) and
JIST (Java Image Science Toolkit, Johns
Hopkins University/Vanderbilt Univer-
sity; www.nitrc.org/projects/jist/) (16).
All images were first reformatted to the
axial orientation without interpolation.
Both T2-weighted FLAIR and T1-weight-
ed MP-RAGE images were bias-field cor-
rected by using the N3 algorithm (17).
T2*-weighted segEPI was used as the tar-
get for registering the T1-weighted MP-
RAGE and T2-weighted FLAIR images,
which involved interpolation to match the
resolution and dimensions of T2*-weight-
ed segEPI, so that all the images were
available at the highest isotropic resolu-
tion possible. To correct for motion that
might occur between the acquisitions, a
rigid registration was performed by us-
ing six degrees of freedom, a normalized
mutual information as the cost function,
and windowed sinc interpolation. The fi-
nal FLAIR* image was calculated as the
product of the coregistered T2-weighted
FLAIR and T2*-weighted segEPI images
and, when saved in Digital Imaging and
Communications in Medicine, or DI-
COM, format, could be visualized directly

Protocol for 3.0-T MR Imaging

Parameter T1-weighted MP-RAGE T2-weighted FLAIR T2*-weighted segEPI
Repetition time (msec) 7 4800 53
Echo time (msec) 3 372 29
Inversion time (msec) 900 1600
Flip angle (degrees) 9 90 10
No. of echoes 240 178 15
Field of view (mm?) 240 X 240 X 180 240 X 240 X 180 240 X 240 X 180
Voxel resolution (mm?) 1X1x1 1X1x1 0.55 X 0.55 X 0.55
SENSE factor (RL X AP) 2 x1 2X26 2X2
No. of signals acquired 1 2 2
Acquisition time (min:sec) 517 6:00 3:50

Note.—AP = anterior-posterior, RL = right-left, SENSE = sensitivity encoding for fast MR imaging.

on a clinical image viewer and reformat-
ted into any desired plane. Note that for
clinical use, only three postprocessing
steps were required to generate FLAIR*
images: (a) co-registration between
T2-weighted FLAIR and T2*-weighted
segEPI images, (b) interpolation of the
registered T2-weighted FLAIR image
to match the high-spatial-resolution of
the T2*-weighted segEPI image, and
(c) multiplication of the coregistered
interpolated T2-weighted FLAIR image
by the T2"-weighted segEPI image. The
N3 bias-field correction is optional and
was applied here to use the automated
segmentation (LesionTOADS; http://
www. nitrc.org/projects/toads-cruise/)
and dura-stripping algorithms required
for our quantitative analysis, as intro-
duced below.

Image Analysis

FLAIR, T2*-weighted segEPI, and
FLAIR* images were analyzed both qual
itatively and quantitatively. Qualitative
image analysis was performed indepen
dently by two raters (M.L.G., with 7
years of experience in neurology, and
D.S.R., with 10 years of experience
in neuroradiology and neurology). T2-
weighted FLAIR, T2*-weighted segEPI,
and FLAIR* images for each patient
were independently evaluated. Three
qualitative evaluations were performed,
as follows: image quality (defined as the
overall visual quality of the image with
regard to the level of noise, internal

contrast, and artifacts), lesion conspi-
cuity (defined as the ease of visibility of
lesions), and parenchymal vein conspi-
cuity (defined as the ease of visibility of
veins). To evaluate these three criteria,
the following ordinal grading system
was used: score of 0, poor; 1, accept-
able; 2, good; and 3, excellent.
Quantitative image analysis was per-
formed by three authors (C.D.S., I.C.G.,
and P.S.) by using MIPAV and JIST.
Whole-brain segmentation (skull strip-
ping) was derived from the T1-weighted
MP-RAGE images by using the SPECTRE
(simple paradigm for extra-cerebral tissue
removal) algorithm (18). The resulting
brain mask was then applied to the T2-
weighted FLAIR and T2*-weighted segEPI
images. The skull-stripped T1-weighted
MP-RAGE and T2-weighted FLAIR im-
ages were input into a first round of the
LesionTOADS automated segmentation
algorithm (19) to generate WM and gray
matter segmentations that were used to
refine the skull stripping by removing any
remaining dura mater. The dura-stripped
T1-weighted MP-RAGE and T2-weighted
FLAIR images were then put through a
second round of LesionTOADS to com-
pute a final tissue classification including
gray matter, NAWM, cerebrospinal fluid,
and lesions. Finally, parenchymal veins
visible on T2*-weighted segEPI images
were segmented manually in NAWM re-
gions and removed from NAWM and le-
sion masks. These masks were then used
to calculate the mean signal intensity, SI,
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Table 2

Image Grading and CNRs for Each Contrast Technique

Parameter FLAIR* T2-weighted FLAIR PValue T2*-weighted segEPI PValue
Image quality* 3 (2-3)/2 (2-3) 3(3-3)/3 (2-3) 5 2 (2-3)/3 (2-3) .016
Lesion conspicuity* 3(3-3)/3 (2-3) 3(2-3)/3(3-3) 5 2(1-2/1 (1-2) .002
Vein conspicuity* 3 (2-3)/2 (1-3) 0 (0-0)/0 (0-0) .002 2 (2-3)/3 (2-3) .031
(612 — 0.37 = 0.01 0.25 = 0.01 <.0001 0.13 = 0.01 <.0001

L\ — 0.13 = 0.01 —0.08 = 0.01 <.0001 0.17 = 0.01 <.0001
CNR 0.26 + 0.02 0.43 +0.02 <.0001 —0.19 = 0.01 <.0001

NAWM/CSF

Note.—P values are for comparisons against FLAIR*. CSF = cerebrospinal fluid.
* Grading data are listed for both raters as rater 1/rater 2, and correspond to the median (with range in parentheses) across the patients (7= 10).
 CNR data are mean =+ standard deviation computed across the 1000 bootstrap samples of size n = 10.

of NAWM, cerebrospinal fluid, lesions,
and veins from a single section located
in the middle of the brain. Finally, the
contrast-to-noise ratio (CNR) was calcu-
lated for lesion-to-NAWM, NAWM-to-
cerebrospinal fluid, and NAWM-to-vein
by using the following equation: CNR,, =
(SL—SL)/(SL+S1,), where a and b denote
the tissues of interest.

Statistical Analysis

The interrater agreement for the quali-
tative grading was estimated by using a
weighted k test (k < 0, poor agreement;
0 <k < 0.2, slight agreement; 0.2 < k <
0.4, fair agreement; 0.4 < k < 0.6, mod-
erate agreement; 0.6 < k < 0.8, substan-
tial agreement; and 0.8 < k < 1, almost
perfect agreement [20]). Because there
was a substantial agreement between the
grades given by the two raters (k = 0.75),
only the grades given by one rater (rater 1)
were used to compare FLAIR* imaging
against the two other image contrast tech-
niques (FLAIR and T2*-weighted segEPI
imaging) by using the Wilcoxon signed
rank test. To evaluate the differences in
CNRs between FLAIR* and the two other
image contrast techniques, a bootstrap
procedure (with replacement) clustered
on the subjects was used to generate 1000
bootstrap samples of equal size (n = 10).
For each bootstrap sample, mean CNRs
for the different contrast sequences (T2-
weighted FLAIR, T2*-weighted segEPI,
and FLAIR*) were computed across the
10 selected subjects. A paired t test was
then performed to evaluate the differ-
ences in mean CNRs between FLAIR*
and the two other contrast techniques.

To adjust for multiple comparisons, P <
.01 was considered to indicate a statisti-
cally significant difference. All statistical
analysis was performed by using Mat-
Lab (MathWorks, Natick, Mass) and R
(R Foundation for Statistical Comput-
ing, Vienna, Austria) by three authors
(D.S.R., I.C.G., and P.S.).

Results of the qualitative evaluation for
the different image contrast techniques
are summarized in Table 2. Similar to
FLAIR and T2*-weighted segEPI, FLAIR*
received high grades for image quality
from two independent raters. Regard-
ing lesion conspicuity, FLAIR* images
received high grades, superior to T2*-
weighted segEPI images (P = .002) but
equivalent to FLAIR images (P = .3). For
vein conspicuity, FLAIR* images also re-
ceived high grades, superior to FLAIR
images (P = .002) but equivalent to T2*-
weighted segEPI images (P = .031).
Quantitative evaluation of the differ-
ent image contrast techniques is summa-
rized in Table 2. Lesion-to-NAWM CNR
for FLAIR* imaging was significantly
higher than for both T2-weighted FLAIR
imaging (P < .0001) and T2*-weighted
segEPI (P < .0001), supporting qualita-
tive results on lesion conspicuity. NAWM-
to-vein CNR for FLAIR* images was sig-
nificantly higher than for T2-weighted
FLAIR images (P < .0001), again sup-
porting qualitative results on vein conspi-
cuity. Finally, NAWM-to-cerebrospinal
fluid CNR for FLAIR* imaging was sig-
nificantly higher than for T2*-weighted

segEPl (P < .0001) but lower than for
T2-weighted FLAIR imaging (P < .0001),
indicating that cerebrospinal fluid sup-
pression was not as efficient for FLAIR*
as it was for T2-weighted FLAIR imaging.

To illustrate these qualitative and
quantitative features, FLAIR*, FLAIR,
and T2*-weighted segEPl images are
provided in Figure 1. Although initially
acquired in the sagittal plane, multipla-
nar reformations were created in axial
and coronal planes, which allow clini-
cians to view lesions relative to their cen-
tral veins in any desired plane (Fig 2).
As illustrated in Figure 2, FLAIR* im-
ages also covered the whole brain in-
cluding cerebrum, brainstem, and cere-
bellum. This additional feature enabled
FLAIR* images to depict venocentric le-
sions in the pons and cerebellum areas
in several patients (Fig 3).

In addition to the periventricular and
deep WM lesions shown in Figures 1 and
2, lesions in the thalamus (Fig 4) and in-
ternal capsule (Fig 5), as well as juxtacor-
tical lesions (Fig 6), were also detected
together with their central hypointense
veins on FLAIR* images. Finally, some
WM lesions surrounded by a hypointense
rim were also visible on FLAIR* images
(Fig 6).

The most important finding in this pilot
study was that FLAIR* imaging at 3.0
T provided high-quality cerebrospinal
fluid-suppressed brain images demon-
strating conspicuous lesions and veins.
Lesion-to-NAWM and NAWM-to-vein
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Figure 1

Figure 2

Figure 3

Figure 3:  Axial FLAIR* image (0.55
X 0.55 X 0.55 mm? resolution) from
the infratentorial region in a 43-year-
old man with relapsing-remitting MS
(EDSS = 1.0, disease duration = 12
years). A vein running through a lesion
(arrow) is clearly depicted in the pons.

CNRs of FLAIR* imaging were both
significantly higher than those of T2-
weighted FLAIR imaging. Findings on
FLAIR* images also included intrale-
sional veins for lesions located through-
out the WM, as well as a hypointense
rim around some WM lesions.
Recently, Grabner and colleagues
(21) introduced a method that com-
bines FLAIR images with T2*-weighted
images enhanced by susceptibility-
weighted imaging, SWI, postprocess-
ing (5) to create a FLAIR-SWI contrast
technique. However, this method re-
quires images acquired with both 3.0-
T and 7.0-T MR platforms, whereas
FLAIR* uses only 3.0-T images and is

Figure 1: A, Axial FLAIR™ image
(0.55 % 0.55 X 0.55 mm? reso-
lution), B, axial T2-weighted FLAIR
image (1 X 1 X 1 mm3 resolu-
tion; repetition time, 4800 msec;
echo time, 372 msec; inversion
time, 1600 msec), and, C, axial
T2*-weighted segEPI image (0.55
X 0.55 X 0.55 mm? resolution;
repetition time, 53 msec; echo
time, 29 msec) in a 43-year-old
man with relapsing-remitting MS
(EDSS = 1.0, disease duration =
12 years).

Figure 2: A, Axial, B, coronal,
and, C, sagittal views of FLAIR*
images (0.55 X 0.55 X 0.55
mm3 resolution) in a 41-year-old
woman with relapsing-remitting
MS (EDSS = 1.0, disease duration
= 8 years). A lesion with its
central vein (arrow) is visible in
the three different planes.

therefore more compatible with a clin-
ical setting.

The MR imaging finding of central
veins inside MS lesions was first reported
in vivo by using T2*-based imaging at 1.5
T (22), and has recently been reinves-
tigated at 7.0 T (23) due to the higher
signal-to-noise ratio and spatial reso-
lution offered by higher-field-strength
magnets. In our study, because FLAIR*
covered the entire brain, the presence of
veins was also detected in lesions located
in the pons and cerebellum. Concern-
ing the hypointense rim, the results of
recent pathology and high-field-strength
MR imaging studies suggest that it is due
to iron-laden macrophages (9). However,
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Figure 4

Figure 4:  Axial FLAIR* image (0.55 X 0.55 X 0.55 mm?3
resolution) in a 26-year-old man with relapsing-remitting MS
(EDSS = 1.5, disease duration = 11 years). A lesion and its
central vein (arrow) are visible in the thalamus.

Figure 6

Figure 5

Figure 5:  Axial FLAIR* image (0.55 X 0.55 X 0.55 mm?3
resolution) in a 26-year-old woman with relapsing-remitting
MS (EDSS = 1.5, disease duration = 9 years). A lesion and its
central vein (arrow) are visible in the internal capsule.

Figure 6: Axial FLAIR* images (0.55 X 0.55 X 0.55 mm? resolution) in a 42-year-old man with relapsing-remitting MS
(EDSS = 2.5, disease duration = 3 years). A juxtacortical lesion with its central vein (arrow, A) and two lesions with hypointense
rims (arrows, B) are clearly depicted. Note that these “rim” lesions also have central veins.

this interpretation still needs to be con-
firmed, and the diagnostic and prognostic
relevance of these findings awaits further
investigation.

Our method had some limitations.
First, we had no reference standard for
either vein or lesion conspicuity, mak-
ing it possible to overcall our qualitative
findings. Second, T2* imaging at 3.0 T
is less sensitive to susceptibility effects
than at 7.0 T, rendering vessels in some
small lesions difficult to detect (24). To

compensate, we combined the T2*-
weighted segEPI acquisition with an injec-
tion of gadolinium-based contrast agent.
The paramagnetic nature of this agent
increases contrast between the vein and
its surrounding tissue on T2*-weighted
images, due to the “blooming” effect, and
limits the absence of a visible central vein
to only a few small lesions. However, gad-
olinium is not strictly required to gener-
ate FLAIR* images. FLAIR* images were
also affected by minor signal intensity

losses in the inferior frontal and anterior
temporal lobes, which could hide path-
ologic findings in these areas. Although
not tested here, several postprocessing
methods have been recently proposed
to remove these artifacts (25). Finally,
by requiring two separate acquisitions,
FLAIR* imaging is vulnerable to motion
that can occur between acquisitions. To
produce FLAIR* images from a single
acquisition, a modified version of the
segEPI sequence with an inversion pulse
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tuned to generate T2*-weighted contrast
with cerebrospinal fluid suppression is
under investigation.

In summary, FLAIR* is an MR
imaging contrast technique that com-
bines the advantages of cerebrospinal
fluid-suppressed T2-weighted and T2*-
weighted contrast to yield images that
provide high contrast for WM lesions
and veins in the brain and that are well
suited to routine imaging of WM dis-
eases, such as MS, in a clinical setting.
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