395 Arimura ef al.: Computerized detection of intracranial aneurysms for MRA 395

Since the mid-1980s, a number of researchers have devel-
oped computer-aided diagnostic (CAD) schemes for detec-
tion and classification of various kinds of abnormalities such
as microcalcifications and masses in rrlarrlrrlograrrls,4’5 pul-
monary nodules and diffuse lung diseases in CT,5® and co-
lonic polyps in CT colonography.g’10 Besides, the clinical
usefulness of CAD schemes has been studied."! In the detec-
tion of intracranial ancurysms by MRA, CAD schemes
would be useful in assisting radiologists. Therefore, we de-
veloped a computerized scheme for automated detection of
unruptured intracranial aneurysms in MRA based on the use
of a three-dimensional (3-D) selective enhancement filter for
dots (aneurysms).n‘u Twenty-nine cases with 36 unruptured
aneurysms (diameter: 3—26 mm, mean of 6.6 mm) and 31
nonaneurysm cases were tested. The CAD scheme correctly
detected all of 36 aneurysms with 2.4 false positives per
patient based on a leave-one-out-by-patient test method.
However, for a large database (53 cases with 61 aneurysms
and 62 nonaneurysm cases), the previous scheme'? above
produced 5.8 false positives per patient at a sensitivity of
97%. As a result of investigation on the false positives, we
found that about 65% of the false positives were of the
single-vessel type and the bifurcation type. Therefore, in this
study, we focused on removing these two types of false posi-
tives.

Our purpose of this study was to improve the CAD
scheme for the automated detection of unruptured intracra-
nial aneurysms in MRA by use of image features of small
protrusions extracted based on a shape-based difference im-
age (SBDI) technique. The SBDI technique was based on the
shape-based difference between an original segmented vessel
and a vessel with suppressed local changes in thickness. The
performance of our CAD scheme was evaluated by the use of
115 cases (53 cases with 61 aneurysms and 62 nonaneurysm
cases) based on a free-response receiver operating character-
istic (FROC) curve. For an estimation of the robustness of
our scheme, we tested it for an independent set of 63 cases
(34 cases with 36 ancurysms and 29 nonaneurysm cases)
acquired from a different MRI at a different institution.

Il. METHODS AND MATERIALS
A. Overall scheme

Figure 1 shows the overall scheme developed in this
study, where a feature extraction procedure based on the
SBDI technique was incorporated into the previous
scheme.'? Our approach for the identification of initial can-
didates was based not only on enhancement of aneurysms by
use of a selective enhancement filter for dots (aneurysms),'
but also on finding short branches on parent skeletons in
skeleton images, which can indicate the high likelihoods of
small aneurysms.12 The image features of aneurysm candi-
dates were determined based on candidate regions segmented
by the use of a region growing technique. In addition to these
features, in this study, useful image features related to small
protrusions were extracted from the SBD regions (obtained
by the SBDI technique), which could be small aneurysms for
true positives, but thin or very small regions for false posi-
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FiG. 1. Overall CAD scheme for detection of intracranial aneurysms at 3-D
MRA.

tives. Finally, false positives were removed by use of rule-
based schemes and linear discriminant analysis (LDA).

B. Initial identification of aneurysm candidates based
on dot-enhanced image and skeleton image

The selective enhancement filters for dots,'* which can
enhance dot-like objects, were applied to isotropic 3-D MRA
images. Figure 2 shows an original MRA image with a large
aneurysm within a search region, and its dot-enhanced im-
age, where the aneurysm was enhanced well. For avoiding
picking up a number of regions irrelevant to vessels, the
search region was determined for identifying initial candi-
dates by dilation of major vessels segmented in an MRA
image.15 The initial candidates were identified with a
multiple-gray-level thresholding technique for finding local
peaks of voxel values in 3-D dot-enhanced images within the
search region, and the candidate regions were segmented by
the use of a region growing techniqua.12 However, some

(b)

FIG. 2. An illustration of (a) an original MRA image and (b) its correspond-
ing dot-enhanced image, all of which were produced by MIP image process-
ing. Circles indicate a large aneurysm with a diameter of 10.0 mm on the
top of the basilar artery.
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Fig. 3. Hiustration of four types of aneurysms in original images with seg-
mented regions (white lines) and the corresponding skeleton images. (a)
Large type, (b) short-branch type, (c) bifurcation type, and (d) single-vessel
type.

small aneurysms adjacent to a bending region of a thick ves-
sel were not enhanced well by the dot enhancement filter,
because the bending region was strongly enhanced. In that
case, the bending region was picked up as an “aneurysm”
candidate instead of the true aneurysm. However, we found
that such small aneurysms became a short branch on the
parent vessel in the skeleton image. Therefore, it the short
branch was detected in a spherical area adjacent to the origi-
nal candidate region (e.g., bending region) in a skeleton im-
age, the short branch was considered to be an additional

candidate of the short branch type and was segmented based

on a region-growing technique.

C. Feature extraction of candidate regions segmented
by a region growing technique

Image features of candidates were determined based on
the regions segmented by use of a region growing technigue
in the dot-enhanced images and original images. Our seg-
mentation method was based on finding a large change in
some image features, which implied that the candidate region
merged with its adjacent background or other candidates, as

the candidate region grew.'> All candidates were classified
into four categories based on the effective diameter and local
structures determined from the skeleton image, i.e., large
type, short-branch type, bifurcation type, and single-vessel
type, as shown in Fig. 3, because the image features of an-
eurysms and false positives in each category differed from
each other. Short-branch-type candidates were segmented
based on region growing in the original image from the short
branch as a seed region. For segmented regions of aneurysm
candidates, gray-level features and morphological features as
shown in Table I were determined in the original images,
dot-enhanced images, line-enhanced images, plane-enhanced
images, distance-transformed images, and skeleton images;
the definitions of image features are described in the Appen-
dix.

For large aneurysm candidates, image features relevant to
the characteristics of large aneurysms were determined, i.e.,
the average voxel value and the standard deviation (SD) of
the voxel value in the core and rind regions of the segmented
candidates in the original images, because the characteristics
of the large aneurysms were different from those of small
aneurysms.’> In addition, specific features for the short-
branch-type candidates were determined, i.e., the protrusion
length and the average distance value in the candidate region
obtained from the distance-transformed image.

D. Shape-based difference image (SBDI) technique

The SBDI technique was developed for the extraction of
local changes in vessel thickness based on distance-
transformed images and skeleton images. The local changes
in the thickness could be caused by aneurysms, stenosis, etc.
The overall algorithm of the SBDI technique is shown in Fig.
4. A vessel with a candidate was segmented within a volume
of interest by use of a segmentation method (e.g., a region
growing technique as used in this study). The SBDI tech-
nigue is based on the shape-based difterence (SBD region)
between an original segmented vessel and a vessel with sup-
pressed local change in thickness by use of logical Exclusive
OR (XOR) operation. In this study, SBD regions were ex-

TABLE 1. Gray-level features and morphological features used in this study.

Gray level features:
Average voxel value
Standard deviation (SD) of voxel value
Relative contrast to average voxel value

Relative difference is SD of voxel values between inside and outside regions
Relative difference in average voxel values between inside and outside regions

Morphological features:
Effective diameter
Sphericity

Relative SD of the distance between centroid and surface

Maximum and minimum distance between centroid and surface

Difference between maximum and minimurn distance betweeen centroid and surface
Maximum or average distance value of distance-transformed image

Relative difference in maximum distance between inside and outside regions

Length of protrusion
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FIG. 4. Overall algorithm of a shape-based difference image (SBDI)
technique.

tracted as “small protrusions” or “small aneurysms” from
parent vessels, and SBD image features were calculated.

Figure 5 shows the algorithm for deriving the vessel with
suppressed local changes in thickness. Distance transformed
images were obtained from the segmented vessels, and then
the skeleton images with distance values, i.e., vessel thick-
ness, were determined by logical AND operation between the
skeleton image and the distance-transformed inlage:.l6’17 By
use of a reverse distance transformation of the skeleton im-
age with distance values, the original segmented vessel can
be recovered.'® However, if the local changes in vessel thick-
ness caused by aneurysms are suppressed by smoothing of
the skeleton image with a rind filter, a vessel with suppressed
local changes in thickness was produced instead of the origi-
nal vessel. The rind filter was a hollow-sphere filter with a
one-voxel rind, where the rind region had a value of one and
the inside region had a value of zero. By use of the rind filter,
the voxel value at the center of the sphere was replaced by
the maximum distance value within the rind region. The di-
ameter of the rind filter was determined to be three times
larger than the maximum distance value on the skeleton im-
age within the candidate region.

L Distance {ransformation |

l Determination of skeleton of vessel |

Logical AND between skeleton image
and distance transformed image

Smoothing skeleton image with
distance value by rind filter

Reverse distance transformation

Vessel with suppressed local change
in thickness

FiG. 5. Algorithm for deriving the vessel with suppressed local change in
vessel thickness.
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E. Feature extiraction of small protrusion based
on SBDI technique

The SBDI technique is used for extracting useful image
features from SBD regions, which could be small aneurysm
regions for true positives, but thin or very small regions for
false positives. The thickness of a vessel with a small aneu-
rysm could be larger in the aneurysm region than in other
regions, and thus an extracted SBD region would be a small
aneurysm region, and the sphericity of the SBD region could
be relatively high. On the other hand, in a vessel without an
aneurysm, which is a false positive in this study, the local
change in vessel thickness would be very small. As a result,
the SBD region could be a thin or very small region, and thus
the sphericities of the SBD regions obtained from the false
positives could be smaller than those of aneurysms. There-
fore, it is possible to remove some false positives among
aneurysm candidates by using image features extracted from
SBD regions. From the SBD regions and original images, we
determined seven image features, i.e., effective diameter,
sphericity, relative SD of the distance value between centroid
and surface, maximum and minimum distance value between
centroid and surface, contrast, average voxel value, and SD
of the voxel value, which were used for rule-based schemes
and LDA.

However, because the large type and short branch type of
aneurysms are branches from a parent vessel on the skeleton
image, as shown in Fig. 3, there were small local changes in
the thicknesses of parent vessels. Therefore, we applied the
SBDI technique only to the single-vessel type and bifurca-
tion type.

F. False positive removal based on rule-based
schemes and LDA

For the removal of false positives, all rules used in rule-
based schemes were automatically determined based on im-
age features of all training aneurysms in each category (Fig.
3) by the use of simple thresholdings, such as 5% higher and
5% lower than the maximum and minimum values of each
feature.

The LDA was applied for the further removal of false
positives. The LDA is one of multivariate analysis methods.
The basic idea of the LDA is to discriminate between two
groups based on an output of a linear discriminant function
(LDF) derived from the data of two groups (e.g., Group A
and B), and then to classify unknown data into one of the
two groups. The unknown data is classified by thresholding
the output of the LDF (e.g., if the output was plus, the un-
known data would be determined to belong to a Group A). In
this study, the LDF was derived from four image features
(variables) of all cases except one case, and then all candi-
dates in the case left out was classified with the LDF into
aneurysm-candidate group and false-positive group.

The number of features for the short-branch-type candi-
dates was limited, because the candidate regions were iden-
tified based on short branches in the skeleton images, not on
the dot-enhanced image. Therefore, image features related to
dot-enhanced images were not obtained for short-branch-
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type candidates. Consequently, seven common features for
short-branch-type candidates and for the other candidates can
be used for the LDA. However, an effective image feature
combination was chosen by use of a stepwise selection
method based on Wilks’ lambda and the Az value. Wilks’
lambda is defined by the ratio of within-group variance to the
total variance,'® which indicates the degree of discrimination
between true positives and false positives, and Az value is
the area under the receiver operating characteristic (ROC)
curve, which indicates an accuracy for detection of aneu-
rysms. An initial combination of features was obtained in the
stepwise method, and then an effective feature combination
was selected from the initial combination of features based
on the highest Az value. In the stepwise method, each feature
was added or removed one by one by the use of two thresh-
olds on the F value, one for removal and another for addi-
tion, by use of the F value, which is based on Wilks’
lambda.?® For this procedure, we employed 29 cases with 36
unruptured aneurysms and 31 nonaneurysm cases used in the
previous study,12 which was a part of Database A described
in the next section. As a result, the final combination con-
sisted of four features, i.e., the average voxel value, the rela-
tive SD of the voxel value, the relative SD of the distance
between the centroid and the surface, and the difference be-
tween the maximum and minimum distance (between the
centroid and the surface).

G. Subjects

We employed two databases obtained from different insti-
tutions, i.e., 53 cases with 61 aneurysms (diameter:
3-26 mm, mean of 6.6 mm) and 62 nonaneurysm cases ob-
tained from a Siemens 1.5 T unit (Database A), and 34 cases
with 36 aneurysms (1-15 mm, mean of 5.2 mm) and 29
nonaneurysm cases from a Toshiba 1.5 T unit (Database B).
All aneurysms were diagnosed by digital subtraction angiog-
raphy, computed tomographic angiography, surgery, or by
MRA that was assessed by two experienced neuroradiolo-
gists.

Database A: MRA axial images with 512X 512 pixels
and a pixel size of 0.391 or 0.410 mm were acquired from
115 patients on a 1.5 T MRI scanner (Magnetom Vision,
Siemens Medical Systems, Erlangen, Germany) by use of a
3-D time-of-flight (3D-TOF) technique in the Department of
Radiology, Knmamoto University. The 3-D MRA images in-
cluded 64, 96, or 128 slices with a slice thickness of 1.0,
0.67, or 0.5 mm, respectively. An isotropic 3-D image was
400X 400 X 128 voxels with a voxel size of 0.5 mm pro-
duced from the original 3-D MRA images by use of linear
interpolation and/or cropping.

Database B: Sixty-three cases were acquired on a 1.5 T
MRI scanner (Excelart, XG SPIN Edition, Toshiba Medical
Systems, Tochigi, Japan) by means of a 3-D-TOF technique
in the Department of Radiology, Kyorin University. Original
3-D MRA images with a pixel size of 0.3906 or 0.4167 mm
and a slice thickness of 1.0 or 1.1 mm were converted into
isotropic 3-D images with 400 X 400X 120-160 voxels and
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FIG. 6. An illustration of (a) an original segmented vessel with an aneurysm,
(b) a vessel with a suppressed aneurysm, and (c) a cross section of an SBD
region in coronal (top left), sagittal (top right), and axial (bottom left)
planes.

a voxel size of 0.5 mm by the use of linear interpolation
and/or cropping.

H. Evaluation of the performance

The performance of our CAD scheme was evaluated for
Database A based on a FROC curve, whereas the robustness
of the scheme was estimated for the independent Database B.
We tested our CAD scheme for the two databases separately
with a leave-one-out-by-patient test method. Because each
database was relatively small, we needed to use as many
cases as possible for the robust training of the CAD scheme.
However, if databases for testing were very large, a half-and-
half split test or n-way cross-validation test would be more
appropriate.

With this test method, all aneurysm candidates except
those from one patient were used for training with two rule-
based schemes and the linear discriminant function, and the
candidates left out were used for testing. This procedure was
repeated for all patients, so that all candidates in each patient
were used once as test candidates. By changing a threshold
value for discriminant scores of the candidates produced
with the linear discriminant function, which was determined
by LDA for distinction between aneurysms and false posi-
tives, we determined the FROC curve of the CAD scheme.
For obtaining the FROC curve, we sequentially applied rule-
based schemes and LDA to all candidates based on the leave-
one-out-by-patient test method.

lil. RESULTS AND DISCUSSION

The effects of the SBDI technique on a true positive and a
false positive, i.e., the vessel with and without an aneurysm,
are shown in Figs. 6 and 7, respectively. By use of the SBDI
technique, the vessel with a suppressed local change in ves-
sel thickness was derived, as shown in Fig. 6(b) from the
original segmented vessels with an aneurysm (bifurcation
type), as shown in Fig. 6(a). Although the thicknesses of
some portions of the vessel changed from the original one, as
shown in Fig. 6(b}, an aneurysm was suppressed cffectively.
As a result, the SBD region was extracted from the parent
vessel as an aneurysm region, as shown in Fig. 6(c). On the
other hand, for the false positive in Fig. 7, the original vessel
as shown in Fig. 7(a) was similar to the vessel with sup-
pressed local change in vessel thickness as shown in Fig.
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FIG. 7. An illustration of (a) an original segmented vessel without an aneu-
rysm (false positive), (b) vessel with suppressed local change in vessel
thickness, and (c) cross section of an SBD region in coronal (top left),
sagittal (top right), and axial (bottom left) planes.

7(b), because the local changes in the vessel thickness with-
out aneurysms were small. Consequently, the difference be-
tween the original and suppressed images, i.e., the SBD re-
gion, was very small, as shown in Fig. 7(c).

Figure 8 shows the relationship between the effective di-
ameter and sphericity of candidates of the single vessel type
for Database A. The sphericities of many false positives were
smaller than those of aneurysms, because only thin rind re-
gions or tiny regions could have remained for the false posi-
tives as SBD regions as shown in Fig. 7(c), whereas small
protrusions with a semispherical shape would have been ex-
tracted for small aneurysms, as shown in Fig. 6(c). Further-
more, the effective diameters of some false positives were
relatively smaller than those of many aneurysms, except one
aneurysm. Therefore, many false positives can be eliminated
by the use of some appropriate rules.

Figure 9 shows the FROC curve for the overall perfor-
mance of our scheme for Database A by the use of LDA with
the leave-one-out-by-patient test method. For producing the
FROC curve with the SBDI technique, we applied our
scheme to the candidates at an operating point without the
SBDI technique, i.e., the sensitivity was 97% with 5.8 false
positives per patient. As a result, our scheme achieved the
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FiG. 8. The relationship between the effective diameter and sphericity of
candidates of a single vessel type for Database A.

Medical Physics, Vol. 33, No. 2, February 2006

1 T T T T
I with SBDI |

= | ]
g without SBDI .
S 0.57 ]
T E
0 i

% 5 10

Number of false positives per patient

F1G. 9. FROC curve for the overall performance of our scheme for Database
A by use of LDA with the leave-one-out-by-patient test method.

same sensitivity of 97% with 3.8 false positives per patient
for 115 cases. The SBDI technique was applied to only the
bifurcation type and single vessel type of candidates. The
total number of the bifurcation type and single vessel type of
false positives per patient decreased by 53% compared with
the result without the SBDI technique. This result shows that
the SBD image features would be effective for removing the
bifurcation type and single-vessel type of false positives.

To evaluate the robustness of our scheme, we tested our
scheme for an independent different database with different
aneurysm sizes, i.e., Database B acquired from a Toshiba
MRI scanner at Kyorin University. In the leave-one-out-by-
patient method test, all rules for false positive removal were
antomatically determined from the image features of aneu-
rysms included in Database B, but the other parameters of
the scheme (e.g., the minimum effective diameter for initial
candidates, thickness and diameter of the hollow rind filter)
were the same as used for Database A. The image features on
LDA were the same as used for Database A. As a result, the
best performance of our CAD scheme for Database B indi-
cated a sensitivity of 94% with 2.3 false positives per patient.
This result may show that our scheme would be robust for a
different database acquired by a different MRI scanner at a
different institate if the rules for the CAD system would be
retrained appropriately at each institution. We believe that
most CAD systems would require retraining of rules for the
detection of aneurysms in practical use at each institution,
because the CAD performance varies depending on the im-
age quality of MRA, which could differ by institution and
MRI scanner. However, the method for retraining of the rules
should be relatively simple or be automated, as described in
Sec. I F. Nevertheless, for a further investigation of the ro-
bustness of our scheme, our CAD scheme needs to be ap-
plied to several independent databases acquired from differ-
ent MRI scanners with different magnitudes of magnetic
field at different institutions.

Undersampling for small aneurysms, i.e., larger slice
thickness compared with small aneurysms, could affect the
CAD performance. However, the slice thickness should be
determined according to the minimum diameter of target an-
eurysms. In a previous study, we focused on aneurysms
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equal to or larger than 3.0 mm, because the possibility of
rupture for aneurysms smaller than 3.0 mm would be uncer-
tain. However, for investigating the potential of our CAD
scheme for very small aneurysms, in this study, we applied it
to Database B, including ten aneurysms equal to or smaller
than 2 mm, where two aneurysms were 1 mm and eight an-
eurysms were 2 mm. For detecting small aneurysms with 1
and 2 mm diameters, the sampling intervals should be
smaller than 0.5 and 1 mm, respectively. However, the origi-
nal slice thickness in the Database B was 1.0 or 1.1 mm,
which was undersampling for such very small aneurysms,
although the voxel size after linear interpolation was
0.5 mm. Nevertheless, the CAD scheme was able to detect
one of two 1 mm aneurysms and seven of eight 2 mm aneu-
rysms, and the sensitivity was 80% for such very small an-
eurysms. We believe that if the original slice thickness was
smaller than 0.5 mm, the performance of our CAD scheme
would be higher. Therefore, this result showed the potential
of our CAD scheme for the detection of very small aneu-
TySms.

In conclusion, we have improved a computerized scheme
for the detection of intracranial aneurysms for 3-D MRA
based on the SBDI technique. While keeping a high sensi-
tivity of 97%, the number of false positives per patient de-
creased by 2.0 (from 5.8 to 3.8) by use of the SBDI tech-
nique. Our scheme may be robust and useful in assisting
radiologists for detecting aneurysms at 3-D MRA for various
aneurysm sizes and image qualities.
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APPENDIX: DEFINITIONS OF IMAGE FEATURES
SHOWN IN TABLE |

The image features shown in Table I are defined in this
appendix.
Gray level features:

(1) Average voxel value: Average voxel value within a seg-
mented region.

{(2) Standard deviation (SD) of voxel value: SD of voxel
value within a segmented region.
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(3) Relative contrast to average voxel value: Difference be-
tween maximum and minimum voxel values divided by
average voxel value within a segmented region.

(4) Relative difference in SD of voxel values between can-
didate and outside regions: Difference in SD of voxel
values between candidate and outside regions divided by
the SD within a candidate region. The candidate and
outside regions for each candidate were defined by the
candidate region at a current gray level threshold and the
increased region at the subsequent gray level threshold
in region growing technique, respectively.

(5) Relative difference in average voxel values between
candidate and outside regions: Difference in average
voxel values between candidate and outside regions di-
vided by average voxel value within a candidate region.

Morphological features:

(1) Effective diameter: Diameter of a sphere with the same
volume as that of the candidate.

(2) Sphericity: Fraction of the overlap volume between the
candidate region and the sphere with the same volume as
the candidate volume.

(3) Relative SD of the distance between centroid and sur-
face: SD of Euclidean distance value between centroid
and surface voxels in terms of candidate region divided
by average distance value.

(4) Maximum and minimum distance between centroid and
surface: Maximum and minimum Euclidean distance be-
tween centroid and surface voxels.

(5) Difference between maximum and minimum distance
between centroid and surface: Difference between maxi-
mum and minimum Euclidean distance between centroid
and surface voxels.

(6) Maximum or average distance value of distance-
transformed image: Maximum or average distance value
of distance-transformed image derived from a seg-
mented region with a candidate in the original image.

(7) Relative difference in maximum distance between can-
didate and outside regions: Difference in maximum dis-
tance value of distance-transformed image between can-
didate and outside regions divided by the maximum
distance within the candidate region.

(8) Length of protrusion: Difference between the shori-
branch length in the skeleton image and the radius of a
parent vessel obtained from the distance-transformed
image.
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Intracranial Aneurysms at MR
Angiography: Effect of
Computer-aided Diagnosis on
Radiologists’ Detection
Performance’

PURPOSE: To retrospectively evaluate the effect of computer-aided detection
(CAD) on radiologists’ performance in detection of intracranial aneurysms with
magnetic resonance (MR) angiography.

MATERIALS AND METHODS: The institutional review board approved this study
and did not require patient informed consent. Fifty maximum intensity projection
MR angiograms in 50 patients were used for observer performance study. The group
included 22 patients (age range, 43-86 years; mean, 60.2 years; 6 men and 16
women) with intracranial aneurysms and 28 patients (age range, 32-80 years;
mean, 58.8 years; 10 men and 18 women) without aneurysms. The MR angiograms
were obtained with three-dimensional time-of-flight 1.5-T MR imaging. Fifteen
radiologists, including eight neuroradiologists and seven general radiologists, par-
ticipated in the observer performance test. They interpreted the angiograms first
without and then with the aid of the computer output by using an automated-
computerized scheme. The observers’ performance without and with the computer
output was evaluated with receiver operating characteristic analysis.

RESULTS: For all 15 observers, average area under the receiver operating charac-
teristic curve (A,) value for detection of aneurysms was increased significantly from
0.9317 to 0.983 (P = .001) when they used the computer output. A, values for
general radiologists and neuroradiologists increased from 0.894 to 0.983 (P = .022)
and from 0.963 to 0.984 (P = .014), respectively. Improvement in the performance
of general radiologists in terms of the A, value was much greater than that of
neuroradiologists. Performance of general radiologists with CAD (A, = 0.983)
slightly exceeded that of neuroradiologists without CAD (A, = 0.963) (P = .048).

CONCLUSION: CAD improved neuroradiologists’ and general radiologists’ perfor-
mance for detection of intracranial aneurysms with MR angiography; improvement
was greater for general radiologists than it was for neuroradiologists.

© RSNA, 2005

The natural history of unruptured intracranial aneurysms is not completely understood.
Findings at autopsy and angiographic studies showed that between 3.6% and 6% of the
general population harbor an unruptured intracranial aneurysm (1). The analytic results of
the International Study of Unruptured Intracranial Aneurysms indicated that the risk of
rupture is related to the site and size of an aneurysm and to a history of subarachnoid
hemorrhage (2). With regard to treatment for unruptured intracranial aneurysms, benefits
of surgical treatment or of endovascular intervention have been suggested in some studies
(3,4). Recently, the investigators of the International Study of Unruptured Intracranial
Aneurysms proposed that the specific risks related to the natural history of intracranial
aneurysms should be considered in the treatment of each patient (5).
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Magnetic resonance (MR) angiography
is a widely available and noninvasive im-
aging modality that has high sensitivity
for the detection of intracranial aneu-
rysms. The accuracy of MR angiography
in the detection of intracranial aneu-
rysms is about 90% (6). The sensitivity of
MR angiography was greater for detec-
tion of aneurysms larger than 3 mm than
it was for detection of aneurysms that
were 3 mm or smaller, that is, 94% versus
38% (6).

During the past 10 years, screening of
unruptured infracranial aneurysms with
MR angiography has gained attention, for
example, for examining asymptomatic pa-
tients who are at risk of having an aneu-
rysm because of a strong family history of
aneurysmal subarachnoid hemorrhage or
because of autosomal dominant polycystic
Kidney disease (7-9). Although screening
of asymptomatic individuals without such
risk factors is still controversial, MR angiog-
raphy is used for screening of unruptured
aneurysms in the general population in Ja-
pan (10).

To date, MR angiography is widely ac-
cepted in screening for intracranial aneu-
rysms, and the demand is increasing. In
screening for unruptured intracranial aneu-
rysms with MR angiography, however, radi-
ologists need to analyze large amounts of
data that include multiple image projections
per examination and source images obtained
with MR angiography. It is time consuming
and sometimes difficult for radiologists to
find small aneurysms, or it may not be easy
to detect medium aneurysms on maximum
intensity projection (MIP) images, because of
overlap with adjacent vessels and because of
unusual locations (11,12). Thus, there is al-
ways the 1isk of missing an aneurysm. There
are some methods that help avoid missing
an intracranial aneurysm, such as the use of
independent readings by two or more radi-
ologists (11). Independent readings by two
or more radiologists, however, increase the
workload of radiologists in a routine clinical
practice.

In regard to other organs, the concept of
computer-aided detection (CAD) for screen-
ing of breast cancer with mammography
and for screening of lung cancer with chest
radiography and/or computed tomography
(CT) has been applied, and the usefulness of
CAD systems for the detection of cancers has
been reported (13-17). To our knowledge,
however, a CAD scheme has not been ap-
plied to the detection of infracranial aneu-
rysms with MR angiography. We have been
developing a CAD system for detection of
intracranial aneurysms in screening with MR
angiography (18). The purpose of our study,
therefore, was to refrospectively evaluate the
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effect of CAD on radiologists’ performance
in the detection of infracranial aneurysms
with MR angiography.

MATERIALS AND METHODS

Patient Selection

One neuroradiologist (T.H.) retrospec-
tively selected 60 consecutive patients
with unruptured intracranial aneurysms
who underwent MR angiography at the
Kumamoto University Hospital, Kum-
amoto, Japan, to evaluate possible intra-
cranial vascular lesions between October
1999 and August 2003. The patients’ data
were derived from the MR imaging data-
base of our institution. From the same
database, 60 age-matched patients with-
out intracranial aneurysms were also re-
cruited by the same neuroradiologist. MR
angiograms obtained in the 120 patients
were reviewed in consensus by two expe-
rienced neuroradiologists (T.H. and Y.X,,
with 16 and 24 years of experience, re-
spectively) who did not participate in the
observer performance study. Our institu-
tional review board approved this study
and did not require patient informed
consent.

MR Imaging

All MR imaging examinations were per-
formed with a 1.5-T imager (Magnetom
Vision; Siemens Medical Systems, Erlan-
gen, Germany) by using a circular polar-
ized head coil. Three-dimensional time-of-
flight MR angiograms were obtained with
the following parameters: 32/6 (repetition
time msec/echo time msec), one signal ac-
quired, 20° flip angle, 64-mm slab thick-
ness, 64 partitions, 20-cm field of view, and
256 X 512 matrix. The acquisition data
were converted into a 512 X 512 matrix,
with a pixel size of 0.39 X 0.39 mm, by
using an interpolation technique. Tilted
optimized nonsaturating excitation and
magnetization transfer pulses were applied
for enhancement of the signals of blood
flow. The slabs were placed to include the
structures from the intracranial vertebral
artery to the A2 branch of the anterior ce-
rebral artery. Saturation pulses were ap-
plied cephalad so that venous blood sig-
nals were eliminated.

Selection for Observer Performance
Study

Twenty-two of the 60 patients with un-
ruptured intracranial aneurysms were
further selected for an observer perfor-
mance study by the same two neuroradi-
ologists who performed the patient selec-

tion. The inclusion criteria for the patient
selection were as follows: (@) patients
with only one aneurysm were chosen,
(D) location and size of the aneurysm
were similar to the distributions in a clin-
ical environment, and (¢) high-quality
MR angiograms were available for inter-
pretation. There were six men and 16
women, with an age range of 43-86 years
(mean age, 60.2 years). The locations and
sizes of the aneurysms are listed in Table
1. The sizes of the aneurysm ranged from
3 to 26 mm in maximum diameter
(mean, 7.1 mm). According to the maxi-
muin diameter, the aneurysms were clas-
sified into three groups: eight small (<5
mm), 11 medium (5-12 mm), and three
large (>12 mm). The aneurysms were lo-
cated at the internal carotid artery (n =
10), middle cerebral artery (n = 4), ante-
rior cerebral artery (n = 3), basilar artery
(n = 3), posterior cerebral artery (n = 1),
and vertebral artery (n = 1). The 22 le-
sions included 20 saccular aneurysms
and two fusiform aneurysms. The diag-
nosis was proved at CT angiography (n =
12) and conventional digital subtraction
angiography (n = 3); the remaining
seven aneurysms were confirmed with
consensus reading of MR angiograms by
the same two experienced neuroradiolo-
gists mentioned before. Source images
obtained with MR angiography were also
used for the confirmation. Eight of the 22
patients had old brain infarctions; intra-
cranial steno-occlusive disease was
present in two patients.'An azygous an-
terior cerebral artery was seen in one pa-
tient with a distal anterior cerebral artery
aneurysm. Meningioma and pituitary
microadenoma were seenn on conven-
tional MR images in one case each. These
additional lesions did not affect the in-
terpretation of MR angiograms.

Twenty-eight of the 60 patients with-
out intracranial aneurysms were further
selected by the same two neuroradiolo-
gists as a control group for the observer
study, and the age information was sim-
ilar to that of the group with aneurysms.
The diagnosis of no intracranial aneu-
rysms was proved with consensus read-
ing of MR angiograms by the two experi-
enced neuroradiologists; source images
obtained with MR angiography were also
used for the -diagnosis. There were 10
men and 18 women, with an age range of
32-80 years (mean age, 58.8 years). Four
of the 28 patients had old brain infarc-
tions that did not affect the image inter-
pretation. There were no other apparent
brain lesions on MR images in this con-
trol group.
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TABLE 1
Location and Size of Aneurysms
Size
Total No.
Location Small Medium Large of Patients

Internal carotid artery, top portion 0 1 0 1
internal carotid and anterior choroidal

arteries 1 0 0 1
Internal carotid and posterior

communicating arteries 1 0 0 1
Internal carotid artery, first part of

cisternal segment and carotid knee

segment 1 1 0 2
internal carotid and ophthalmic arteries 1 0 0 1
internal carotid artery, carotid knee )

segment 1 0 ] 1
Internal carotid artery, cavernous segment 0 ™ 2 3
Middie cerebral artery, sphenoidal and

insular segments 2 1 1 4
Anterior communicating artery 0 2 0 2
Anterior cerebral artery, distal portion 0 1 0 1
Posterior cerebral artery, distal portion 0 1 0 1
Basilar artery, top portion ) 0 1 0 1
Basilar and anterior inferior cerebellar

arteries 0 1 0 1
Basilar artery 1 0 0 1
Vertebral artery 0 1™ 0 1

Total 8 " 3 22
* Fusiform aneurysm.

Computerized Scheme for
Automated Detection of
Intracranial Aneurysms

Details of the CAD scheme used in this
study are shown elsewhere (18). First, the
isotropic images from three-dimensional
MR angiography were processed by using
three selective filters for enhancement of
aneurysms, vessels, and vessel walls. The
initial candidates were identified by us-
ing a multiple gray-level threshold tech-
nique on the three-dimensional dot-en-
hanced images within the search area,
which was determined with dilatation of
major vessels, because most aneurysms
appear in specific vessels. Candidate re-
gions were segmented by using a region-
growing technique with monitoring of
some image features. In the next step, all
candidates were classified into four types
according to the size of the aneurysms
and the local structures involved. In each
group, a number of nonaneurysms were
removed by using rules that were based
on localized image features related to
gray levels and morphologic characteris-
tics. Finally, linear discriminant analysis
was employed for further removal of
some false-positive findings. Our scheme
achieved a sensitivity of 100% (36 of 36),
with 0.55 false-positive finding per pa-
tient in a consistency test (18).
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Observer Performance Study

A total of 15 observers, including eight
board-certified radiologists who specialized
in neuroradiology (neuroradiologists) (M.K.,,
M.Y.) and seven board-certified radiologists
who did not specialize in neuroradiology
(general radiologists), took part in the ob-
server performance study. All observers were
blinded to the results of the diagnosis ob-
tained from the consensus of the two expe-
rienced neuroradiologists (T.H., Y.K.). The
neuroradiologists had 8-17 years of experi-
ence (mean, 13.0 years), and the general ra-
diologists had 7-20 years of experience
(mean, 13.3 years). The sequential test
method (19) was used in the observer perfor-
mance study. Fach observer read the MR an-
glograms displayed on a monitor first with-
out the computer output and rated his or her
confidence level in determining the presence
or absence of an aneurysm. Next, the com-
puter output, marked by circles that indi-
cated potential aneurysms, was superim-
posed on the MR angiograms. The observer
then viewed the image with the computer
output and rated it again. An interface pro-
gram was created for an image display with-
out and with the computer output for the
observer performance test. The 15 observers
viewed the MIP MR angiograms displayed
on a gray-scale monitor (Precision 650; Dell,
Round Rock, Tex) with a spatial resolution of
1600 X 1200. The monitor screen was di-

TABLE 2
A, Values for Radiologists in
Detection of Intracranial Aneurysms
Without With
Observers CAD CAD
Neuroradiologists
1 0.939 0.964
0.986 0.994
3 0.989 0.998
4 0.969 0.970
5 0.969 0.984
6 0.952 0.993
7 0.942 1.000
8 0.958 0.967
Mean 0.963 0.984
General radiologists
9 0.916 0.961
10 0.909 0.984
11 0.871 0.978
12 0.909 0.989
13 0.871 0.989
14 0.872 0.984
15 0.910 0.993
Mean 0.894 0.983
Overall 0.931 0.983

vided into two areas: one area in which MR
angiograms were displayed in z-axis, x-axis,
and y-axis rotations and another area in
which observers indicated their confidence
levels in the observer performance study. On
the monitor, observers could see 19 MIP MR
angiograms ranging from —90° to +90° (10°
intervals) in the z-axis rotation and five MIP
MR angiograms ranging from —20° to +20°
(10° intervals) in the x-axis and y-axis rota-
tions. The observers were allowed to select
the direction of the MR angjograms and the
magnification of the images on the monitor.
They were also permitted to use the cine
mode for displaying the images.

Images in all of the 50 patients (22
with aneurysms and 28 without aneu-
rysms) selected for the observer perfor-
mance study were presented in the same
randomized order to the observers. The
observers were provided with the follow-
ing information before the observer per-
formance test: (g) the sequential test
method that was used, (b) there was only
one aneurysm in each patient, and (¢) the
type of aneurysm was either saccular or
fusiform. The observers were blinded to
the number of patients with aneurysms
and the performance level of the CAD
scheme. There was no limit on the read-
ing time.

Before the observer performance test,
each observer underwent a training ses-
sion with four training cases to become
familiar with the computer output and
the test procedure. The four training
cases were not included with the images
from the 50 selected patients used in the
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observer performance study. Each ob-
server used a continuous rating scale of a
line-marking method to rate his or her
confidence level on the monitor. At the
left end of the line, a confidence level
that an aneurysm was definitely absent
was indicated, whereas at the right end, a
confidence level that an aneurysm was
definitely present was indicated. Inter-
mediate levels of confidence were indi-
cated by the different positions on the
line between the two ends, and positions
close to the right and left ends indicated,
respectively, greater and lesser degrees of
confidence in regard to the presence of
an aneurysm. The distance between the
left end and the marked point was auto-
matically determined in the computer
and was converted to a confidence level
that could range from O to 100.

To investigate the effect of CAD fur-
ther, we also determined the difference
between the confidence levels without
and with the computer output. We as-
sumed that a clinically relevant change
in confidence levels occurred only when
the difference was greater than 20 units
on a 0-100 confidence rating scale. A
shift of more than 20 units in the direc-
tion toward a correct diagnosis implied
that the use of the CAD was beneficial.
Similarly, a shift of more than 20 units in
the direction toward an incorrect diagno-
sis implied that the use of CAD was det-
rimental. The number of cases with ben-
eficial effects and the number of those
with detrimental effects, according to
each observer, were assessed.

Statistical Analysis

Observer performance was evaluated
by using receiver operating characteristic
analysis with the LABROC program, ac-
cording to Metz et al (20). The receiver
operating characteristic curves for each
observer without and with the computer
output indicated the true-positive frac-
tion to the false-positive fraction at each
confidence level. The area under the re-
ceiver operating characteristic curve (A,)
was used for comparing the observers’
performance in the detection of intracra-
nial aneurysms.

To investigate the effect of CAD for
all observers, the significance of the dif-
ference between the A, values obtained
without and with CAD was evaluated
by using the Wilcoxon matched-pairs
signed rank test. To investigate the ef-
fect of CAD for each radiologist group,
the significance of the difference in 4,
values between neuroradiologists and
general radiologists was evaluated with
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Figure 1. Graph shows average receiver oper-
ating characteristic curves for all observers in
the detection of intracranial aneurysms with-
out and with CAD output. The average A,
value in the detection of aneurysms was signif-
icantly improved from 0.931 to 0.983 when
observers used the computer output (P = .001).

a Mann-Whitney U test. In addition,
the difference between the average
numbers of cases affected beneficially
and detrimentally because of CAD was
analyzed by using the Wilcoxon
matched-pairs signed rank test. In all
the analyses, a P value of less than .05
was considered to indicate a significant
difference.

RESULTS

Observer Performance

For all observers, the mean A, values
(Fig 1, Table 2) obtained without and
with CAD were 0.931 * 0.04 (standard
deviation) and 0.983 = 0.01, respec-
tively, which indicated a significarit dif-
ference (P = .001). In the neuroradiolo-
gist group (Fig 2), the mean A, values
obtained without and with CAD were
0.963 = 0.02 and 0.984 = 0.01, respec-
tively, which indicated a significant dif-
ference (P = .014). In the general radiol-
ogist group (Fig 3), the mean A, values
obtained without and with CAD were
0.894 + 0.02 and 0.983 = 0.01, respec-
tively, which indicated a significant dif-
ference (P = .022). There was a significant
difference in the mean A, values ob-
tained without CAD between the two
groups of radiologists (P = .001). There
was no significant difference, however,
in the mean A, values obtained with CAD
between the two groups of radiologists
(P = .522). The performance of general
radiologists (A, = 0.983) with CAD
slightly exceeded that of neuroradiolo-
gists (A, = 0.963) without CAD. There

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Fraction

Figure 2. Graph shows average receiver oper-
ating characteristic curves for eight neuroradi-
ologists in the detection of intracranial aneu-
rysms. The average A, value in detection of
aneurysms was improved significantly from
0.963 to 0.984 when they used the computer
output (P = .014).

1.0 7 T
. !
5 08 General Radiologists with CAD
& Az =10.983
8 4
=4
2 0.6 General Radiologists without CAD
= Az =0.8394
z ]
S
& 9.4} 4
@
=
T
o
0.20 b
P=0.022 ]
0‘0 | 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Fraction

Figure 3. Graph shows average receiver oper-
ating characteristic curves for seven general
radiologists in the detection of intracranial an-
eurysms. The average A, value in detection of
aneurysms was improved significantly from
0.894 to 0.983 when they used the computer
output (P = .022).

was a significant difference in the mean
A, values between the general radiologist
group with CAD and the neuroradiolo-
gist group without CAD (P = .048).

Confidence Ratings

The results of a clinically relevant
change in confidence ratings for each ob-
server (Figs 4, 5) showed that among the
22 patients with aneurysms, the average
number of cases affected beneficially was
2.3 (10%). There were no cases of patients
with an aneurysm that were affected det-
rimentally. Among the 28 patients with-
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Figure 4. Graph shows number of cases
(>20%) affected by the CAD output in confi-
dence level with regard to patients with aneu-
rysms. There were no cases affected detrimen-
tally. The numbers 1-8 on x-axis represent the
eight neuroradiologists and 9-15 represent the
seven general radiologists.
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Figure 5. Graph shows number of cases
(>20%j affected by CAD output in confidence
level with regard to patients without aneu-
rysms. The numbers 1-8 on x-axis represent
the eight neuroradiologists, and 9-15 repre-
sent the seven general radiologists.

out aneurysms, the average number of
cases that were affected beneficially was
significantly larger than that of cases that
were affected detrimentally (mean num-
ber of cases, 2.3 [8%] vs 0.3 [1%]; P =
.02).

In beneficially affected cases in pa-
tients with aneurysms, small aneurysms
at the internal carotid artery were fre-
quently affected in both the neuroradi-
ologist and general radiologist groups
(Table 3). The general radiologists were
more likely to be affected with small an-
eurysms at the middle cerebral artery,
medium aneurysms at an unusual loca-
tion such as the distal anterior and pos-
terior cerebral arteries, medium fusiform
aneurysms at the vertebral artery, and
large aneurysms at the internal carotid
artery. Large aneurysms at the internal
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TABLE 3
Summary of Aneurysms Affected Beneficially by CAD
Observers and Location Size (mm) No. of Cases
Neuroradiologists
Internal carotid and anterior choroidal arteries 3 2
Internal carotid and posterior communicating arteries 4 1
General radiologists
Internal carotid and anterior choroidal arteries 3 5
internal carotid artery, carotid knee segment 3 1
Middle cerebral artery, sphenoidal and insular segments 4 9
Internal carotid and ophthalmic arteries 4 2
Internal carotid and posterior communicating arteries 4 1
Basilar artery 4 1
Internal carotid artery, top portion 5 2
Internal carotid artery, first part of cisternal segment and
carotid knee segment 5 1
Anterior communicating artery 5 1
Posterior cerebral artery, distal portion 5 1
Anterior cerebral artery, distal portion 6 1
Vertebral artery* 6 3
Internal carotid artery, cavernous segment 16 3

* Fusiform aneurysms.

carotid artery were missed in the first rat-
ing by three general radiologists because
the signal intensity of the large aneurysm
was relatively low as a result of turbulent
flow within the aneurysm. In the five
detrimentally affected cases in patients
without aneurysms, the detrimental ef-
fects in both groups were caused by an
increase in the confidence level in favor
of the presence of an aneurysm.

DISCUSSION

We analyzed A, values separately for neu-
roradiologists and general radiologists to
determine whether the effect of CAD on
observer performance was dependent on
clinical experience. The results indicated
that the use of computer output was
more beneficial to general radiologists
than it was to neuroradiologists; the A,
values for general radiologists with CAD
were almost equal to those for neurora-
diologists. In addition, it is important to
note that the effect of using the com-
puter output was also beneficial for neu-
roradiologists.

The knowledge required for detection
of intracranial aneurysms with MR an-
giography includes the anatomy of the
intracranial vessels, common locations of
intracranial aneurysms, etiology and
classification of the aneurysms, diagnos-
tic accuracy of MR angiography for intra-
cranial aneurysms, and artifacts and pit-
falls for MR angiography. All of the gen-
eral radiologists who took part in the
observer study had limited experience, of
1 year or less, in neuroradiology, and
were considered to be unfamiliar with

findings of intracranial aneurysms. This
factor presumably accounts for the find-
ing that general radiologists benefited
much more from the use of CAD. In
other words, the radiologist’s perfor-
mance in detection of intracranial aneu-
rysms probably depends on his or her
experience and knowledge as a neurora-
diologist. The fact that the effect of using
CAD for neuroradiologists was also ben-
eficial, however, may indicate that the
use of CAD can improve radiologists’ de-
tection performance irrespective of their
knowledge and experience.

In our study, 10% of cases in patients
with aneurysms were affected benefi-
cially by the computer output. This result
was caused by an increase in the ob-
server’s confidence in diagnosing the
presence of aneurysms in cases in pa-
tients with aneurysms that were detected
with the use of CAD. It is sometimes dif-
ficult for radiologists to find small aneu-
rysms, or it may not be easy to detect
medium aneurysms on MIP images be-
cause of overlap with adjacent vessels
and because of unusual locations (11,12).
Our results without use of CAD showed a
similar tendency for the false-negative
findings with MIP MR angiograms. We
also found that large aneurysms might be
missed by general radiologists. Because
general radiologists are not familiar with
the unusual signal intensity of large an-
eurysms on MR angiograms, they might
have missed these aneurysms.

Our observer performance test results
indicated that the use of CAD was clearly
beneficial, even in cases in patients with-
out aneurysms. About 8% of cases in pa-
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tients without aneurysms were affected
beneficially because of the increase in the
observer’s confidence in diagnosing the
absence of aneurysms in cases in patients
without aneurysms. On the other hand,
only 1% of cases in patients without an-
eurysms were affected detrimentally be-
cause of an increase in the confidence
level in favor of the presence of an aneu-
rysm. The detrimental effects were signif-
icantly smaller than were the beneficial
effects. Unruptured intracranial aneu-
rysms are being diagnosed with greater
frequency as imaging technologies im-
prove. Since the workload of radiologists
will increase in the near future, the use of
CAD may be necessary to increase true-
positive findings and decrease false-posi-
tive findings as interpreted by radiolo-
gists.

Our study had limitations. First, source
images obtained with MR angiography
were not included in this observer perfor-
mance study. It is likely that source im-
ages obtained with MR angiography
would have been helpful in the detection
of aneurysms. Reading source images ob-
tained with MR angiography, however,
may be time consuming for radiologists,
especially for general radiologists. Be-
cause the fatigue in reading many images
for observer performance testing may af-
fect the results, we used only MIP images
obtained with MR angiography in this
study. We provided multiple views of
MIP images to observers. Therefore, we
believe that this observer performance
test was adequate for assessment of ob-
server performance in the detection of
aneurysms. Second, this study might
have had a bias in patient selection. We
selected 22 patients with aneurysms and
28 control patients. The aneurysms were
of various sizes, but most were small or
medium, and nearly half were small. In
addition, some aneurysms were located
at unusual sites. Patients with steno-oc-
clusive disease were also included to sim-
ulate patients in our routine practice.
Thus, we believe that the patients we se-
lected reflected patients seen in routine
clinical practice. Third, there was a differ-
ence between the observer performance
study and a clinical environment. We
provided observers with the information
in regard to the number of aneurysms in
patients with aneurysms. Provision of
such information may have affected ob-
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server performance. Although readers
considered that multiple aneurysms may
have existed on a given image, they indi-
cated one aneurysm with confidence, be-
cause they knew that only one aneurysm
was present in a patient with an aneu-
rysm in the observer performance study.
Thus, potential false-positive reports might
have been artificially excluded.

In conclusion, the use of our CAD sys-
tem helped to improve both neuroradiolo-
gists’ and general radiologists’ performance
in the detection of intracranial aneurysms
with MR angiography, and this improve-
ment was more marked for general radiol-
ogists than it was for neuroradiologists.
Further investigations about the usefulness
of the CAD scheme, as applied to various
MR angiograms with various MR imaging
units, are needed for application in routine
clinical practice.
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Postoperative Assessment of
Extracranial-Intracranial Bypass by Time-
Resolved 3D Contrast-Enhanced MR

Angiography Using Parallel Imaging
Kazuhiro Tsuchiya, Keita Honya, Akira Fujikawa, Hidekatsu Tateishi, and Yoshiaki Shiokawa

PURPOSE: Our goals were to assess image quality of time-resolved contrast-enhanced MR
angiography (CE MRA), by using 3D data acquisition along with a parallel imaging technique
that can improve temporal resolution and to compare this technique with 3D-time-of-flight
(TOF) MRA in the postoperative assessment of extracranial (EC)-intracranial (IC) bypass
surgery.

METHODS: On a 1.5T imaging system, we performed CE MRA by using a 3D fast field-echo
sequence in combination with a parallel imaging technique, to obtain images in the coronal
plane centered at the postoperative site. Our patient group comprised 17 patients, including 13
after superficial temporal artery-middle cerebral artery (MCA) anastomosis, 3 after external
carotid artery-MCA anastomosis, and one after extracranial vertebral artery-posterior cerebral
artery anastomosis. Visnalization of the anastomosis and the distal flow on the CE-MRA images
was assessed comparatively with that on 3D-TOF MR angiograms obtained at the same time.
In 6 patients, we also compared the efficiency of visualization on CE-MRA images with that on
conventional angiograms.

RESULTS: A temporal resolution of 0.8 s/frame could be achieved with the technique
employed. The bypass was better demonstrated postoperatively on CE-MRA images than on
3D-TOF MR angiograms in 13 patients (76%), whereas the 2 methods were equivalent in 4
patients (24%). Good correspondence of results was observed in the 6 patients for whom CE

MRA and conventional digital subtraction angiography (IDSA) images were compared.

CONCLUSION: CE MRA by using the parallel imaging technique can increase image
acquisition speed with sufficient image quality. This technique is at least equivalent to 3D-TOF
MRA to evaluate the postoperative status of EC-IC bypass.

Extracranial-intracranial (EC-IC) bypass surgery has
been used to increase the cerebral blood flow and halt
extension of the affected area or reduce the risk of
future strokes in patients with ischemic cerebrovascu-
lar disease (1-3). Furthermore, several kinds of by-
pass surgery are performed in patients with cerebral
aneurysm, in which the parent artery often has to be
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sacrificed. In these cases, conventional angiography
has been used as the most reliable method to assess
the patency of the EC-IC anastomosis postopera-
tively. Recently, however, several other modalities—
including MR angiography (MRA), sonography, and
CT angiography—have also been reported to be use-
ful for such assessment (4-7).

Time-resolved contrast-enhanced (CE) MRA, in
which a rapid T1-weighted sequence is performed in
combination with bolus intravenous injection of a
gadolinium-based contrast agent, provides useful an-
atomic and hemodynamic information concerning in-
tracranial vascular lesions. To generate “time-re-
solved” images, 2D sequences were previously used
(8-14). More recently, however, a technique using an
effective k-space sampling technique that provides
good temporal resolution even with 3D data acquisi-
tion has been reported (15). Multiple arrays of re-
ceiver coils are used in the parallel imaging tech-
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nique, where the imaging time is reduced by a factor
equal to the number of coils used (16, 17). Applica-
tion of this technique to conirast-enhanced carotid
MRA has already been reported (18).

In this study, we assessed whether CE MRA with
3D data acquisition by using parallel imaging as well
as an efficient method of k-space sampling might be
useful in the postoperative assessment of EC-IC by-
pass, by providing images comparable to those ob-
tained in conventional 3D-time-of-flight (TOF) MRA
and digital subtraction angiography (DSA).

Methods

We obtained CE-MRA images from 17 consecutive patients
referred to us for MR imaging following EC-IC bypass during
a 2-year period. The subjects consisted of 7 men and 10 women
aged 23-74 years (mean age, 51.2 years). Of these patients, 13
had undergone superficial temporal artery (STA)-middle ce-
rebral artery (MCA) anastomosis for MCA disease (n = 8),
internal carotid artery (ICA) disease (n = 2), or Moyamoya
disease (n = 3), 3 had undergone external carotid artery
(ECA)-MCA anastomosis for ICA disease by using a radial
artery graft, and one had undergone extracranial vertebral
artery (VA)-posterior cerebral artery (PCA) anastomosis by
using a radial artery graft for bilateral occlusion of the vertebral
arteries due to dissection and its therapy. The interval between
surgery and the MR study ranged from 2 days to 4 years and 10
months (mean, 15.1 months).

On a 1.5T imaging system, in addition to obtaining conven-
tional T1-weighted, T2-weighted, and fluid-attenuated inver-
sion recovery (FLAIR) images, and MR angiograms by using a
3D-TOF technique, we also performed CE MRA by using a 3D
fast field-echo sequence in conjunction with a parallel imaging
technique and segmented k-space sampling technique. For the
parallel imaging technique, we employed a 5-channel array coil
with a time reduction factor of 2.0. As described in detail
elsewhere (19), for the segmented k-space sampling technique,
we divided the k-space into 6 segments and acquired data from
the central part and one of the remaining 5 segments alternate-
ly—that is, after collecting the data from the central segment,
the data from the remaining 5 segments were collected, starting
with the closest one. The accumulated data were then recon-
structed as one image. This technique allowed the speed of
data collection to be trebled as compared with that in the
conventional methods of reconstruction. In all the patients in
this series, the scanning was conducted in the coronal plane, by
placing a section centered at the postoperative site as visualized
in the precontrast MR images. The other imaging parameters
were as follows: TR/TE/excitations, 3.1/0.9/1; flip angle, 20%
imaging matrix, 128 X 256; field of view, 26 X 28 cm; partition
thickness, 7.5 mm; number of partitions, 10 (section thickness,
75 mm). No interpolation was done in postprocessing. At the
start of the scanning, 7 mL of gadolinium was injected via the
antecubital vein at the rate of 3 mL/s, followed by 15 mL of
saline for flushing, by using a power injector. The postprocess-
ing that involved maximum-intensity projection of the acquired
data, obtained after subtracting a set of source images in the
early phase from subsequent sets, and gray-scale reversal usu-
ally took <15 minutes. For 3D-TOF MRA used in comparison,
we performed image reconstruction without employing tar-
geted maximum-intensity projection.

Visual assessment of the CE-MRA images from all of the 17
patients was performed, and the visualized images of the bypass
on both the CE-MRA. images and 3D-TOF MR angiograms
were scored on a 3-point scale as follows: 2 = good; 1 = fair;
and 0 = poor. A score of 2 was assigned when the anastomosis
and secondary or more distal branches of the recipient vessels
connected to the anastomosis or graft artery could be demon-
strated. A score of 1 was assigned when the anastomosis and
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only recipient branches immediately distal to the anastomosis
or graft artery could be demonstrated. A score of 0 was as-
signed when neither the anastomosis nor any of the recipient
branches could be visualized. As we assessed both EC and IC
postoperative vessels, it was difficult to include a precise con-
trol group in this study for comparison. In 6 patients, we also
assessed conventional DSA images obtained within one month
after the MR study in terms of the visualization of the bypass
flow. All the CE-MRA images and MR angiograms were re-
viewed by 2 radiologists in a blinded fashion to the finally
assessed status of the bypass surgery and/or the findings in the
conventional DSA images. In cases whose conventional DSA
was not available, we used 3D-TOF MR angiograms as the
standard determining the conditions of the bypass by compar-
ison with the corresponding EC and IC vessels on the contralat-
eral side. In cases of disagreement in the assessment of any of
the angiograms, the final judgment was reached by consensus.
Interobserver concordance of the review of the 3 kinds of
angiograms between the 2 readers was evaluated by the kappa
test.

Results

The CE-MRA and 3D-TOF MR angiographic im-
ages were not degraded by patient motion or techni-
cal failure in any of the patients and were rated as
being of good diagnostic quality. A temporal resolu-
tion of 0.8 s/frame was obtained with our CE-MRA
technique, which was twice that obtained with the
CE-MRA technique employed before the introduc-
tion of the parallel imaging technique.

At the initial assessment, the 2 readers’ ratings
agreed in 16 (94%) patients with a kappa value of
0.77 (substantial reproducibility), in 14 (82%) pa-
tients with a kappa value of 0.58 (moderate reproduc-
ibility), and in 6 (100%) patients with a kappa value of
1.00 (perfect reproducibility) in the assessment of
CE-MRA images, 3D-TOF MR angiograms, and con-
ventional DSA images, respectively.

Of the 16 patients who underwent STA- or ECA-
MCA bypass surgery, the patency of the anastomosis
was visualized on the CE-MRA images in all the
patients, except in one whose surgery had been per-
formed at another institution. His CE MRA demon-
strated failure of surgery, which was first suspected on
3D-TOF MR angiograms. In all of the remaining 15
patients who had successful STA- or ECA-MCA by-
pass surgery, CE MRA demonstrated flow from the
parent artery to M2 or more distal branches. In the
ratings of these 15 patients, CE MRA was rated
better than 3D-TOF MRA in 12 patients, whereas it
was rated as being equally efficient in 3 patients. In
the former group of 12 patients, CE MRA allowed
visualization of the distal M2 branches and their flow
dynamics could be compared with that on the con-
tralateral side (Fig 1). In the patient who had VA-
PCA bypass surgery, CE MRA provided better visu-
alization of the flow to the bilateral PCAs and even to
the distal basilar artery than 3D-TOF MR angio-
grams. Overall, CE MRA allowed better visnalization
of the postoperative bypass than 3D-TOF MRA in 13
patients (76%), whereas the 2 methods were equally
efficient in 4 patients (24%). The rating of CE MRA
corresponded to that of conventional angiography in
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all of the 6 patients who underwent both the imagings
(Fig 2).

Discussion

Postoperative EC-IC bypass is required not only to
be patent, but also to provide sufficient blood flow to
hypoperfused areas. As stated above, conventional
angiography, MRA and CT angiography have been
employed in the postoperative assessment of bypass
grafts and the distal blood supply. Ultrasonography
has also been used for the assessment, both intraop-
eratively and postoperatively (20, 21). Until now, sin-
gle-photon emission CT or positron-emission tomog-
raphy and perfusion study by MR imaging or CT have
been considered as the most suitable techniques for
the assessment of cerebral blood flow through a by-
pass graft. It has been believed that MR imaging with
diffusion-weighted scanning is of greater value than
CT to diagnose early postoperative lesions, including
new infarction related to technical failure or homo-
dynamic changes and multifocal hemorrhage with ce-
rebral edema due to normal perfusion pressure
breakthrough.

Our results indicated that CE MRA may be at least
as useful as 3D-TOF MRA, if not of greater value, for
the anatomic evaluation of EC-IC bypasses. Despite
the limited number of cases in this study, the findings
on CE-MRA images corresponded to those on con-
ventional DSA images in terms of visualization of the
branches distal to the anastomosis. These features of
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Fia 1. A 57-year-old man 7 months
after STA-MCA anastomosis for stenosis
of the right MCA.

A, 3D-TOF MR angiogram shows
patent anastomosis between the 2 STA
branches and distal branches of the right
MCA (M2).

B-D, Selected frames of CE MRA
show corresponding findings. Flow 1o
the distal parts of the M2 branches is
better demonstrated in these images
than by MRA.

CE MRA are considered to be especially advanta-
geous, because the imaging can be performed in com-
bination with MR imaging, including diffusion-
weighted imaging, with only the minimal invasiveness
associated with the injection of gadolinium.

We consider that our results owe much to technical
aspects of our CE-MRA scanning technique. CE
MRA can be performed with either 2D or 3D data
acquisition. In previous reports, 2D sequences have
been employed, with excellent temporal resolution,
whereas 3D techniques, which are widely used in
time-resolved MRA of other regions of the body,
were scarcely employed for the brain, mainly because
of the rapid intracranial circulation time. Despite 3D
data acquisition, however, we could still achieve a
temporal resolution of as good as 0.8 s/frame, by using
parallel imaging in combination with the segmented
k-space sampling technique. In-plane spatial resolutions
for the 2 MR techniques were 2.0 X 1.1 mm for time-
resolved, CE MRA and 1.0 X 0.8 mm for 3D-TOF
MRA. Although these in-plane sizes of pixels and the
partition thickness (5 mm) were not so small, we
could still clearly visualize the anastomoses, which are
only a few millimeters in diameter, as well as their
fine distal branches by our CE MRA. We believe that
the maximum-intensity-projection, which effectively
increases the signals from vessels containing gadolin-
ium in the postprocessing of the 3D data set in CE
MRA, was effective for good visualization of the
small arterial branches despite lower spatial resolu-
tion when compared with 3D-TOF MRA. In addition,
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Fic 2. A 43-year-old woman 3 weeks after EC-MCA anastomosis by using a radial-artery graft for occlusion of the right ICA for

treatment of a large ICA aneurysm.
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A, 3D-TOF MR angiogram shows a patent radial artery graft and distal MCA branches. Note that the more distal MCA branches cannot

be fully visualized due to the limited section thickness.

B, Conventional DSA images confirm the patent anastomosis and good distal flow.

C-E, Selected frames of CE MRA show corresponding findings.

we consider that images of multiple phases of CE
MRA allowed clear visualization even when the blood
flow through a bypass route was rather slow.

The size of the field of view that we selected was
the smallest allowed by our hardware and sequence.
This resulted in a rather large vozxel size, as stated
above. The field of view, however, enabled us to
visualize long bypasses, such as an EC-MCA anasto-
mosis by using a radial-artery graft, for their entire
length (Fig 2). This is another advantage of CE MRA
over 3D-TOF MRA, which is generally limited by the
section thickness. In addition, with our protocol of
injecting 7 mL of gadolinium for a single scan, it is
possible to perform CE MRA in an additional plane
if indicated. Actually, in 2 patients in this series, we
additionally obtained sagittal CE-MRA images, the
image quality of which was the same as that of the
initial coronal scans. This is probably because, due to

subtraction, gadolinium injected for the initial scan
does not degrade images of the second scan.

Because our technique provides serial images with
good temporal resolution, their pixel-by-pixel analy-
sis, similar to that in perfusion imaging performed by
using the dynamic susceptibility contrast technique,
may provide quantitative hemodynamic information
from the scanned area. This is currently being inves-
tigated at our institution.

Conclusion

For postoperative evaluation of EC-IC bypasses,
CE MRA can be performed with minimal invasive-
ness and a short examination time in addition to MR
imaging, which can sensitively assess changes in the
brain parenchyma. CE MRA by using the parallel
imaging technique as well as the segmented k-space
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sampling technique is effectively used to assess pa-
tency of EC-IC bypasses.

10.
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PB,- and B;-Adrenergic Receptor Polymorphisms Are Related
to the Onset of Weight Gain and Blood Pressure
Elevation Over 5 Years

Kazuko Masuo, MD, PhD; Tomohiro Katsuya, MD, PhD; Yuxiao Fu, MD; Hiromi Rakugi, MD, PhD;
Toshio Ogihara, MD, PhD; Michael L. Tuck, MD

Background—The genes responsible for obesity are candidate genes for obesity-related diseases, such as hypertension.
Functional polymorphisms in the 8, and B;-adrenergic receptors have been reported to be associated with hypertension
and obesity.

Methods and Resulfs—To longitudinally clarify the relevance to alterations in S-adrenergic receptor polymorphisms
related to weight gain, blood pressure (BP) elevation, and sympathetic nerve activity as measured by plasma
norepinephrine level, we studied 160 young, nonobese, normotensive men. Changes in body weight, BP, plasma
norepinephrine levels, and B,-adrenergic (Argl6Gly, GIn27Glu) and Bs-adrenergic (Trp64Arg) receptor polymorphisms
were measured periodically over a 5-year period. Weight gain and BP elevation were defined as =10% increases from
entry levels over 5 years in body mass index or mean BP. The presence of the Gly16 allele of Arg16Gly was associated
with a higher frequency of weight gain and BP elevation over the 5-year period. The subjects carrying the Glu27 allele
of GIn27Glu and the Trp64 allele of Trp64Arg had a higher frequency of BP elevation. Significantly higher levels of
plasma norepinephrine at entry and at year 5 were observed in the subjects with the Gly16 allele of Argl6Gly and the
Glu27 allele of GIn27Glu compared with those without the Gly16 or the Glu27 alleles.

Conclusions—These results demonstrate that the Gly16 allele is related to greater weight gain and BP elevation.
Additionally, Glu27 and Trp64 alleles are linked to BP elevation. The subjects carrying the 8,-polymorphisms linked
to weight gain and BP elevation also have higher plasma norepinephrine levels that are present at entry before weight
gain and BP elevation. These findings suggest that B,-adrenergic receptor polymorphisms in association with a
heightened sympathetic nerve activity could predict the future onset of obesity and hypertension, as shown in the 5-year
longitudinal study. (Circulation. 2005;111:3429-3434.)

Key Words: hypertension ® norepinephrine & obesity

besity and obesity-related cardiovascular disease are a

rapidly growing public health problem,' and there is
evidence that human obesity and hypertension have strong
genetic as well as environmental determinants.2-* Reduced
energy expenditure and resting metabolic rate are predictive
of weight gain, and the sympathetic nervous system partici-
pates in regulating energy balance through thermogenesis.
The thermogenic effects in obesity have been mainly attrib-
uted to the activity of the f3,- and B,-adrenergic receptors in
humans. However, reports of an association of B,~adrenergic
receptor polymorphisms with hypertension and obesity have
been discordant.>-7 Several observations have shown that the
Trp64Arg polymorphism of the B;-adrenergic receptor gene
can also be associated with obesity®-19; however, this finding
has not been confirmed in other studies.!!12 Few studies have

simultaneously taken into account obesity and hypertension
as related to polymorphisms of B-adrenoceptor genes in the
same study population followed longitudinally for several
years. Additionally, plasma norepinephrine levels, as an
index of sympathetic nerve activity (SNA), are also included
in the present study.

Thus, this study examines the associations of polymorphisms
of B-adrenergic receptors with plasma norepinephrine level
(index of SNA), weight gain (obesity), and blood pressure (BP)
elevation (hypertension) over 5 years in 160 subjects who at
entry were young, nonobese, and normotensive.

Methods
Subjects

Subjects were recruited from a cohort of 1121 men who work in a
single company in Osaka, Japan, as part of their annual medical
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TABLE 1. Polymorphism Genotypic Frequencies in Subjects With Significant Weight Gain (=10%) and Mean BP

Elevation (=10%) Over 5 Years

Genotypes ¥ Test for 3 Genotypes ¥ Test for Alleles
Arg16Gly of B,-adrenoceptor gene Arg16/Arg16 Arg16/Gly16 Gly16/Glyi6
Frequency
With weight gain (n=>59) 9(15.3) 33 (55.9) 17 (28.8) X¥'=7.98, P=0.019 X¥*=6.31, P=0.012
Without weight gain (n=101) 36 {35.6) 46 (45.5) 19(18.8)
With BP elevation (n=41) 4(9.8) 20 (48.8) 17 (41.4) ¥=15.43, P<0.001 X¥'=14.42, P<0.001
Without BP elevation (n=119) 41 (34.5) 59 (49.6) 19 (16.0)
GIn27Glu of B,-adrenocepior gene GIn27/GIn27 GiIn27/Glu27 Glu27/Gl27
Frequency
With weight gain (n=59) 50 (84.7) 9 (15.3) 0(0.0) X¥*=2.89, P=0.089
Without weight gain (n=92) 87 (94.8) 5(5.4) 0(0.0)
With BP elevation (n=41) 32 (78.0) 9 (22.0) 0(0.0) ces X*=8.36, P=0.004
Without BP elevation (n=110) 105 (85.5) 5(4.5) 0{0.0)
Trp64Arg of B;-adrenocepior gene Trp64/Trp64 Trp64/Arg64 Arg64/Arg64
Frequency
With weight gain (n=59) 46 (78.0) 11 (18.6) 2(3.4) ¥=1.41, P=0.025 x=2.39, P=0.122
Without weight gain (n=99) 60 (60.6) 38 (38.4) 1(1.0)
With BP elevation (n=41) 35 (85.4) 5(12.2) 1(2.4) ¥*=9.16, P=0.010 x*=5.25, P=0.022
Without BP elevation (n=117) 71 (60.7) 44 (37.6) 2(1.7)

Values in parentheses are percentage of subjects.

evaluation. Subjects at stndy entry were excluded who were aged
>50 years, had obesity (body mass index [BMI] =25 kg/m?),13.14
had diabetes mellitus (fasting glucose level >100 mg/dL), and had
hypertension (=140/90 mm Hg). We also excluded subjects who
were taking medication for hypertension, hyperlipidemia, hyperuri-
cemia, or other illness. Only subjects who had steady body weight
(weight had not changed significantly [<5%] over the past year
before the entry period) were enrolled in this study.!5!6 After
exclusion, 160 young, nonobese (BMI <25 kg/m®), normotensive
(<140/90 mm Hg) men on no medications were enrolled in the
present study. Informed consent was obtained from each subject, as
approved by the Ethics Committee of Osaka University Graduate
School of Medicine, Osaka, Japan.

Measurements

After an overnight fast of >12 hours, BMI, total body fat mass, ratio
of waist circumference to hip circomference (waist-to-hip ratio), BP,
heart rate, venous sampling for plasma norepinephrine, and extrac-
tion of genomic DNA from leukocytes were taken every year for 5
years. BP and heart rate were measured with the subject in the
recumbent position with an automated sphygmomanometer (TM-
2713, A&D) with an adjusted cuff size, which had been standardized
against a mercury sphygmomanometer. The percent body fat mass
was determined with impedance measurements (BF-102, Tanita),
and total body fat mass (kg) was calculated according to the
following formula: (percent body fat mass/100) Xbody weight (kg).

Laboratory Determinations

Plasma norepinephrine was measured by high-performance liquid
chromatography with a fluorometric method as previously described
for this laboratoryl? (intra-assay coefficient of variation=2.1%;
interassay coefficient of variation=3.6%; sensitivity=0.06 to 120
nmol/L).

Genotyping

Genotyping was performed by the TagMan assay as previously
described.!® Two polymorphisms in the B,-adrenergic receptors
(arginine/glycine substitution, Argl6Gly; glutamine/glutamate sub-
stitution, GIn27Glu) of the B,-adrenoceptor gene were studied.® One

polymorphism (tryptophan/arginine substitution, Trp64Arg) of the
Bs-adrenoceptor gene was also studied.'20 The probes and primers
used in the TagMan assay were as follows. For single-nucleotide
polymorphisms in the B,-adrenergic receptor gene, the probes and
primers were as follows: for Argl6Gly, the probes were CGCATG-
GCTTCCATTGGGTGC and CGCATGGCTTCTATTGGGTGC,
and the primers were GGAACGGCAGCGCCTTCT and CAGGAC-
GATGAGAGACATGACGAT,; for GIn27Glu, the probes were
CTCGTCCCTTTCCTGCGTGACGT and CTCGTCCCTTTGCT-
GCGTGACGT (the primers used in this assay were the same as
those used for Argl6Gly). For the Trp64Arg single-nucleotide
polymorphism in the fB;-adrenergic receptors, the probes were
TCTCGGAGTCCAGGCGATGGCCA and CTCGGAGTC-
CGGGCGATGGCC, and the primers were GGAGGCAACCTGCT-
GGTCAT and CACGAACACGTTGGTCATGGT.

Statistical Analysis

Genotype frequencies and the Hardy-Weinberg equilibrium were
estimated with y* test. Values are shown as mean+SD. All data
analyses were performed with SPSS 8.0 for Windows programs,
Changes in measured parameters within each group and differences
among groups were examined by 2-way ANOVA. When these
differences were significant, the Dunneit test was used to determine
whether the differences of the mean measured variables at entry and
5 years were significant within the groups and among the groups
compared from baseline. Values of P<0.05 were considered
significant.

Results
Significant weight gain and BP elevation over 5 years were
defined as a =10% increase in BMI or mean BP compared
with values at entry.!'62! Fifty-nine subjects had significant
weight gain over 5 years, and 41 subjects had significant BP
elevation. Table 1 shows the prevalence of weight gain and
BP elevation at year 5. No subjects with the Glu27/Glu27
polymorphism of the B,-adrenoceptor were detected in the
present study. The allele frequency of Glu27 of the B,-



