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Simultaneous Arterial and Venous Imaging Using 3D Quantitative
Parameter Mapping

Tomoki Amemiyal*, Suguru Yokosawa', Yo Taniguchi', Ryota Sato',
Yoshihisa Soutome!, Hisaaki Ochi', and Toru Shirai'

Purpose: To increase the number of images that can be acquired in MR examinations using quantitative
parameters, we developed a method for obtaining arterial and venous images with mapping of proton
density (PD), RF inhomogeneity (B1), longitudinal relaxation time (T1), apparent transverse relaxation
time ('T2*), and magnetic susceptibility through calculation, all with the same spatial resolution.

Methods: The proposed method uses partially RF-spoiled gradient echo sequences to obtain 3D images of
a subject with multiple scan parameters. The PD, B1, T1, T2*, and magnetic susceptibility maps are
estimated using the quantification method we previously developed. Arterial images are obtained by adding
images using optimized weights to emphasize the arteries. A morphology filter is used to obtain venous
images from the magnetic susceptibility maps. For evaluation, images obtained from four out of five
healthy volunteers were used to optimize the weights used in the arterial-image calculation, and the
optimized weights were applied to the images from the fifth volunteer to obtain an arterial image.
Arterial images of the five volunteers were calculated using the leave-one-out method, and the contrast
between the arterial and background regions defined using the reference time-of-flight (TOF) method was
evaluated using the area under the receiver operation characteristic curve (AUC). The contrast between
venous and background regions defined by a reference quantitative susceptibility mapping (QSM) method
was also evaluated for the venous image.

Results: The AUC to discriminate blood vessels and background using the proposed method was 0.905 for

the arterial image and 0.920 for the venous image.

Conclusion: The results indicate that the arterial images and venous images have high signal intensity at
the same region as determined from the reference TOF and QSM methods, demonstrating the possibility
of acquiring vasculature images with quantitative parameter mapping through calculation in an integrated

manner.
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Introduction

Various methods have been proposed for the in vivo acquisi-
tion of quantitative parameter maps related to MR imaging.
These maps include longitudinal relaxation time (T1), trans-
verse relaxation time (T2), apparent transverse relaxation
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time (T2*), and proton density (PD).* A common method,
used in techniques such as QRAPMASTER,' QALAS,? and
DESPOTI1/2,? involves taking multiple images with different
scan parameters, such as inversion time (TI) and TE, and
fitting them to a function that formulates the relationship
between quantitative parameters and the intensity values of
the images. In another method, called MR Fingerprinting
(MRF),*® many images are acquired while changing the
scan parameters for each excitation, and quantitative para-
meters are estimated by matching the obtained signal
strength transitions (fingerprint) with simulated signal
strength transitions (dictionary). These methods used to
obtain relaxation times are called relaxometry. Unlike con-
ventional weighted images, relaxometry enables the quanti-
tative identification of tissues and diseases, which can be
expected to improve the accuracy and efficiency of MR
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scans.'>~7 For example, it has been suggested that relaxo-
metry by MRF may be able to distinguish low-grade glioma
from brain metastasis and glioblastoma.” Weighted images
can also be synthesized from the resulting relaxation time
maps by means of theoretical formulae' or from the scanned
images by means of machine learning.3°

Quantitative susceptibility mapping (QSM) is a method
for acquiring quantitative parameters other than relaxation
time.!!7 Since QSM can perform iron deposition and
oxygen extraction fraction measurements,!>!3 it is
expected to be useful for diagnosing cerebral iron deposi-
tion in tissues and cerebrovascular diseases. We previously
proposed quantitative parameter mapping (QPM) as a
method for acquiring T1, T2*, PD, and magnetic suscept-
ibility simultaneously.'®!® QPM uses a partially RF-
spoiled gradient echo (pRSGE) sequence to obtain images
with multiple scan parameters, and by fitting the signal
intensity of the images to an intensity function obtained
from computer simulation, it can simultaneously estimate
the four parameter maps and the RF inhomogeneity (B1).

To extend these parameter-mapping methods, several
methods have also been proposed for acquiring arterial
images at the same time as the relaxation time and magnetic
susceptibility. Conventionally, arterial images are often cap-
tured by specific sequences such as the time-of-flight (TOF)
method that detects the change in signal intensity caused by
the inflow of blood, and they are difficult to directly synthe-
size from quantitative images obtained by relaxometry.
Efforts have been made to address this issue by proposing a
method with which scanned images that contain high-inten-
sity images of the blood vessels are combined,?® and a
method with which a neural network is used to synthesize
scanned images so as to resemble a TOF image.” Even with
QPM, it has been shown that arterial images can be obtained
by using weighted addition to emphasize arteries.?!

Venous images can also be obtained from magnetic sus-
ceptibility maps by using the difference in magnetic
susceptibility.'>"'4 Sequences have also been proposed that
can be used to simultaneously obtain an arterial image with
the TOF method and a venous image by QSM or suscept-
ibility weighted imaging (SWI).2224

These arterial and venous images are important for diag-
nosing cerebrovascular diseases and can be used as markers
for identifying the location of lesions in brain surgery,?’
providing information that is different from the quantitative
parameters obtained from tissue, such as relaxation time and
magnetic susceptibility.

As described above, there have been reports of methods
for acquiring arterial or venous images without additional
scans in the mapping of relaxation time or magnetic suscept-
ibility. However, we have not found any reports in which all
of these measurements are done in an integrated manner.

To increase the number of images that can be acquired in
MR examinations using quantitative parameters, we propose
a method for obtaining arterial and venous images through

calculation, all with the same spatial resolution, in the map-
ping of PD, B1, T1, T2*, and magnetic susceptibility through
calculation. An arterial image is calculated by the weighted
addition of images obtained with the parameter-mapping
methods with weights predetermined on the basis of datasets
of pRSGE images and a reference arterial image. A venous
image is calculated from a magnetic susceptibility map by
using morphology filtering. We evaluated this method using
images of healthy volunteers.

Materials and Methods

Proposed method

Figure 1 shows an overview of the proposed method.
Quantitative parameter maps and vascular images are obtained
by (la) capturing 3D images using pRSGE sequences under
multiple imaging conditions, (1b) estimating relaxation time,
(1c) synthesizing artery images, (1d) estimating magnetic
susceptibility maps, and (1e) generating venous images.

In the imaging step (Fig. 1a), scans with a multi-echo
pRSGE sequence are performed as in our previous
reports,'®1° and we used these scans to obtain 17 separate
images with different imaging conditions (TR, flip angle [FA],
RF phase increment value [0], and TE, as shown in Table 1).
In this study, the combination of these imaging conditions was
determined on the basis of the previous reports,'®!® and mod-
ified to scan the whole brain and blood vessels.

As shown in the same table, in addition to pRSGE, we
obtained images with the TOF method used for weight
determination and evaluation during arterial-image calcula-
tion, and QSM images using RF-spoiled gradient echo for
evaluating venous images. Details of the imaging conditions
used for our evaluation are described in the Experiments
section.

In the relaxation-time-estimation step (Fig. 1b), the T1,
T2*, PD, and Bl parameter maps are simultaneously
estimated by fitting the intensity function obtained from
Bloch simulation to the intensity values of the 17 scanned
images.'®!° The fitted parameters are restricted to the same
range as in the previous report.!” In the arterial-image-
calculation step (Fig. 1c), an arterial image is calculated
from the scanned image and the PD, T1 and T2* maps by
weighted addition with weights predetermined using the data-
sets of other subjects. A flowchart of the arterial-image calcu-
lation process is shown in Fig. 2. In this method, an arterial
image is synthesized by weighted addition of the images of the
first echo of each condition (I1, 12, ... I5), which has a high
SNR and the maps calculated from these images for each
voxel. The weights are determined to increase the contrast
between the blood vessel and other tissues in the synthesized
arterial image by using a dataset of QPM images and images
obtained with the TOF method previously captured from other
subjects. A flowchart of the weight-calculation process is
shown in Fig. 2 (I). At the normalization step (2a), all scanned
images and maps obtained by QPM are normalized so that the
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Fig. 1 Processing flow of proposed method. Multiple quantitative parameter maps and vascular images are obtained by (a) capturing 3D
images using pRSGE sequences under multiple imaging conditions, (b) estimating relaxation time, (c) synthesizing arterial images,
(d) estimating magnetic susceptibility maps, and (e) generating venous images. pRSGE, partially RF-spoiled gradient echo.

Table 1 Scan parameters of the proposed method and comparative methods.

Scan No. FA (°) 0 (°) TR (ms) TE (ms) Scan time
1 10 20 40 4.6,11.5,18.4,25.3,32.2

2 25 22 20 4.6,9.2,13.8

3 35 2 40 4.6,11.5,18.4,25.3,32.2 1512’5:"565
4 40 5 20 4.6,9.2,13.8

5 40 8 10 4.6

Ref. TOF 20 117 18 3.4 8 min 40s
Ref. QSM 15 117 46 6.0, 12.0, 18.0, 24.0, 30.0, 36.0 5min 33s

FA, flip angle; QSM, quantitative susceptibility mapping; TOF, time-of-flight

mean and variance become 0 and 1, respectively, resulting in a
map X of the vectors of normalized intensity and quantitative
parameters. Next, in the region-extraction step (2b), the
regions of arteries My, and other tissues (background tissues)
M, are defined by binarizing the TOF image. The threshold of
the binarization was set to 50% of the mean intensity of the
manually extracted region in the internal carotid artery. At the
weight-calculation step (2¢), the number of voxels N, its
average value p, and a variance-covariance matrix S are
calculated for the arteries and background tissues at axial
slice position Z, and the weights are determined by using
linear discriminant analysis (LDA)?® to maximize the
between-class variance of arteries and background tissues
after the weighted addition. To suppress the variation in
weights between adjacent slices, N, p, and S were calculated
including voxels in three slices above and below each. The
data of all subjects in the datasets were also included in the
calculation. The weights can be determined depending on the
3D position; however, in this study, the weights were deter-
mined depending only on Z to simplify calculation.

Epub ahead of print

A flowchart of the arterial-image synthesis process using
the calculated weights is shown in Fig. 2 (II). First, we carry
out normalization in the same manner as when calculating
the weights (2d) and add each slice together after multiplying
by the corresponding weight (2¢). Since the addition of each
axial slice changes the variance of the signal, the output
image is normalized again (2f) so that each axial slice in
the composite image has a variance of 1.

In the magnetic susceptibility estimation step (Fig. 1d),
we used the least squares estimation with adaptive edge
preserved filtering (LSE-AEPF)!3 to estimate the magnetic
susceptibility from the phase images. The LSE-AEPF
method uses multi-echo images in which the conditions
other than TE are the same. In this study, we used five
multi-echo images of Scan No. 1.

In the venous-image-generation step (Fig. 1e), a venous
image is obtained from the magnetic susceptibility map by
using a morphology filter bank.?” Multi-scale disk opening
operators are applied to the susceptibility map to extract
circular components, and the circular components are




T. Amemiya et al.

(1) Weight calculation

3D maps and images of QPM
Q(x,y,2) = (PD(x,y,2), T1(X,y,2), T2*(x,y,2),
11(x,y,2), 12(x,y,2)..., I5(x,y,2))

T(x,y,z)

3D TOF image

(I1) Arterial image calculation

3D maps and images of QPM
Q’(x,y,2)

__________________________________ ~ ii_--'--"-"\
| ] ‘L A 4 \ :
1 " ! 1
\ Normalize ! Extract Extract ! :
| 1] blood vessels other tissues [ Mapof |
I " : vectors 1
! 9
1 Map of " Mask of Mask of : X(xyz)
1 vectors T blood vessels othertissues | T IIIIITTIIINTIIIIIIIICC R
v X(x,y,2) " M,(X,y,2) M, (X,y,2) ) \
S P D Lt Combined |

Image !
Sl i F ety ey ~ Y'(xy,z) !
) A 2 \ 4 1' v . SRR AR

Calculate statistics
Ny(2),n, (2),S, (2)

Calculate statistics
Ny(2),1, (2),Sy (2)

2 7

Calculate weights
w(Xy,z) = w(z)

Output Image
le(x,y,2)

Fig. 2 Weight calculation and image calculation processes used for arterial image generation. () Weight calculation using previously
captured datasets of QPM and TOF images. (Il) Arterial-image calculation from the QPM images. QPM, quantitative parameter mapping;

TOF, time-of-flight.

removed to obtain an edge-enhanced susceptibility map as
the venous image.

Experiments

This study was approved by the ethics committee of
FUJIFILM Healthcare Corporation. All data from healthy
volunteers used in this study were obtained after receipt of
written informed consent.

To evaluate the proposed method, we performed experi-
ments using five healthy subjects (four males and one
female, aged 29-54 years) with a 3-tesla MRI system and
a 32-channel head coil (FUJIFILM Healthcare, Tokyo,
Japan). Four of these subjects were imaged with the
pRSGE and TOF method sequences to optimize the weights
used for arterial-image calculation. With the remaining
subject, pPRSGE and reference TOF methods were also
used to evaluate the arterial image synthesized with the
proposed method. In addition, a reference QSM method
with a conventional RF phase-shift increment of 117° was
used to obtain reference venous images for evaluation.

The FOV was 215x215x192mm for all sequences,
voxel size for the pRSGE and TOF sequences was 0.84 x
0.84 x 1.2 mm, and voxel size for reference QSM was 0.63 x
0.79 x 2 mm. The lower end of the imaging position was set
to 3 cm below the foramen magnum.

Other scan parameters of QPM were scan matrix: 256 x
256 x 160 (frequency x phase x slice), parallel imaging

factor: 2.0 x2.0 (phase xslice), and slice thickness:
1.2 mm. The total scan time of QPM was 15 min 56s.

Evaluation

To clarify how arterial blood flow affects the signal intensity
of scanned images and the calculated quantitative para-
meters, we first evaluated pixel values in the arteries of
four of the subjects for use in weight calculation. Using
normalized input images of QPM and arterial mask images
obtained by binarizing the TOF images, we calculated the
average and standard deviation of the pixel values of the
artery regions in each slice, and evaluated the dependence
on slice position and variability between subjects.

Next, using the data from these four subjects, we calcu-
lated the weights for arterial-image calculation by using the
method described in the Proposed method section. The cal-
culated weights were used to synthesize arterial images of
the fifth subject (hereafter, test subject) for evaluation.

To calculate and evaluate the arterial image, the number
of slices must be the same between subjects. In the reference
TOF image, arteries near the top of the head are difficult to
extract, so the top 50 axial slices (60 mm) were excluded
from calculation and analysis of the arterial image. Artery
regions were extracted and arterial images were generated in
arange of 95 axial slices (114 mm) containing major arteries,
where the intracranial region was extracted by binarization
and hole-filling of the scanned images, and the regions

Magnetic Resonance in Medical Sciences
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Fig. 3 Example of image used for weight calculation. (@) TOF image, (b) arterial mask image obtained by binarization of TOF image, and
(c—d) first echo images of Nos. 1 and 5 QPM scanned images. (MIP to sagittal plane). MIP, maximum intensity projection; QPM, quantitative

parameter mapping; TOF, time-of-flight.

(a) (b)

=
=

Subjects
|=——Mean of subjects

~

3
S

=)

Normalized Intensity [a.u)
o s o

Normalized Intensity [a.u)
o s o

o

|
~

50 100
Slice Position [mm)

o

S

Normalized Intensity [a.u]
o s o
Normalized Intensity [a.u]

[ 50 100 150 0 50 100
Slice Position [mm] Slice Position [mm]

(8)

=

=
o

:

S
S

)
3

N s o

Normalized Intensity [a.u)
o s o o®
Normalized Intensity [a.u]

o

0l

~
J

~

150

50 100
Slice Position [mm)

(h)

=
=

)

12

S
3

Normalized Intensity [a.u]
o s o

Normalized Intensity [a.u]
! o & o

0 50 100 150 0 50 100 150
Slice Position [mm] Slice Position [mm)]

Fig. 4 Average pixel values of arteries in each axial slice of each image and map used in weight calculation. (a—e) First echo images of Scans
Nos. 1-5. (f) PD map, (g) T1 map, and (h) T2* map. Pixel values were normalized so that mean and variance through entire region including
background tissues would become 0 and 1, respectively. Each line represents individual subject. Thick line represents mean value between
subjects. Dashed line represents average value over entire target area (equal to 0 because of normalization). PD, proton density; T1,
longitudinal relaxation time; T2*, apparent transverse relaxation time.

corresponding to the eyes and occipital vein sinuses were
manually removed.

We then compared the arterial and venous images obtained
with the proposed method with images obtained with the refer-
ence TOF and QSM methods. Arterial and background regions
were defined with the reference TOF image, and the area under
the curve (AUC) of the receiver operating characteristic (ROC)
curve to discriminate arterial and background was calculated for
the intensity of the arterial image obtained by the proposed
method. Similarly, the venous and background regions were
defined with the reference venous image, and the AUC to
discriminate vein and background was calculated for the venous
image obtained by the proposed method. The reference QSM
and venous images were linearly interpolated to the same
resolution as QPM before the comparison.

To evaluate the subject dependency of the arterial-image
calculation, the leave-one-out method was applied. By
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changing the combination of subjects for weight calculation
and the one subject for testing, the arterial image of each of
the five subjects was synthesized using weights calculated
from the other four subjects. The AUCs for the arterial
images were calculated for each subject.

Results

Figure 3 shows (a) a TOF image of one of the subjects used
for calculating weights and (b) a mask image of a 3D artery
region obtained by binarizing this image. This binarization
extracted the artery regions that had high intensity in the TOF
image. Also, the first echo images of Scans No. 1 and 5
captured with the proposed method are shown in Fig. 3¢
and 3d, respectively. Compared with Scan No. 5, Scan No.
1 has higher intensity up to the top of the image (top of
the head) but lacks clarity in the lower part of the image
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(neck side). In contrast, the neck side in No. 5 is clearly
depicted. We thus found that the intensity values of arteries
tended to depend on Z.

Figure 4 shows the average pixel value in the artery at
each Z in the normalized scanned images (4a—4e) and the
quantitative parameter maps (4f—4h) of the four subjects
used for the weight calculation. All the scanned images
have a peak near 50 mm from the lower end (neck side) of
the scanned region and then decrease towards the top of the
head, but with different heights and gradients. In particular,
Scan No. 1 has a low peak but decreases gradually.
However, Scan No. 5 has a high peak and high intensity
in the lower part of the image, but the intensity decreases
above about 50 mm and falls below the overall average of 0.
In addition, the PD image exhibited changes similar to
those of Scan No. 1; T1 tended to be shorter (low normal-
ized value) at the lower end of the image and longer toward

Fig. 6 Weight calculated for each
axial slice. Weights differed
depending on slice position.

the upper end; and T2* was less dependent on slice position
than the other parameters. Figure 5 shows the standard
deviation for each subject and the standard deviation of
the average values between subjects. With the exception
of a few slices at the top of the head, the standard deviation
between subjects was less than the mean of the standard
deviation per subject.

Figure 6 shows the weights for each image calculated
using LDA in each slice to emphasize the arteries. On the
neck side, the optimized weights are close to 1 in Scan No. 5
and the PD map, but at the top of the head the optimized
weights are close to 1 in Scan No. 1 but negative in No. 5.
Therefore, the calculated weights differed depending on Z.

Figure 7 shows quantitative parameter maps (PD, TI,
T2*, B1, and magnetic susceptibility) of the test subject, an
arterial image obtained by weighted addition, and venous
image calculated from the magnetic susceptibility. The

Magnetic Resonance in Medical Sciences
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Fig. 7 Quantitative images (axial, coronal, and sagittal slices) and vascular images (MIP to each plane). In each case, artifact-free images

were obtained. MIP, maximum intensity projection.

quantitative maps and vascular images were obtained with-
out significant artifacts.

Arterial images of the test subject obtained with the pro-
posed and reference TOF method are shown in Fig. 8a and
8b, respectively. These images were compared using ROC
analysis. A histogram of intensity in arterial and background
regions with the proposed method is shown in Fig. 8c, and
the ROC curve is shown in Fig. 8d. The AUC of the ROC
curve was 0.932, and the AUC of the five subjects calculated
using the leave-one-out method was 0.905 £ 0.029 (mean
+ standard deviation). The mean of the AUC was signifi-
cantly higher than 0.5 (P <0.01, t-test).

Venous images of the test subject obtained with the pro-
posed and reference QSM method are shown in Fig. 9a and
9b, respectively. A histogram of intensity in the venous and
background regions with the proposed method is shown in
Fig. 9c, and the ROC curve is shown in Fig. 9d. The AUC of
the ROC curve was 0.920.

Discussion

The results indicate that the proposed method was able to
obtain arterial and venous images through calculation from
QPM data with weights predetermined using the datasets of
other subjects. For arterial images, the proposed method
calculates the combination of the intensity images and quan-
titative maps of QPM with optimized weights for each axial
slice. The intensity of the artery regions in the scanned image
and the calculated quantitative parameters were position-
dependent in the direction perpendicular to the axial slices.
This is because the blood flows mainly from the neck to the
top of the head, so the change in pixel values due to the
inflow effect appears to be large in this direction. The
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calculated quantitative parameters are also position-depen-
dent. Normalized values were close to zero at about 50 and
120 mm from the lower end of the imaging position in the PD
images and about 80 mm in the T1 images. Normalized T2*
values were, compared with PD and T1, close to 0 overall.
Therefore, with the widely used methods that calculate a
theoretical formula of weighted images to emphasize speci-
fic quantitative parameters, there are regions where contrast
with the background tissues cannot be achieved. With the
proposed method, however, the arteries in their entirety are
depicted because the weights of the intensity images and the
quantitative map are changed for each axial slice and deter-
mined to maximize the contrast between the arteries and
background tissue. In other words, the proposed method
can retrieve and enhance the relaxation- and flow-properties
of arteries that are intrinsically encoded by QPM.

The standard deviation of individual mean normalized
values between subjects for each slice was less than the
standard deviation for each subject for almost all slices
except for a few at the top of the head, suggesting that
individual differences in the pattern of pixel value change
are small. The leave-one-out evaluation also showed that
subject dependency was small so that an arterial image was
obtained with the data of a subject different from the subjects
for the weight calculation. It is thus considered that the same
weights can be used to obtain arterial images from other
subjects and error in position settings between subjects are
small to avoid the change in the visibility of arteries as long
as they are scanned with the same scan position settings and
scan parameters.

The venous image from the proposed method also showed
high intensity in the same regions as the reference venous
image. With the proposed method, veins were extracted by
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Fig. 8 Comparison of arterial
images obtained with proposed
method and reference TOF method
for test subject. (a) Arterial image
from proposed method, (b) refer-
ence image from TOF method,
and (c) histogram of pixel values
of image from proposed method
in arterial and background regions
defined by reference TOF image.
(d) ROC curve of pixel values with
proposed method between arterial
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time-of-flight.

Fig. 9 Comparison of venous
images obtained with proposed
method and reference QSM
method for test subject. (@) Venous
image from proposed method, (b)
reference venous image, and (c)
histogram of pixel values of image
with proposed method in venous
and background regions defined
by reference venous image. (d)
ROC curve of pixel values with
proposed method between venous
and background regions. AUC of
ROC curve was 0.920. AUC, area
under the curve; QSM, quantitative
susceptibility — mapping; ROC,
receiver operating characteristic.
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exploiting the fact that veins have a filamentous structure
with higher magnetic susceptibility than their surroundings.
A filter is generally used to extract filamentous structures
when extracting blood vessels from medical images,?”*2® and
it is thought that veins could be extracted in the same manner
by this method.

As described above, our results suggest that the proposed
method would enable acquisition of arterial and venous
images in addition to relaxation time and magnetic suscept-
ibility measurements. Methods have been proposed for acquir-
ing relaxation time and arterial images simultaneously.’-2°
Simultaneous acquisition methods for arterial and venous
images have also been proposed.?>>* However, apart from
the present study, we have not found any reports in which all
of these measurements are done in an integrated manner.
Acquiring these 3D images with the same spatial resolution
will make it possible to obtain pre-surgical images of tumors
and their surrounding vasculature, which should improve the
precision of surgical procedures. For example, veins can be
used as landmarks when locating lesions.? Since various
weighted images can be reconstructed from quantitative para-
meter maps by post-processing, these maps are useful for
understanding the morphology of brain tissue. Magnetic sus-
ceptibility can also be acquired with this method, enabling the
evaluation of bleeding and calcification. In addition, it is
expected that differences in relaxation time of tissues can be
used to quantitatively indicate the required range of tumor
resection. The ability to acquire arterial and venous images in
addition to various quantitative parameters in an integrated
manner is considered useful for diagnosis and treatment.

Limitations

This study has several limitations. First, the results were
obtained from healthy subjects, so the ability of this techni-
que to acquire images of diseased states is unknown. To
assess its clinical usefulness, this method will need to be
evaluated with a variety of diseases.

Next, the procedure used in this study limits the region to
which blood vessels can be visualized. Since arteries at the
top of the head were difficult to identify even with the TOF
method, we excluded this region from the analysis. In this
study, the resolutions in each plane of TOF and QPM were
matched at 0.84 mm to facilitate evaluation, but better depic-
tion performance could be achieved by increasing the resolu-
tion of the TOF and QPM scans used for weight calculation.

We also manually removed subcutaneous fat, eyeballs,
and vein sinuses in advance because their signal intensity
differs greatly from that of the intracranial background tis-
sues (principally gray matter, white matter, and cerebrospinal
fluid). To make this method more practical, it will need to be
developed for automatically segmenting tissues or suppres-
sing these tissues.

The range of venous image generation is also limited. The
brain surface was removed when calculating magnetic sus-
ceptibility, so it could not be visualized. Methods have been
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proposed for calculating magnetic susceptibility with brain
surface corrections,'®!” and it is thought that these methods
will also make it possible to visualize veins on the surface of
the brain.

Another limitation is scan time. In this study, parallel
imaging was used in the phase and slice direction with a
total acceleration factor of 4. However, imaging the entire
head with QPM imaging takes about 16 mins, which is not
short. The time could be shortened by using other fast imaging
techniques such as compressed sensing®® at the same time.

Since there were only four subjects used for calculating
weights, we used LDA to avoid the risk of overfitting because
LDA has fewer parameters than other discriminant methods,
such as deep learning. Subject dependency needs to be further
evaluated by increasing the number of subjects. It may also be
possible to increase robustness to a wide variety of subjects,
such as racial and physical differences, by increasing the
number of datasets and calculating the synthesizing function
using other methods such as deep learning.® Moreover, larger
datasets would suppress variation of the calculated weights or
synthesizing function without merging adjacent slices as used
in the weight-calculation process in this study.

The weights used in the calculation of an arterial image
were supposed to depend on only Z. However, optimal
weights would differ in one axial slice. It is possible that
calculating weights depending on X and Y in an axial slice
in addition to Z, for example based on the dominant area of
each artery, will improve the visibility of the arteries.

Conclusion

We proposed a method for acquiring arterial and venous
images through calculation in the mapping of PD, B1, T1,
T2*, and magnetic susceptibility using pRSGE with multiple
imaging conditions. An arterial image is calculated by
weighted addition of images obtained in the parameter-
mapping method with weights predetermined on the basis of
datasets of pRSGE images and a reference arterial image. A
venous image is calculated from a magnetic susceptibility map
by using morphology filtering. The arterial and venous images
from the proposed method had high signal intensity in the
same region as the reference TOF and QSM methods. These
results indicate the possibility of acquiring arterial and venous
images by QPM through calculation in an integrated manner.
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