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This study investigated the accuracy of magnetic resonance angiography (MRA) and computed tomography
angiography (CTA) in terms of reflecting the actual vascular length. Three-dimensional time of flight (3D TOF)
MRA, 3D contrast-enhanced (CE) MRA, volume-rendering after CTA and maximum intensity projection were
investigated using a flow model phantom with a diameter of 2.11 mm and area of 0.26 cm® 1.5 and 3.0 Tesla
devices were used for 3D TOF MRA and 3D CE MRA. CTA was investigated using 16 and 64 channel CT
scanners, and the images were transmitted and reconstructed by volume-rendering and maximum intensity
projection, followed by conduit length measurement as described above. The smallest 3D TOF MRA measure
was 2.51 +£0.12 mm with a flow velocity of 40 cm/s using the 3.0 Tesla apparatus, and 2.57 £ 0.07 mm with a
velocity of 71.5 cm/s using the 1.5 Tesla apparatus; both images were magnified from the actual measurement
of 2.11 mm. The measurement with the 16 channel CT scanner was smaller (3.83 £ 0.37 mm) than the
reconstructed image on maximum intensity projection. The images from CTA from examination apparatus and
reconstruction technique were all larger than the actual measurement.
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1. Introduction

Cerebrovascular diseases are classified into hemorrhagic
and ischemic. While historically there has been a higher
proportion of the hemorrhagic type, more recently the
proportion of ischemic cerebrovascular disease has increased
[1]. Internal and surgical treatments have been developed
for the treatment of ischemic cerebrovascular disease;
many studies have reported on intracranial stenting since
the introduction of this non-surgical intervention. Lee et
al. evaluated the influences of natural history, medication
treatment, extracranial and intracranial bypass surgery,
intracranial angioplasty, and intractranial stenting with the
risk of stroke due to intracranial arteriostenosis and treat-
ment indication; intracranial stenting carried a low risk
and was effective in cases of relapse [2]. For intracranial
stenting it is important to understand the degree of
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stenosis through various radiologic examinations and to
decide of the stent size. In-stent restenosis or thrombosis
from wall shear stress is possible when a stent is too large
or too small [3]. Computed tomography (CT), magnetic
resonance imaging (MRI) and conventional angiography
are the typical examinations used to measure vessel cross-
section prior to surgery and to discern the relationship
between other vessels apart from the target vessel [4]. CT
is the standard imaging examination for the cerebrovascular
diseases as it can be done quickly, can diagnose both
intracerebral and cerebral blood flow depending on the
image reconstruction, has high sensitivity and is able to
obtain the vessel information without overlap between the
vessel and surrounding structures through three-dimen-
sional (3D) imaging [5-7].

Magnetic resonance angiography (MRA) includes time
of flight (TOF) MRA and contrast enhanced (CE) MRA.
There is no radiation exposure with increased imaging
quality for both approaches, whose use is gradually
increasing as a differential examination for non-invasive
cerebrovascular assessment [8]. Attributes of 3D TOF and
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3D CE MRA include very high degrees of sensitivity,
specificity, positive prediction, and negative prediction for
vascular stenosis [9].

Clinical stroke guideline published in 2009 recommend-
ed MRA and CTA as essential examinations for treatment
planning, such as stent size, as they provide an accurate
understanding of the pathophysiology of cerebrovascular
diseases [4]. The ability of each approach to reflect the
actual measurement is necessary to determine, given the
differences in vessel imaging. The present study used a
vessel phantom that recognized the actual lumen to
determine the accuracy of the imaged size compared to
the actual measurement.

2. Materials and Methods

2.1. Phantom model

A conduit made out of polyethylene resin (diameter of
211 mm and area of 0. 26 cm?) was penetrated through
the body of the phantom and connected to both ends to
allow inflow and outflow. The phantom was round with a
length of 19 cm, height of 5 cm, and diameter of 5 cm.
The polyethylene resin was minimally affected by X-ray
and radio frequency. The interior of the phantom contain-
ed water as a human tissue equivalent matter. The inflow
section of phantom was designed to connect the contrast
media auto injector to allow the quantitative inflow of the
fluid.

2.2. Study Methods

A 3.0 Tesla MR System (Achieva Release 2.5; Philips,
Holland) and 1.5 Tesla MR System (Achieva Release 1.5;
Philips, Holland) were used for 3D TOF MRA and 3D
CE MRA. An eight-channel sensitivity encoding (SENSE)
HEAD coil was used for the 3.0 Tesla system and ex-
amined with 3D fast field echo (FFE) sequence technique
with the following parameters: field of view (FOV)
180 x 180 x 12 mm’, matrix 400 x 215, TR/TE 20/3.5
ms, total slice 25, flip angle 20°, phase encoding direction
R-L, NEX 1, chunk 1, slice thickness 0.5 mm, slice
orientation transverse, and total scan time 21.9 sec. The
same coil and 3D FFE sequence was used for the 1.5
Tesla system with the following parameters: FOV 180
mm?, matrix (F x P) 400 x 128, TR/TE 13/2.3 ms, total

Table 1. The Flow Velocity in the tube.
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slice 25, flip angle 20°, phase encoding direction right-
left, NEX 1, chunk 1, slice thickness 0.5 mm, slice
orientation transverse, and total scan time 14.3 sec. The
fluid was inserted through a non-pulsed contrast media
auto injector with flow velocities of 0.4, 0.7, 1.1, 1.4, 1.8,
2.1, 2.5, 2.8, 3.2, or 3.5 ml/sec. The flow velocity was
calculated as quantity of flow + conduit area. The conduit
area was 0.26 cm?® and the actual flow velocity was 11.4
cm/sec with the insertion of 0.4 ml/sec. The actual
conduit flow velocity calculated from the equation is
presented in Table 1. 3D TOF images examined using 1.5
and 3.0 Telsa were reconstructed to maximum intensity
projection (MIP) using an advanced tool provided with
the device. The reconstructed histogram used the reset
value provided with the equipment to minimize variables
of image measures. Distance measurement provided by
the advanced tool was used for the 30 measurements
taken at the center of the coronal plane (Fig. 1). 3D CE
MRA was done using a 16 channel SENSE Neuro-Vascular
coil on a 3.0 Tesla MR System using the 3DTI1FFE
Sequence technique using the following parameters:
FOV: 350 x 350 x 80 mm?®, matrix (F x P): 716 x 715,
TR/TE: 5.4/2.0 ms, total slice: 160, flip angle: 20°, phase
encoding direction: R-L, NEX: 1, slice thickness: 0.5 mm,
slice orientation: coronal, CE profile: CENTRA, keyhole:
no, and total scan time: 61 sec. An 8 channel SENSE
Neuro-Vascular coil was used for the 1.5 Tesla MR
System with the 3DT1FFE Sequence technique using the
following parameters: FOV: 350 mm?, matrix (F x P):
515 x 257, TR/TE: 4.9/1.7 ms, total slice: 150, flip angle:
40°, phase encoding direction: R-L, NEX: 1, slice thick-
ness: 0.5 mm, slice orientation: coronal, CE profile:
CENTRA, keyhole: no, and total scan time: 14.3 sec. The
fluid for 3D CE MRA was prepared with Gd-DTPA 2.5
ml diluted into 1000 ml of saline solution. The total
volume of 150 ml diluted fluid was inserted through the
automated injector at 2 ml/sec. 3D TOF images examined
on the 1.5 and 3.0 Telsa were reconstructed to MIP as
described above. The procedures for the reconstructed
histogram and distance measurement are also described
above (Fig. 2). CTA was examined using a Brilliance 64
channel CT scanner (Philips, Holland) and a Brilliance 16
channel CT scanner (Philips, Holland). The settings for
the 64 channel CT scanner were kVp: 120, mAs: 200,

Pressure 04 07 11 1.4 1.8 2.1 25 28 32 3.5
(ml/sec)
Flow Velocity 114 20 314 40 515 60 715 80.1 915 100.1

(cm/sec)
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Fig. 1. (Color online) 3D time of flight images from 1.5 and 3.0 Tesla according to flow velocity. Panels A-J depict 3.0 Tesla 3D
time of flight images and panels A'-J' depict 1.5 Tesla 3D time of flight images.

l“

Fig. 2. (Color online) Contrast enhanced magnetic resonance
angiography images at 3.0 Tesla (a) and 1.5 Tesla (b).

3.85 mm 4.05 mm
€) (b

FOV: 200, pitch: 0.671, thickness/gab: 0.8/0.4 mm, matrix:
512 x 512, slice: 257, collimation: 64 x 0.625 (4 cm), and
rotation time: 0.5 sec. The settings for the 16 channel CT
scanner were kVp: 120, mAs: 200, FOV: 200, pitch: 0.688,
thickness/gab: 0.8/0.4 mm, matrix: 512 x 512, slice: 257,
collimation: 16 x 0.75 (1.2 cm), and rotation time: 0.5
sec. Non-ionic iodine contrast media (IODIXANOL; 21
ml containing 270 mg iodine) was inserted at 3 ml/sec
through the contrast media auto injector. The examined
image was transmitted to an Aquarius intuition edition ver
4.4.6.85.2800 3D specific work station (Terarecon, USA),
then reconstructed using volume rendering and MIP (Fig.
3). For the 3D image reconstruction technique, a 3D
volume browser histogram reset value was applied to
volume rendering, and a 3D neurol histogram reset value
was applied to MIP. The reset value for both imaging
techniques was ramp-up window width: 201, window level:
244, opacity: 1.00, and right-recline triangle window
width: 126, window level: 192, opacity: 0.40. Distance

Fig. 3. (Color online) Measure the length of (a) 16 Channel volume rendering, (b) 64 Channel volume rendering, (c) 16 Channel
maximum intensity projection, (d) 64 Channel maximum intensity projection.
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measurement was determined from the work station by 30
measurements at the center of the coronal plane.

Statistical analyses were done using SPSS (version
18.0, USA, Chicago) for Windows. ANOVA was done on
the mean length according to the flow velocity for the
analysis of 1.5 and 3.0 Tesla 3D TOF. For more accurate
difference determination, post-hoc analysis was conducted
using Tukey B?®. The correlation of flow velocity, measured
length, and measured length in the different devices were
analyzed with Pearson Correlation coefficient. One sample
t-test on the actual measure of 2.11 mm and the measured
value that was closest to the actual measurement. CTA
NOVA was conducted on the mean value of reconstructed
images from the 16 and 64 channel CT scanners, and
post-hoc analysis. The one sample t-test was conducted
on the actual measure of 2.11 mm and the measured value
that was closest to the actual measurement.

3. Results

3.1. Measurement of lumen length in terms of flow
velocity of 3D TOF MRA

From the measurement of lumen length in terms of
flow velocity within the conduit, the smallest measure
was 2.51 £ 0.12 mm with a velocity of 40.0 cm/sec, and
the largest measure was 2.65 + 0.89 mm with a velocity
of 91.5 cm/sec on 3.0 Tesla. For 1.5 Tesla, the smallest
measure was 2.57 = 0.07 mm with a velocity of 71.5 cm/
sec, and the largest measure was 2.63 + 0.07 mm with the
velocity of 91.5 cm/sec (p <0.05). For 3.0 Tesla, the
value measured at 40 cm/sec, which was the closest value
to the actual measurement, was 0.40333 mm larger than
the actual measure. For 1.5 Tesla, the value measured at
71.5 cm/sec was 0.4667 mm larger than the actual measure
(p <0.05) (Table 2). From the correlation analysis between
the flow velocity and length measurement, the difference
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Table 2. Measurement of lumen length in terms of flow veloc-
ity of 3D time of flight magnetic resonance angiography.

Velocity 3.0Tesla 1.5Tesla
(cm/sec) Mean (mm) Mean (mm)
114 2.62+0.08 2.58+0.10
20 2.61+0.06 2.61+0.86
314 2.62+0.09 2.61+0.08
40 2.51+0.12 2.58+0.09
51.5 2.56+0.09 2.60+0.08 0.00
60 2.58+0.09 2.58+0.06 '
71.5 2.55+0.07 2.57+0.07
80.1 2.61+0.06 2.61£0.06
91.5 2.65+0.89 2.63£0.07
100.1 2.63+0.10 2.61£0.07
Equipment (Mean - 2.11) mm P
3.0Tesla
0.40 0.00
(velocity : 40 cm/s)
1.5Tesla 0.46 0.00

(Velocity : 71.5 cm/s)

3.2. Measurement of lumen length of 3D CE MRA

From 3D CE MRA there was no mean difference
between 3.0 Tesla and 1.5 Tesla as the values were 2.61
+0.06 mm and 2.65 £ 0.156 mm, respectively (p > 0.05).
3D CE MRA conducted using 3.0 Tesla examination
produced a value 0.50000 mm larger than the actual
value. The value from 1.5 Tesla examination was 0.54333
mm larger than the actual value (p <0.05) (Table 4).

3.3. Measurement of lumen length of CTA
For lumen length with image reconstruction, the volume

Table 4. Measurement of lumen length of 3D contrast enhanced
magnetic resonance angiography.

in length measured on the devices and the increase in 3 0Tesla 1.5Tesla P
flow velocity did not correlate, and there was a 0.181 Mean (mm) 2.61+0.06 2.65+0.16 0.16
positive correlation due to the different device (p < 0.05) Equipment (Mean - 2.11) mm P
(Table 3). 3.0Tesla 3D CE MRA 0.50 0.00
1.5Tesla 3D CE MRA 0.54 0.00
Table 3. Correlation analysis of flow velocity and measured length using 1.5 and 3.0 Tesla.
3.0Tesla 1.5Tesla Flow Velocity
3.0Tesla Pearson correlation coefficient 1 0.18 0.08
P - 0.00 0.20
1.5Tesla Pearson correlation coefficient 0.18 1 0.72
P 0.00 - 0.21
Flow Velocity Pearson correlation coefficient 0.75 0.72 1.00
P 0.20 0.21 -
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Table 5. Measurement of lumen length of computed tomography angiography.

. 64Channel 16Channel
Reconstruction P
Mean (mm) Mean (mm)
3D Volume Rendering 4.01£0.16 3.83+0.37 0.00
3D Maximum Intensity Projection (MIP) 5.46+0.19 5.34+0.63
Equipment (Mean - 2.11) mm P
64Channel Volume Rendering 1.91 0.00
16Channel Volume Rendering 1.67 0.00

rendering technique value of 4.01 £ 0.16 mm was smaller
than the 5.46 £ 0.19 mm MIP value using the 64 channel
CT scanner. The same trend was observed using the 16
channel CT scanner; the volume rendering value of 3.83
+ 0.37 mm was smaller than the MIP value of 5.34 + 0.63
mm (p <0.05). When the image measured using the 64
channel for CTA was reconstructed with the volume
rendering technique, the measured value was 1.90633 mm
larger than the actual value. On 16 channel, the measure-
ment was 1.66767 mm larger than the actual value (p <
0.05) (Table 5).

4. Discussion

TOF MRA and CE MRA are the most representative
examinations for CTA. TOF MRA is non-invasive and is
free of contrast media complications since it does not use
contrast medium, instead obtaining images using blood
flow. TOF MRA provides information on vessel confor-
mation and functional information, and allows high
definition images of blood vessels within a relatively
short time. These attributes have spurred its popularity
[10-13]. TOF MRA produces a low signal by saturating
the signal from a stationary object, and uses blood flow to
yield a contrast difference between stationary anatomical
objects and blood vessels [13]. Therefore, in TOF MRA
variables related to imaging technique and fluid property
may affect the images. The current study aimed to
determine the actual reflection of the image according to
the flow velocity and the changes in terms of examination
devices through the change in the flow velocity of TOF
MRA. There was no difference in the measured length in
terms of the flow velocity, and there was a 0.181 positive
correlation between 3.0 Tesla and 1.5 Tesla. The images
were augmented by 0.40333 and 0.46667 mm in 3.0 Tesla
and 1.5 Tesla, respectively. Choi ef al. [14]. reported that
signal-to-noise ratio and contrast-to-noise ratio were
increased when flow velocity was reduced, and opined
that the signal intensity of a fluid proportionally increases
to the flow velocity until it reaches critical velocity. In

this study, we measured the difference between the mea-
sured length and the flow velocity, which was different
from the investigation of the difference between signaling
and flow velocity. The difference in measured length may
occur from the different signals. Hence, the present results
and those of Choi er al. [14]. significantly correlated.
There was no difference in the measured length according
to the flow velocity, indicating that the change in signal
intensity would not affect the measured lengths in MIP.
This is because MIP is a technique that only produces an
image of the maximum value above the critical values of
the whole image. Therefore, stationary components become
saturated and represent the low signal, with flow being
the high signal. The low signal becomes obscured due to
a phase difference arising from the flow velocity. The
difference between the stationary and flow matter is
bigger than the difference of signal loss from the phase
difference [15]. The difference in measured length from
different devices is probably due to the variables related
to the imaging techniques, which include repetition time,
echo time, flip angle, slice thickness, and the matrix [13].
In this study there were difference in the repetition time,
echo time, and matrix between the two Tesla techniques
due to the difference in the default signal-to-noise ratio
and difference in relaxation time according to the magnetic
field strength. Use of a computer simulation model
showed that the probability of restenosis within a stent is
high when the size of the stent is large or small, so that it
is better to use the stent that is the same size as the blood
vessel.3 In this study, both 1.5 and 3.0 Tesla had magni-
fied images regardless of the change in the flow velocity.
In MIP, depth information is lost as 3D information is
projected with the maximum value onto a 2D plane, and
during the post process the images often are magnified
due to matrix change [16-18]. In this study, the images
obtained with TOF MRA were reconstructed using MIP,
which was why the images were magnified relative to the
actual measurement. In terms of the measured length
between 3.0 Tesla and 1.5 Tesla, the measures were
almost the same, and both devices resulted in the images
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that were magnified from the actual measurement. The
image resolution in 3D CE MRA was dependent on the
how the fundamental K-space is filled (i.e., sequential
view ordering, conventional centric view ordering, elliptical
centric view ordering). The filling methods differ accord-
ing to how the center of the K-space is filled, which is
responsible of the contrast. Sequential view ordering fills
more than 60% of the K-space and appears to have the
highest signal strength and contrast ratio. But, because it
is hard to catch the moment of conversion from artery to
vein image, imaging the artery is difficult. On the other
hand, elliptical centric view ordering fills more than 40%
of the K-space, making it easy to image the artery.
However, the signal strength and contrast ratio is less than
those of sequential view ordering. Conventional centric
view ordering fills 50% of the K-space; its advantages
and disadvantages somewhat in between sequential view
ordering and elliptical centric view ordering [19].

The centric technique used in the study employed
elliptical centric view ordering in both the 1.5 and 3.0
Tesla modes, and had the lowest signal strength and
contrast ratio. However, elliptical centric view ordering is
used to generate an image with least venous phase
included. The parameters of signal strength and contrast
ratio in 3D CE MRA were similar for 1.5 and 3.0 Tesla
modes. Also, images were routinely magnified relative to
the actual measure due to the error that occurred from the
MIP image reconstruction (which also occurred for 3D
TOF MRA).

CTA is a non-invasive, accurate approach that features
a very short examination time. The introduction of multi
detector CT has increased the sensitivity and specificity
of the approach [20, 21]. However, presently CTA images
were magnified relative to the actual measure using both
the MIP and volume rendering techniques, and featured
the most magnified image when compared to other devices.
In CT, artifacts occur due to severe calcification lesion or
concentrated contrast media, and blooming artifact (the
examined object is larger than the actual size) has been
reported. In this study, concentrated contrast media was
used as the fluid. So, blooming artifact was very likely
the source of the magnified images. Also the difference in
magnification of measured length may have occurred due
to the post treatment process. A study that used a phantom
to measure the diameter of volume rendering technique
and MIP reported volume rendering to be more accurate
in 2-4 mm stenosis [22], which was also evident in the
present study. Generally, volume rendering changes the
degree of transparency and allows spontaneous visuali-
zation of the inside and the surface, and can make the
image totally transparent or opaque according to the
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reconstructive object. Inaccuracy in the description of the
boundary is not suitable for the accurate measurement.
However, the opaque volume rendering has the almost
same effect as the surface rendering image, which allows
the significant boundary images to be obtained. In this
study the concentrated contrast media was used to produce
the surface volume rendering effect in the volume render-
ing technique; it produced less magnified images than
MIP.

The blood vessel phantom used in this study could not
reflect the characteristics of the actual vessels, and the
fluid used in each examination was different to actual
blood. Also, the flow of the fluid could not simulate the
pulsating model. These differences were the limitations in
this study. The difference in flow velocity resistance
occurred due to the difference in conduit used in the
phantoms, and signal differences also occurred in viscosity
and magnification resonance images as the fluid was used
instead of actual blood, Especially, in the T1 value, the
image signal strength proportionally increases in a linear
fashion as the concentration of matter increases, hence the
MR signal will change according to blood flow. Secondly,
the viscosity of fluid used in each examination was
different. Saline solution, GA-DTPA diluted in saline
solution, and concentrated non-ionic iodine contrast
media were used according to the characteristics of each
examination. Hence, the images from each examination
were different. Thirdly, we could not simulate pulsating
blood flow. Therefore when this study is applied in a
clinical practice, those differences should be considered.

5. Conclusion

3D TOF MRA and 3D CE MRA used for CTA produce
values that are augmented relative to the actual measure-
ment. The present results provide evidence that the blood
vessel model phantom will assist in the understanding of
the principals of the various imaging techniques for blood
vessels, such as MRA and CTA, and will provide fund-
amental data for the future design of experimental models.
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