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Cone beam CT has a capability for the 3-dimensional imaging of large volumes with isotropic
resolution, and has a potentiality for 4-dimensional imaging (dynamic volume imaging), because
cone beam CT acquires data of a large volume with one rotation of an x-ray tube-detector pair.
However, one of the potential drawbacks of cone beam CT is a larger amount of scattered x-rays,
which may enhance the noise in reconstructed images, and thus affect the low-contrast detectablity.
Our aim in this work was to estimate the scatter fractions and effects of scatter on image noise, and
to seek methods of improving image quality in cone beam CT. First we derived a relationship
between the noise in a reconstructed image and in an x-ray intensity measurement. Then we
estimated the scatter to primary ratios in x-ray measurements using a Monte-Carlo simulation. From
these we estimated the image noise under relevant clinical conditions. The results showed that the
scattered radiation made a substantial contribution to the image noise. However, focused collima-
tors could improve it by decreasing the scattered radiation drastically while keeping the primary
radiation at nearly the same level. A conventional grid also improved the image noise, though the
improvement was less than that of focused collimators. © 2001 American Association of Physi-

cists in Medicine. [DOL 10.1118/1.1357457]
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I. INTRODUCTION

Since the pioneer work of the Dynamic Spatial Reconstruc-
tor (DSR) in the early 80’s, cone beam CT has been studied
by several groups.l“5 They demonstrated isotropic resolu-
tions in 3-dimensional imaging of large volumes, and sug-
gested the possibilities of 4-dimensional imaging (dynamic
volume imaging), because cone beam CT acquires data of a
large volume with one rotation of the x-ray tube-detector
pair. However, their efforts have not resulted in routine clini-
cal CT except for the imaging of high-contrast objects, such
as lung or blood vessels enhanced by a contrast agent. This
was because all groups only showed much poorer image
quality for low-contrast objects than conventional CT due to
the narrow dynamic range of the x-ray video fluoroscopic
system employed as 2-dimensional detectors.

Figure 1 shows a sagittal section of a normal head taken
by our prototype scanner.* This image demonstrated isotro-
pic resolutions in the sagittal section, and clearly differed
from conventional sagittal images, which were reformatted
from a stack of transaxial images. However, Fig. 1 failed to
show low-contrast structures, such as ventricles in the brain,
which could be delineated by conventional CT.

Recently, a so-called flat-panel imager has been intro-
duced to clinical radiology. It is a digital x-ray imaging de-
vice based on the solid-state technologies developed for
active-matrix, flat-panel displays, and is capable of high-
sensitivity, high-speed imaging with a wide dynamic range.6
It is expected that low-contrast detectablity of cone beam CT
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could be improved if a solid-state detector, such as a flat-
panel imager, is employed instead of an x-ray video fluoro-
scopic system, because the former shows a wider dynamic
range than the latter. The other candidate of a solid-state
detector is an extension of a multiple-row detector array
equipped in a multi-slice CT.”

Another potential drawback of cone beam CT is a larger
amount of scattered x-rays. These x-rays may enhance the
noise in reconstructed images, and thus affect low-contrast
detectablity. Qur aim in this work was to estimate scatter
fractions and the effects of scatter on image noise, and to
seek methods of improving the image quality in cone beam
CT with solid-state detectors.

Il. MATERIALS AND METHODS
A. Image noise formulation

The noise in a reconstructed image has a relationship with
the noise in x-ray intensity measurements. The noise-to-
signal-ratio in a reconstructed image is defined as o/u,
where u is the true value of the attenuation coefficient at a
point, and o is the variance in a set of measurements of the
attenuation at that point. Chesler et al. proposed a formula of
o/u for a convolution algorithms in a parallel beam
geometry.® Because the Feldkamp algorithm,” which is typi-
cally used in cone beam reconstruction, is an extension of the
convolution algorithm, Chesler’s formula is a good approxi-

© 2001 Am. Assoc. Phys. Med. 469
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Fi1G. 1. Sagittal section of a normal head taken by a prototype cone beam
CT-scanner.

mation of the noise-to-signal-ratio of a reconstructed image
in cone beam CT if the cone-angle is not sufficiently large. It
follows that

g 2 WZU%ROa *®
—| = G(k)|?* dk, 1
(#) . — _ml (k)] (1)

where n is the number of views, a the linear sampling dis-
tance and opgg the standard deviation of projections, that is,

d| I

5 ( In 7) o
where I and I are the incident and transmitted x-ray inten-
sities, respectively, and oy is the standard deviation of the
transmitted x-ray intensity. Equation (1) shows that opgg
equals the noise-to-signal-ratio of x-ray intensity measure-

ments. G (k) is a correction function in k-space (Fourier do-
main). For the Shepp and Logan correction function,®

2]

Opro™= =7 ()

1
;(;lsin(qua){ ([k|<=1/(2a)),

G(k)= (3)
0 (k|=1/(2q)).
If we substitute Eqs. (2) and (3) to Eq. (1),
2 2
FRGEE ®
where
K2=——§—2—. (5)
2putan

B. Noise in intensity measurement

As derived in Appendix A, the noise-to-signal-ratio of
x-ray intensity measurements is approximately given by
(_‘_T_{)2:NP<EZ)P+NS<EZ>S+(Nadd<E)P)2

1 (Np(E)p)* ’

(6)
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FiG. 2. Geometry of the cone beam system used in the simulation. A patient
was modeled as a water cylinder of diameter D (D =200 or 300 mm) and of
infinite length. The size of the imrradiation field was L,XL,=440 mm
X 440 mm at the detector. A compensating bow-tie filter was inserted be-
tween the source and the patient. Collimators or a grid, which were focused
and one-directional, were inserted before the detector to reject scattered
radiation.

where Np and N are the numbers of primary and scattered
x-ray photons absorbed in a detector element per view, re-
spectively. N 44 is the addititve electronic noise in a detector
that includes read-out electronics, and is converted to x-ray
photon numbers of energy (E)p. (E)p, (E*)p and (E*)s are
defined as follows:

E max

()= [ Enm @ pE)E, )
E max

(E®)p= fo E’n(E)®p(E)dE, (8)
E max

G R GE NN ©)

where @ ,(E) and @ g(E) are the primary and scattered x-ray
spectra incident on the detector, respectively, and 7(E) is
the x-ray absorption efficiency of energy E at the detector.
E ax 18 the maximum x-ray energy.

C. Parameters in noise estimation

Using the above formulations, we estimated the image
noise under relevant clinical conditions. The geometry of
cone beam system is shown in Fig. 2. A patient was modeled
as a water cylinder having a diameter of D (D =200 or 300
mm) and of infinite length. The source to rotation axis dis-
tance was 780 mm, and the source to detector distance was
1100 mm. The size of the irradiation field was L, XL,
=440mmX 440 mm at the detector. In the simulation the
x-ray tube was assumed to be 120 kV of the tube voltage,
with a tungsten target and 5.4 mm Al total filtration. A bow-
tie filter, that compensated the attenuation of x-rays in the
objects and flattened the x-ray intensity incident to the
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TaBLE 1. Specifications of collimators and a grid used in the simulation.
Spacing and width were defined at the detector plane, whose distance from
the source was 1100 mm.

Height Grid

Material Spacing  Width h ratio  Density

Collimator 1  Pb/Air 10mm 02mm 10mm 125 10 lines/cm
2 Pb/Air 1.0 0.2 20 25 10
Grid Pb/Al 250 gm 50 gm 2.5 12.5 40

detector,!! was inserted between the source and the patient.
Collimators or a grid, which were focused to the x-ray source
and one-directional, were inserted before the detector to re-
ject scattered radiations. Table I gives their specifications.
Though a focused and cross collimator or grid might be more
effective to reject scatter, it was not considered in the present
study because the heat expansion during operation would
cause focal spot to move in the longitudinal direction.

The spectra of primary and scattered x-ray were estimated
using a self-made Monte-Carlo code. We examined photo-
electric effects, elastic and in-elastic scattering of x-ray pho-
tons more than 5 keV of energy. Escape of characteristics
x-ray from Pb in the grids was also examined. The x-ray
spectrum emitted from the tube was estimated using the
Birch and Marshall formula.'? Cross sections of the above
interactions and angular distributions of scattering were em-
ployed from the references.!*!# The 2 X 10® incident photons
were traced in the estimation of each spectrum.

7(E) was assumed to be 0.6, independent of x-ray photon
energy for a flat-panel imager. This may be reasonable be-
cause the calculation by Siewerdsen ef al. showed that the
mean absorption efficiency of a Lanex Fast-B rare earth
screen was 0.67 for 90 kVp x-ray.!> We also examined the
noise characteristics of an ideal detector whose efficiency,
7(E) is 1 and independent of the x-ray energy. N,y was
assumed to be 70 x-ray photons per detector element for the
flat-panel imager (See Appendix B) and O for the ideal de-
tector. The size of the detector element was assumed to be
1.0X 1.0 mm?, and the x-ray exposure was assumed to be 1.0
mAs per view, that corresponded to 5.7X 10° photons inci-
dent to each detector element per view in the absence of the
bow-tie filter and the phantom. The number of views was
assumed to be 360 per scan. The scanner geometry and x-ray
conditions were based on our prototype scanner.* The signal
in reconstruction was assumed to be 0.2cm™!, which pro-
duced K of approximately 1.86 in Eq. (4) for the Shepp and
Logan correction function. These parameters are summarized
in Table II.

ill. RESULTS

Figure 3 shows the estimated spectra used in this simula-
tion. Table III summarizes the estimated results of image
noise for the flat-panel imager. Figure 4 shows the relative
image noises (noise-to-signal-ratios) for phantoms having di-
ameters of D=200mm and 300 mm. Curve 3 shows the
relative noise due only to primary radiation for the ideal
detector, as well as the ultimate values if all scatters are
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TABLE II. Summary of the parameters used in a noise estimation.

Phantom diameter D
Source to detector distance
Source to isocenter distance
Detector size L, XL,
Element size a
X-ray absorption
Efficiency 7
Additive noise Ny

X-ray tube voltage

200/300 mm

1100 mm

780 mm

440 mmX440 mm
1.0 mm

7=0.6 (flat-panel)
7=1.0 (ideal)
N44=70 (flat-panel)
Noge=0 (ideal)

120 KV,

X-ray current

Photon numbers incident to a
detector element in the absence
of bow-tie filter and phantom

1.0 mAs per view
5.7X 10° photons per view

Number of views 360
Signal in reconstruction 0.200 cm™!
K for Shepp and Logan 1.86

removed. Figure 5 shows the relative noise of a flat-panel
imager with separated noise components for the phantoms
having diameters of D =200 mm and 300 mm.

These results show that scattered radiation contributed
substantially to the image noise in cone beam CT without
any scatter rejection. However, focused collimators could
improve it, because they decreased the scatter radiation dras-
tically (less than one twentieth in our geometry) while keep-
ing the primary radiation at nearly the same level. A conven-
tional grid also improved the image noise, though the
improvement was less than that of focused collimators. The
detector noise was also substantial for a cylinder with D
=300 mm.

IV. DISCUSSIONS

In this paper we derived the relationship between the
noise in a reconstructed image and in an x-ray intensity mea-

T T T T T T T T T T T
phantom ¢ 200mm
L primary ]
2 & scattered = ----s-----
g ; .
g 5 Py ]
& 5
o) d P
o H 4 scattered through
g H % &  acollimator
£ { i h=10 mm x 10
c r ; 1
2 g
o h=20 mm x 10
[=% 4
et S
ol . L " i L A
0 100

50
photon energy (keV)

FiG. 3. Estimated spectra used in the simulation. The solid line shows the
spectrum of primary radiation after a phantom of diameter 200 mm, while
the dotted line shows a spectrum of scattered radiation. The broken lines
show the spectra of scattered radiation through a collimator of height k (h
=10 or 20 mm). The ordinate is enlarged 10 times for these lines.
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TaBLE III. Estimated results of image noise for a fiat-panel imager. (E), in keV. (E?), and (E?)g in (keV)~

D Grid/Collimator Np Ng Nua (E)p (E®p (EDs oyll olu
None 3.6x10° 132x10* 70 580 3803 2213 1.01% 1.89%

200 mm  Collimator 1 29 0.56 70 580 3803 2471  0.71 1.32
Collimator 2 29 0.26 70 580 3803 2652  0.69 1.28

Grid 22 0.64 70 618 4215 3597  0.89 1.66

None 48%x10° 535%x10° 70 648 4628 2093  4.00 7.49

300 mm  Collimator 1 38 2.5 70 64.8 4628 2422 2.70 5.02
Collimator 2 3.8 12 70 648 4628 2425  2.60 4.84

Grid 3.0 24 70 67.6 4949 3587  3.34 6.21

surement, and then estimated the scatter to the primary ratio
in the measured x-ray intensity, using a Monte-Carlo simu-
lation. From these we estimated the magnitudes of the image
noises for the geometry and x-ray conditions of our proto-
type scanner.’ x-ray detectors were assumed to be a flat-
panel imager. Ideal detectors with 100% detection efficiency
and no additive noise were also employed to examine the
limitation of image quality forced by photon statistics.

The results showed that the scattered radiation made a
substantial contribution to the image noise, though focused
collimators improved it because they decreased the scattered
radiation drastically while keeping the primary radiation at
nearly the same level. A conventional grid also improved the
image noise, though the improvement was less than that of
focused collimators. The image noise was mainly limited by

2 r =
a D=200mm
= ~ o1
15 : e
a - - — - g’ 2
Zo 1 \ - ’/:
g P T - 3
®
< 0.5
v
0 1 i )
0 10 20 Grid
Collimator height {(mm)
D=300mm
8 -

Relative Noise (%)
P~

0 10 20
Collimator height(mm)

Grid

FIG. 4. Relative image noises (noise-to-signal-ratios) for phantoms of diam-
eter D =200 mm and 300 mm. Curve 1 (@) shows the relative noise of a
flat-panel imager, while curve 2 (#) shows the relative noise of an ideal
detector. Curve 3 (4 ) shows the relative noise due only to primary radiation
for an ideal detector, as well as the ultimate values if all scatiers are re-
moved.
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detected x-ray photon statistics, except for a larger size ob-
ject with the flat-panel imager, in which case the additive
detector noise could be substantial.

With regard to comparison between conventional CT and
cone beam CT, the conventional CT is believed to imple-
ment an almost ideal detector of approximately 100% effi-
ciency with negligible additive noise. The estimated amount
of scattered radiation is very small in conventional CT,11
because a collimator similar to the present study is applied
and because the only narrow slice in the axial direction is
irradiated.

Therefore the relative noise (o/u) of conventional CT
would correspond to curve 3 (ideal detector without scattered
radiation) in Figs. 4 and 5 if the other conditions (such as the
detector element size, etc.) are assumed to be the same. In

Flat panel D=200mm

2 e 1
= ~ ®
S 15 S —— —
2 . O — - g B
o ./u——————i/

Z - 3
g R . @
E N it —O4
d'é 0.5 B — i __W_._ T.T.TE—’ b
0 . : -
0 10 20 Grid
(a) Collimator height{(mm)

Flat panel D=300mm

8 -
—~ ®\ N
= 6 ¢ N @ 1
V] N ~ —
2 e o 4
= 4 > — v
@ N — —— ]
89 g —r—
@ Trreeile-
0 L L s
0 10 20 Grid
() Collimator height(mm)

FIG. 5. Relative image noise (noise-to-signal-ratios) of a flat-panel imager
with separated noise components for the phantoms of diameter D
=200 mm and 300 mm. Curve 1 (@) shows the total noise, while curves 2
(@), 3 (¢) and 4 (OJ) show the noise from primary and scattered radiations,
and additive electronic noise, respectively.
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Scintillator Photo-electronic
converter
X-ray Visibleflight Electron
—_— - = e B

®(E)

n(E) gE) C

FiG. 6. X-ray detector model. In this model x-rays are converted to visible
light at a scintillator, which is converted to electrons at a photo-electronic
converter. ®(E) is the spectrum of x-ray photons, and 7(E) is the x-ray
absorption efficiency of energy E. g(E) is the gain factor from x-ray pho-
tons to light photons. C is the opticalcoupling efficiency.

this assumption the relative noise of conventional CT are
0.90% (D=200mm) and 2.40% (D=300mm), while the
relative noise of cone beam CT using the flat-panel imager
and the collimator of 20 mm height are 1.28% (D
=200mm) and 4.83% (D =300mm). The ratio of relative
noise of cone beam CT to the conventional one is 1.4 (D
=200mm) and 2.0 (D =300mm).

In our experience cone beam CT using a video-
fluoroscopic system showed much larger (approximately 10
times larger) relative noise than conventional CT, though
imaging conditions were different from each other.’ Conse-
quently the relative noise of 1.4~2.0 times larger than con-
ventional CT would be a substantial improvement.

From the above discussions we might conclude that we
could develop a cone beam CT with much better detectablity
for low-contrast objects than the present ones if a flat-panel
imager with a focused collimator is employed as the detec-
tor. This kind of cone beam CT would demonstrate clinical
effectiveness in much wider fields due to improved detect-
ablity for low-contrast objects as well as isotropic resolution
inherent to cone beam CT, though the relative noise is esti-
mated to be still larger than conventional CT.

The correctness of the conclusion depends on the assump-
tions made in this paper. They should be confirmed by an
experimental study, which is being prepared. Nevertheless
the framework presented here will be useful in a design study
of cone beam CT of the new type mentioned in this paper.
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APPENDIX A: NOISE FORMULATION IN X-RAY
INTENSITY MEASUREMENT

To formulate the noise-to-signal-ratio of an x-ray inten-
sity measurement o,/I, we assume a detector model as
shown in Fig. 6. In the model, x-rays are converted to visible
light at a scintillator, which is converted to electrons at a
photo-electronic converter. In general, x-rays penetrating the
scintillator will directly produce electrons at the photo-
electronic converter. However the direct effects can be ne-
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glected for flat-panel imagers because the intrinsic layer of
the photodiode is approximately 1um thick and much thin-
ner than the scintillator.’ In Fig. 6, ®(E) is the spectrum of
x-ray photons, and 7(E) is the x-ray absorption efficiency of
energy E. g(E) is a gain factor from x-ray photons to light
photons, which means average light quanta emitted for each
x-tay absorption of energy E, and is given by

8(E)=kE, (A1)

where k is given by e/E,. € is an energy conversion effi-
ciency for the scintillator, and E is the mean energy of a
light photon. C is an optical coupling efficiency, and is the
mean probability that a light quanta emitted by the scintilla-
tor will generate an electron—hole pair in the converter.

In these notations signal I, which is the intensity of the
primary x-rays, is given by

E max
I= fo CNpkEn(E)® p(E)dE, (A2)

where @ p(E) is the spectrum of primary photons, and nor-
malized as

E max
fo 7(E)® p(E)dE=1. (A3)

Np is the normalization factor corresponding to the photon
number of a primary x-ray absorbed in a detector element per
view.

The noise oy is given by

or=0pt st ol (A4)
where op is the statistical noise due to the primary x-rays,
o s the statistical noise due to the scattered x-rays and o4 is
the additive noise due to the detector electronics. op, oy and
0 .44 are given as follows, respectively:

E max
oh= fo C2N pk*E*7(E)® p(E)dE, (A5)
) E max
o5= fo C*Ngk®E*n(E)® 5(E)dE, (A6)

E max 2
Uiddz(fo CNaakEn(E)®p(E)dE | , (A7)

where ®(E) is the spectrum of scattered photons, and nor-
malized as

fOE " E)O(E)AE=1. (A8)

Ny is the normalization factor corresponding to the photon
number of scattered x-rays absorbed in a detector element
per view. N,y is the effective x-ray photon number of addi-
tive noise.

Therefore, the square of the noise-to-signal-ratio of an
X-ray intensity measurement is given by
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o/\? optostoly
A R At Rl
I 1

_ Np(E?)p+ Ng(E*) s+ (Noga(E) p)?

, A9
NAE))? (49)
where
E max
(E)p= fo En(E)®p(E)dE, (A10)
E max
(E¥p= JO E?7(E)® p(E)dE, (A11)
E max
(E%)s= fo E*n(E)®(E)dE. (A12)
APPENDIX B: ESTIMATION‘ OF THE ADDITIVE
ELECTRONIC NOISE, N,y
From Eq. (A7) in Appendix A,
a.
N add (Bl)

W Ck JE™E (B p(E)dE

For a prototype flat-panel imager Siewerdsen et al.!? re-
ported that the electronic noise was 5000 electrons for a
127 umXx 127 um pixel. If we add the signals from 8 X8
pixels to obtain a detector of 1 mm element size, and assume
no correlation between pixel noises, then

O 14a= V8 X 8 X 5000=40000.

k is the number of light photons per unit energy of x-ray, and
given by &/E,,, where ¢ is the energy conversion effi-
ciency, which was assumed to be 0.2 in the present study.
E oy is the mean energy of the light photons and is assumed
to be 2 eV. C is the optical coupling efficiency, and is as-
sumed to be 0.1 in the present study. f§ "™ E7(E)®p(E)dE is
the mean energy of the primary photon, and is assumed to be
60 keV. If we substitute these parameters into Eq. (B1),

N y54= 40000/(0.1 (0.2/2) X 60000) ~ 70.
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Four-dimensional Computed Tomography (4D CT)-Concepts
and Preliminary Development

Masahiro Endo,* Takanori Tsunoo,* Susumu Kandatsu,* Shuji Tanada,*
‘Hiroshi Aradate,** and Yasuo Saito**

Four-dimensional computed tomography (4D CT) is a dynamic volume imaging system of
moving organs with an image quality comparable to that of conventional CT. 4D CT will be
realized by several technical breakthroughs for dynamic cone-beam CT: (1) a large-area two-
dimensional (2D) detector; (2) high-speed data transfer system; (3) reconstruction algorithms;
(4) ultra-high-speed reconstruction computer; and (5) high-speed, continuously rotating gantry.
Among these, development of the 2D detector is one of the main tasks because it should have
as wide a dynamic range and as high a data acquisition speed (view rate) as present CT detectors.
We are now developing a 4D CT scanner together with the key components. It will take one
volume image in 0.5 sec with a 3D matrix of 512x512x512. This paper describes the concepts
and designs of the 4D CT system, as well as preliminary development of the 2D detector.

Key words: four-dimensional computed tomography (4D CT), dynamic volume imaging, two-

dimensional (2D) discrete detector

INTRODUCTION

INCE THE ADVENT of computed tomography (CT) in

1973, dynamic imaging of moving organs in a living
person has been one of the main goals of this field. This
concept is simply called four-dimensional (4D) CT
because it takes three-dimensional (3D) images with the
additional dimension of time. With 4D CT one could
carry out not only new diagnoses but also provide new
interventional therapy through real-time observation of
its procedures. In the early 1980s researchers at the Mayo
Clinic tried to develop a CT scanner for dynamic volume
imaging called the Dynamic Spatial Reconstructor
(DSR).! The project was ambitious and had as its goal
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the development of a CT scanner capable of taking up
to 20 volume data per second. However, they did not
achieve their goal, because the technologies used in the
two-dimensional (2D) detector and digital signal
processing were far from those required for 4D CT.

Continuous progress in CT technologies since the
DSR project has increased the possibility of realizing
4D CT. Today’s state-of-the-art CT scanners have the
capability for high-speed rotation of the detector and X-
ray tube pair (up to 0.5 sec/rotation), and the multi-row
detector can be extended to a 2D detector with sufficient
dynamic range and data acquisition speed. Algorithms
for cone-beam reconstruction needed in 4D CT have
been proposed by several authors, and their usefulness
has been demonstrated in simulation and phantom
experiments.”® Therefore, it is likely that the 4D CT can
be realized if a 2D detector and ultra-high-speed
reconstruction processor, both of which are within reach
of current technologies, are developed.

MATERIALS AND METHODS

Specifications and necessary breakthroughs 4

Because volume data (3D data) can be acquired by cone-
beam CT using rotation of the cone-beam,* continuous
rotation of the cone-beam allows dynamic volume data

—31— 17
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(4D data) to be acquired. Although this idea

Table 1. Specifications of prototype 4D CT detector

is simple, several breakthroughs are
necessary to realize it: (1) a large-area 2D
detector with scatter rejection device; (2) Size
high-speed data transfer system; (3)
reconstruction algorithms; (4) ultra-high-
speed reconstruction processor; and (5)
high-speed, continuously rotating gantry.

Sampling rate

Material
Data transfer rate
Scatter rejection

900 views/sec

Dynamic range of A/D converter 16 bits
960x230 mm

Element size 1.03%0.94 mm

Number of elements 912x256

Scintillator + photodiode
912x256x900x16% 3.4 Gbps
Collimators parallel to z-direction

Among these, the development of the 2D
detector is one of the main tasks. The
detector should have as wide a dynamic

range and as high a data acquisition speed
(view rate) as current CT detectors if
temporal resolution and low-contrast
detectability are to reach present levels.
From this viewpoint, an image intensifier
(II) and flat-panel detector (FPD) are both
inadequate because their view (frame) rate
is much lower than that required (more than
or equal to 900 views/sec) and their
dynamic range is narrower than would be
needed (16 bits or more).*” An entirely new
2D detector should be developed on the
basis of current technology for CT
detectors. .
Table 1 summarizes the specifications of

[

128 mm
t (0.5 mm*256)

600 mm

257 257 6.5° 6.5°
i i
£

912 ch.
Front view Side view

/

the prototype 4D CT detector. It is
essentially a discrete pixel detector in which
pixel data are measured by an independent
detector element. The element of the
detector consists of a scintillator and photodiode pair.
Scattered radiation should be limited to negligible
amounts with collimators to assure uniformity and
linearity of the CT number and to reduce image noise.®
The data transfer rate from the rotating part to the
stationary part of the gantry should be at least 3.4 Gbps
and roughly several tens of times higher than that of
current CT scanners.

The detector and X-ray tube pair should be mounted
on the gantry frame of a state-of-the-art CT scanner (e.g.,
Toshiba Corporation’s Aquilion) to minimize design
tasks. The scanning mechanism can ensure that the 4D
CT scanner has a rotation speed of up to 0.5 sec/rotation,
which means 0.3 sec/volume if half-scan algorithms are
employed. Figure 1 shows the geometry of the prototype
4D CT scanner. The X-ray tube is slightly tilted to the
rotation axis to cover a wide cone angle.

Volume data should be reconstructed in real time by
the Feldkamp-Davis-Kress (FDK) algorithm or a more
sophisticated one. To reconstruct the 512x512x128
matrix from 900 views (projections),
512x512x128%900=3.0x10" unit operations (consisting
of several multiplications and table-look-ups) should be

18

Fig. 1. Geometry of the prototype 4D CT scanner.

done in the back-projection stage of the FDK algorithm.
Because our goal of reconstruction time is less than 1
sec for a 512x512x128 matrix, more than 10 times 30
GOPS (giga-operations per second) is required. This
could be fulfilled with the parallel use of several tens of
field-programmable gate arrays (FPGA), each of which
consists of 32 processor elements. Because a helical
cone-beam mode should be employed to obtain 3D data
from long objects such as the whole thorax or abdomen,
the reconstructor should also be able to process helical
cone-beam data. Table 2 summarizes the specifications
of a prototype 4D CT scanner.

Design and preliminary development of key components 4

A test model of the prototype scanner with limited
performance will be completed in 2002, with the support
of New Energy and Industrial Technology Development
Organization (NEDO). The prototype scanner itself will
be completed in 2004. To this end we have done
preliminary design and development work for several
key components. Among them, those of a 2D detector
and high-speed data transfer system are significant and
are described here.
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Table 2. Specifications of prototype 4D CT scanner

2D detector

The element of the detector consists of a
scintillator and photodiode. The scintillator
material is the same as that used for multi-
slice CT detectors, and the photodiode is
single-crystal silicon, the same as that used
for multi-slice detectors. Because the size
of a single-crystal silicon wafer is limited,

Scan mode
Detector

Scan time
Reconstruction matrix
Contrast resolution
Reconstruction time
Reconstruction area

Cone-beam continuous rotation (4D)
Helical cone-beam (precise 3D)

912x256 elements, 1x1 mm element size,
16 bits, 900 views/sec

0.5 sec/rotation (30 sec max)
512x512%x512

Less than 0.5%

Less than | sec for 512x512x128

25-50 cm diameter X 10 cm length/rotation

the detector system has been realized by
tiling detector blocks.’ Figure 2 shows the
construction of the detector. One detector

block consists of 24 (in the channel
direction) X 64 (in the slice direction)

[ Detector system |

38 blocks (912 ch.)

=1,536 elements, while one detector system iz.-

_Y

consists of 38 (in the channel direction) x 4

(in the slice direction) = 152 blocks.

4 blocks

Figure 3 shows the first prototype model

(256 slices)

of the 2D detector (without anti-scatter
collimator). Because it consists of 480
channels X 256 slices, we call it a half-
channel detector. Figure 4 shows one
detector block. The size of the detector
block is approximately the same as that of
the multi-slice detector.

The 2D detector has an anti-scatter

[ Detector

64 slices
block ]

24 ch.

collimator which is an assembly of thin
molybdenum blades equally spaced. The
pitch of the blade is the same as that of the
detector element. The collimator ratio is the
height of the sheet divided by the gap. We
used a collimator with a ratio of
approximately 30:1. The collimator blades are adjusted
parallel to the z-axis (the rotational axis). Figure 5 shows
the prototype model of the 2D detector with the anti-
scatter collimator, which is covered with a protector of

Tig. 3. The first prototype model of 2D detector without anti-
scatter collimator. It consists of 480 channels X 256 slices.

Volume 21, Number |

Fig. 2. Construction of the detector. One detector block consists of 24 (in
the channel direction) x 64 (in the slice direction) = 1,536 elements, while
one detector system consists of 38 (in the channel direction) x 4 (in the slice
direction) = 152 blocks.

carbon-fiber plastics.

The newly developed data acquisition system (Fig.
6) is different from that of a conventional CT scanner,
and is similar to that of a FPD. Charges are accumulated

Fig. 4. Photograph of a detector block. Scintillator elements are
shown in the upward surface, and photodiodes are hidden behind
them.
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in photodiodes and transferred to charge amplifiers in
the order of slice position (z-coordinate) (Fig. 6). Since
each channel has one charge amplifier and one analogue
to digital (A/D) converter, there are 912 A/D converters
in one system, while the resolution of each converter is
16 bits. Sampling rate (speed) is 900 views (frames) per
second, and there are 256 elements in each channel.
Therefore, data for one frame must be collected in 1
sec/900 = 1.1 msec, and one datum of each element must
be sampled in 1.1 msec/256 = 4.3 micro-second by the
charge amplifier and A/D converter.

High-speed data transfer system
— L : In the 4D CT scanner, projection data should be
Fig. 5. Prototype model of 2D detector with anti-scatter  transferred from the rotating part to the stationary part.
collimator, covered with a protector of carbon-fiber plastics. Since the transfer rate is determined by
multiplying a redundant factor of 1.3-1.4 by
the required net rate of 3.4 Gbps, where the
Shift redundant factor is necessary for adding
register error correction codes, transfer control
codes, and so on, it becomes approximately
5 Gbps.
Control We have realized this specification by the
line parallel use of 12 sets of a laser diode (LD)-
photodiode (PD) pair, each of which has a
transfer rate of 622 Mbps. Figure 7 shows a
diagram of the data transfer system. In the

= Signal figure a rotation interface encodes 912-

[Charge amp ] [ \[}l % Y}l % V}l \ZT % } fine channel data from the data acquisition
1 1

- I : .

: system (DAS) to serial data, adds the error

[A/D converter ] {—_L] D [j [J___Hil(j[j correction code, and divides these data into
T 12-channel data for transmitting by LD-PD
pairs. A stationary interface decodes data

Ch. direction
G

[Photodiode]

Z-direction

Fig. 6. Diagram of data acquisition system. Charges are accumulated in

photodiodes and transferred to charge amplifiers in the order of slice position al_ld sends them. to an image proce§31ng unit
(z-coordinates). via a very-high-speed bus line. The
x12
Rotation 522 Mbps | | oo Stationary

DATA DATA

(. ) 5 Ghps)
(4 Gbps) (
1622 Mb Li
DAS Rotation SR m Stationary I Image PU
<t 1/F j622 Mbps | o i/F < I/F
control control

1622 Mbps ‘@/‘

Fig. 7. Block-diagram of high-speed data transfer system. A rotation interface encodes 912-
channel data from the DAS to serial data, adds the error correction code, and divides these data
into 12-channel data for transmitting by LD-PD pairs. A stationary interface decodes data and
sends them to the image processing unit via a very-high-speed bus line.

DAS: data acquisition system, PD: photodiode, L.D: laser diode, Image PU: image processing unit.
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difference between the required 5 Gbps and maximum
transfer rate of 7.4 Gbps (= 622 Mbps x 12) is a design
margin that accounts for dead time of the data transfer
system caused by gaps between light-concentrating
devices for the photodiodes.

Experiment with the half-channel detector j

In one preliminary test, we acquired projection data for
a moving object using the half-channel detector and a
turntable (Fig. 8), and reconstructed the images. In the
experimental geometry, the rotating axis (z-axis) was
vertical, while the plane including the X-ray source and
detector was horizontal. The rotation speed of the
turntable was up to one rotation per second. The output
signal from the A/D converter was connected directly
to the computer for data acquisition and control.

The temporal response of the detector was evaluated
using a falling shield block made of lead. X-rays were
intercepted by the shadow of the lead block. Falling
speed was approximately 2.4 meters per second, and the
data sampling rate was 900 views per second. Figure 9
shows the results. Both falling response and rising
response were within a few milliseconds, the same as
for the multi-slice detector.

A magic hand driven by motor was selected as a
moving object. The fingers were folded and then
extended in a cycle time of approximately 6 seconds. In
areconstruction experiment, 900 projections of 912x256
pixels were collected for each rotation (one rotation per
second), and data collection was continued during six
rotations, covering one cycle of the magic hand’s motion.
Effective data were 480x256 out of
912x256 pixels because we employed the

ORIGINAL ARTICLE

examine their feasibility.

To confirm the performance of these components in
a real situation, we are now developing a test model of
the prototype scanner that uses the 2D detector and a
high-speed data transfer system on the gantry of Toshiba
Corporation’s Aquilion. This work is supported by
NEDO. The test model will be completed in 2002, and
clinical evaluation is planned to explore the possibilities
of 4D CT, although the specifications listed in Table 2
will not be fulfilled.

We are now studying reconstruction algorithms for
cone-beam and helical cone-beam geometries and

Fig. 8. Set-up of preliminary test of half-channel detector,
phantom on the turntable is rotated around a vertical axis with
the rotation speed of up to one rotation/sec, while X-rays are
irradiated from an X-ray tube and transmitted X-rays are
detected.

half-channel detector. Other data were
dummy, and were abandoned after data
collection. Five volumes were reconstructed
for each rotation, and 30 volumes were ,
obtained for six rotations. Image . V ..
reconstruction was done using the FDK Falling \ Rising
algorithms. Figure 10a shows 3D-rendered response T response
images of the magic hand during g’ g’
approximately one half cycle of its motion, g g
while Fig. 10b shows 3D-rendered images = 2
at another angle with partial cutting. Figure & \ & /
10c shows sagittal sections of the magic hand. 5 \ % l
g \ £ |
= =}
DiscussioN g i §0
In this report we hfive described the 001 Timeo(sec) oot 001 Timeo(sec) 0.01
concepts and preliminary development

work of a 4D CT system. A 2D detector of

Fig. 9. Temporal response of detector evaluated with a falling shield block

an entirely new type and a high-speed data made of lead. X-rays were intercepted by the shadow of the lead block.
transfer system were designed and tested to Both falling response and rising response were within a few milliseconds.

~ Volume 21, Number 1
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v

Fig. 10. Results of reconstruction experiment of moving phantom. a: 3D-rendered images
of the magic hand during approximately one-half cycle of its motion, b: 3D-rendered images
at another angle with partial cutting, c: sagittal sections of the magic hand.

designing an ultra-high-speed reconstruction processor.
A test model of the processor will be produced and
examined in 2003. After these preparatory studies we
will complete in 2004 a prototype 4D CT scanner that
has the desired specifications listed in Table 2, and we
will evaluate its clinical usefulness not only in diagnosis
but also in interventional therapy.
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Development and Performance Evaluation of the First
Model of 4-D CT-Scanner

M. Endo, S. Mori, T. Tsunoo, S. Kandatsu, S. Tanada, H. Aradate, Y. Saito, H. Miyazaki, K. Satoh, S. Matsusita,
and M. Kusakabe

Abstract—Four-dimensional (4-D) computed tomography (CT)
is a dynamic volume imaging system of moving organs with an
image quality comparable to conventional CT and it is realized by
continuous and high-speed cone-beam CT. We have developed a
novel two-dimensional (2-D) detector for 4-D CT, which is based on
the present CT technology, and mounted it on the gantry frame of
the state-of-the-art CT-scanner. In the present paper, we describe
the design and the performance evaluation results of the first model
of the 4-D CT-scanner. The X-ray detector for the 4-D CT-scanner
is a discrete pixel detector in which pixel data are measured from
independent detector elements. The numbers of elements are 912
(channels) x 256 (segments) and the element size is approximately
1 mm X 1 mm. Data sampling rate is 900 views (frames)/s and the
dynamic range of the A/D converter is 16 bits. The rotation speed
of the gantry is 1.0 s/rotation. The data transfer system between
rotating and stationary parts in the gantry consists of laser diode
and photodiode pairs and it achieves a net transfer speed of 5 Gbps.
Volume data of 512 X 512 X 256 voxels are reconstructed with
an Feldkamp-Davis—-Kress (FDK) algorithm by parallel use of mi-
croprocessors. The image characteristics such as noise, uniformity,
and spatial resolution were evaluated with stationary phantoms in
asingle rotation. Exposure dose to an object was measured with an
extension of the standard measurement method of CT dose index
(CTDI). Several volunteers were scanned to explore clinical po-
tentials. For the 4-D CT-scanner, the image characteristics of sta-
tionary objects were almost the same as that of conventional CT,
while CTDI of the 4-D CT was slightly higher than that of con-
ventional CT. Isotropic resolving power of less than 0.5 mm was
achieved for the stationary object.

Index Terms—Dynamic volume imaging, four-dimensional com-
puted tomography (4-D CT), phantom study.

I. INTRODUCTION

INCE the advent of computed tomography (CT) in 1973,
S dynamic imaging of moving organs in a living person has
been one of the biggest dreams in this field [1]. The concept
is simply called 4-D CT because it takes a three-dimensional
(3-D) image with the additional dimension of time. With
four-dimensional (4-D) CT, physicians could carry out not only
new diagnoses, but also provide new interventional therapy
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Fig. 1. Geometry of the scanner.

by real-time observation of its procedures. Because volume
data (3-D data) can be acquired by cone-beam CT using a
rotation of the cone-beam [2], [3], continuous rotation of
the cone-beam allows dynamic volume data (4-D data) to be
acquired. In order to realize 4-D CT, we have developed a
novel two-dimensional (2-D) detector based on the present
CT technology [4], and mounted it on the gantry frame of the
state-of-the-art CT-scanner (Toshiba Corp. Aquillion) [5], [6].
In the present report we describe the design and performance
evaluation results of the first model of the 4-D CT-scanner.

II. DESCRIPTION OF SCANNER SYSTEM
A. Gantry

The detector and X-ray tube pair are mounted on the gantry
frame of the state-of-the-art CT-scanner. Fig. 1 shows the ge-
ometry of the scanner, and Fig. 2 shows a photograph of the
gantry under development. The scanning mechanism can assure
a rotation speed of up to 0.5 s/rotation. However the first model
employs 1.0 s/rotation as the maximum speed due to the accel-
eration limit of the X-ray tube that covers a wide cone-angle;
this tube is slightly tilted to the rotation axis.

B. Detector

The detector is a discrete pixel detector in which pixel data
are measured from independent detector elements. The num-
bers of elements are 912 (channels) x 256 (segments), and the
element size is approximately I mm x 1 mm. Data sampling
rate is 900 views (frames)/s, and the dynamic range of the A/D
converter is 16 bits. The detector element consists of a scintil-
lator and photodiode. The scintillator is GdgO4S ceramic, and
the photodiode is made of single-crystal silicon, the same as for

0018-9499/03$17.00 © 2003 IEEE
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Fig. 2. Photograph of the gantry under development.
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Fig. 3. Construction of the detector.

those of a multidetector (MD) CT detector. Because the size of
a single-crystal silicon wafer is limited, the detector system has
been realized by tiling detector blocks. One detector block con-
sists of 24 (channels) x 64 (segments) = 1,536 elements,
while one detector system consists of 38 X 4 = 152 blocks.
Fig. 3 shows the construction of the detector.

The 2-D detector has an anti-scatter collimator that is an as-
sembly of thin equally spaced molybdenum septa. The colli-
mator blades are adjusted parallel to the rotation axis, and the
pitch of the blade is identical to the detector element pitch. The
collimator ratio is approximately 30:1, which is the height of the
blades divided by the length of the gap.

The data acquisition system is different than that of the
conventional CT-scanner, and is rather similar to that of a flat
panel detector (FPD) as shown in Fig. 4. However much faster
readout-speed than that of the FPD is achieved for two reasons;
the circuits on the single-crystal silicon shows much lower
resistance than a thin-film transistor (TFT) and one-to-one
bonding of each data line to readout electronics. Fig. 5 shows a
photograph of the detector system.

C. High-Speed Data Transfer System

In the present system projection data should be transferred
from the rotating part to the stationary part. Since the transfer
rate is determined by multiplying the required net rate of
3.4 Gbps (= 912 x 256 x 900 x 16) by a redundant factor
of 1.3-1.4, where the redundant factor is necessary for adding

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50, NO. 5, OCTOBER 2003
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Photograph of the detector system.

error correction codes, transfer control codes etc, it becomes
approximately 5 Gbps. This value is realized by parallel use
of 12 sets of a laser diode—photodiode pair, each of which
has a transfer rate of 622 Mbps. Fig. 6 shows a block-diagram
of high-speed data transfer system. At the rotation interface, a
view data of 912 x 256 x 16 bits are divided to 12 channels,
added error correction codes and transfer control codes, and
then transferred as bit streams. At the stationary interface the
view data are decoded from the bit streams with the inverse
process at the rotation interface. The difference between the
required 5 Gbps and the maximum transfer rate of 7.4 Gbps
(= 622 Mbps x 12) is the design margin that accounts for the
dead time of the data transfer system caused by gaps between
light-concentrating devices for the photodiodes.

D. Image Reconstruction Computer

Volume (3-D) data are reconstructed with an Feld-
kamp-Davis—Kress (FDK) algorithm [7] from 360 degree
full rotation data after preprocessing that consists of offset
subtraction, correction of nonuniformities of detector response
and logarithmic conversion.

The image reconstruction computer consists of 128 micro-
processors, each of which has the maximum computation speed
of 400 MFLOPS. Reconstruction time is less than 6 min for
512 x 512 x 256 from 900 views.
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Fig. 6. Block-diagram of high-speed data transfer system. DAS: data acquisition system; PD: photodiode; LD: laser diode; Image PU: Image processing unit;

I/F: interface.

III. EXPERIMENTS

A. Image Characteristics

The image characteristics such as noise, uniformity and spa-
tial resolution were evaluated with stationary phantoms in a
single rotation.

The noise and uniformity were evaluated with a water-filled
phantom of 200 mm diameter and 250 mm height. The phantom
wall was made of 10 mm thick lucite. The voxel size was a 0.5
mm cube. The X-ray tube voltage and current were 120 KV and
120 mA, respectively. The same phantom was scanned with a
state-of-the-art MD CT-scanner (Siemens SOMATOM Volume
Plus4). The same scan conditions were selected except that the
MD CT-scanner was operated with a slice width of 5 mm.

For 4-D CT, ten contiguous transverse images around the
mid-plane on which an X-ray source was rotated were obtained
from 3-D data of the water-filled phantom. They were then av-
eraged to supply a transverse image of 5 mm slice thickness. On
the transverse images of 5 mm slice thickness obtained from the
4-D CT and MD CT, means and standard deviations of CT-num-
bers were calculated in regions of interest (ROIs) of 10 mm di-
ameter aligned along the x-axis. We examined uniformity and
noise with the mean and standard deviations of CT-numbers in
ROlIs, respectively.

The spatial resolution was evaluated with a specially designed
rod phantom consisting of five sets of high contrast rods (Fig. 7)
[8]. Each set consisted of three rods with the same diameter and
material. The diameters were 0.5, 1.0, 1.6, 2.0, and 3.0 mm,
respectively. The four larger rods were made of aluminum, and
the smallest 0.5 mm rod was made of steel. The rod phantom was
inserted to the center of a lucite cylinder of 200 mm diameter
and the same height. The voxel size was 0.5 mm cube with the
rod phantom placed in the center of the imaging volume. The
CT data were acquired at X-ray 120 KVp and 200 mA.

1.0
‘ \ 1.6
X XK

0.5mm

Fig. 7. Cross section of the rod phantom.

B. Radiation Dose

Radiation dose to an object was measured with an extension
of the standard measurement method of CT dose index (CTDI).
A lucite cylinder of 320 mm diameter was used in this mea-
surement. The phantom was 300 mm long, which was twice
the length of the standard phantom to accommodate the longi-
tudinal field of view (collimator aperture) was 128 mm along
the rotational axis in the present scanner. Because the effective
length of the standard chamber was 100 mm, exposure dose was
measured at three contiguous positions separated by intervals of
100 mm. CTDI was obtained by the following:

3
> IC
=1

where d was a nominal slice thickness (128 mm), and IC; was
output of the ion chamber at each position.

CTDI = €))

ISR

C. Volunteer Study

Several volunteers were scanned to explore clinical poten-
tials. The study protocol was approved by the ethics committee
of the National Institute of Radiological Sciences, and each
subject gave written informed consent prior to participating in
the study. While most were scanned in a 3-D mode using a
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Fig. 9. Standard deviations of CT-numbers in ROIs aligned along the z-axis.

“step-and-shoot” acquisition, two were scanned in a 4-D mode
in which scanner was performed with multiple rotations. Total
exposure dose for each volunteer was limited to 600 mAs,
which corresponds to 10 mSv for effective dose-or 100 mGy
for skin dose at the maximum in the 4-D mode.

IV. RESULTS AND DISCUSSION

A. Image Characteristics

Fig. 8 shows uniformity measurement results. Though the
CT-numbers of 4-D CT were slightly higher than 0 due to their
insufficient calibrations, 4-D CT had a relative uniformity which
was almost the same as that of MD CT. Fig. 9 shows noise mea-
surement results and standard deviations of CT-numbers in the
ROIs aligned along the z-axis. Standard deviations indicating
magnitudes of image noises were almost identical for both CT,
except at the center region where a slight ring artifact was ob-
served in 4-D CT.

Fig. 10 shows spatial resolution measurement results. These
images were obtained from 3-D data of the spatial resolution rod
phantom. Because the voxel size was a 0.5 mm cube, pixel size
was 0.5 mm and slice thickness was 0.5 mm in both figures. In
the left figure rods are inserted perpendicularly to the transverse
plane, while in the right figure rods are parallel to the transverse
plane and rods of the same diameter are aligned to the z-direc-
tion. All sets of rods down to 0.5 mm diameter were separable in
both figures, which meant an isotropic resolving power of less
than 0.5 mm was achieved.

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50, NO. 5, OCTOBER 2003

Fig. 10. Transverse (left) and longitudinal (right) images of resolution
phantom.

TABLE [
CTDI oF 4-D CT

Center Peripheral
4D CT 10.2 16.7
MD CT 6.0 14.9

Unit: mGy/100mAs, MD CT: Toshiba Corp. Aquillion

Fig. 11.

Transverse images of volunteers (left: head; right: liver).

B. Radiation Dose

Table I shows results of radiation dose measurements. The
CTDI of over 300 mm length was measured in this report,
and was a little higher than the standard CTDI of an ordinary
CT-scanner (Toshiba Corp. Aquillion) [9], especially in the
center region. This result might be attributed to larger amounts
of scattered X-rays in the cone-beam geometry though further
study will be necessary to confirm this.

C. Volunteer Study

Figs. 11 and 12 show examples of volunteer results. Fig. 11
shows transverse images of volunteers. These images were ob-
tained from 3-D data of volunteers. Voxel sizes were 0.5 mm for
head, and 0.6 mm for liver, respectively. Because slice thickness
was the same as the voxel size for each case, image noises were
more significant than ordinary images which are usually taken
with thicker slices. These noises may be decreased by z-direc-
tion smoothing.

Fig. 12 shows dynamic 3-D rendered images (4-D image)
of a volunteer during intended motion of his jaws. These im-
ages were examples of thirty 3-D images reconstructed with a
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Fig. 12. Dynamic 3-D rendered images (4-D image) of a volunteer during
intended motion of his jaws.

TABLE II

SPECIFICATION OF THE FIRST AND SECOND MODEL

(1]

(2]

First model Second model
Scan mode Cone-beam continuous | Cone-beam continuous
rotation (4D) rotation (4D)
Helical cone-beam
(large 3D)
Detector 912x256 The same as the first
Scan time Isec/rot (14sec max) 0.5sec/rot (30sec max)
Reconstruction 512x512x256 512x512x512
matrix
Contrast resolution Less than 0.5% The same as the first
Reconstruction time 6min for 512x512x256 | Less than 1sec
End of construction March 2002 March 2004

[3]

(4]

(5]

[6]

0.1 s interval. Clinical studies as well as animal experiments are
planned to explore the possibilities of 4-D CT.

D. Future Development

(7]
(8]

‘Since in the first model, the reconstruction time is 6 min for

the full size matrix and much slower than the scan time, it may

(9

1671

be an obstacle to clinical applications, especially for interven-
tional therapy. We are now constructing a second model that had
a much faster reconstruction computer composed of next gener-
ation field programmable gate arrays (FPGA). This model will
be completed by the end of fiscal year 2003. Table II summa-
rizes specifications of the two models.
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We have developed a prototype 256-slice CT-scanner for four-dimensional (4D) imaging that em-
ploys continuous rotations of a cone-beam. Since a cone-beam scan along a circular orbit does not
collect a complete set of data to make an exact reconstruction of a volume [three-dimensional (3D)
image], it might cause disadvantages or artifacts. To examine effects of the cone-beam data collec-
tion on image quality, we have evaluated physical performance of the prototype 256-slice CT-
scanner with 0.5 mm slices and compared it to that of a 16-slice CT-scanner with 0.75 mm slices.
As a result, we found that image noise, uniformity, and high contrast detectability were independent
of z coordinate. A Feldkamp artifact was observed in distortion measurements. Full width at half
maximum (FWHM) of slice sensitivity profiles (SSP) increased with z coordinate though it seemed
to be caused by other reasons than incompleteness of data. With regard to low contrast detectability,
smaller objects were detected more clearly at the midplane (z=0 mm) than at z=40 mm, though
circular-band like artifacts affected detection. The comparison between the 16-slice and the 256-
slice scanners showed better performance for the 16-slice scanner regarding the SSP, low contrast
detectability, and distortion. The inferiorities of the 256-slice scanner in other than distortion mea-
surement (Feldkamp artifact) seemed to be partly caused by the prototype nature of the scanner and
should be improved in the future scanner. The image noise, uniformity, and high contrast detect-
ability were almost identical for both CTs. The 256-slice scanner was superior to the 16-slice
scanner regarding the PSF, though it was caused by the smaller transverse beam width of the
256-slice scanner. In order to compare both scanners comprehensively in terms of exposure dose,
noise, slice thickness, and transverse spatial resolution, K =Do’ha® was calculated, where D was
exposure dose (CT dose index), o was magnitude of noise, & was slice thickness (FWHM of SSP),
and a was transverse spatial resolution (FWHM of PSF). The results showed that the K value was
25% larger for the 16-slice scanner, and that the 256-slice scanner was 1.25 times more effective
than the 16-slice scanner at the midplane. The superiority in K value for the 256-slice scanner might
be partly caused by decrease of wasted exposure with a wide-angle cone-beam scan. In spite of the
several problems of the 256-slice scanner, it took a volume data approximately
1.0 mm (transverse) X 1.3 mm (longitudinal) resolution for a wide field of view (approximately
100 mm long) along the z axis in a I s scan if resolution was defined by the FWHM of the PSF or
the SSP, which should be very useful to take dynamic 3D (4D) images of moving organs. © 2004
American Association of Physicists in Medicine. [DOL 10.1118/1.1747758]

Key words: CT technology, cone-beam CT, CT image quality, CT exposure dose

I. INTRCDUCTION

Since Hounsfield and Ambrose installed a prototype of the
EMlI-scanner at Atkinson Morley Hospital in 1971, continu-
ous and remarkable developments have been made in CT
technology. As a result of such developments, we can take 32
to 40 slices per second with a state-of-the-art CT-scanner.
This is several thousand times faster than the original EMI-

1348 Med. Phys. 31 (6), June 2004
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scanner that could take only two slices in 4+ min. The de-
velopments of CT technology have allowed applications of
three-dimensional (3D) images in clinical fields such as di-
agnosis, surgical simulation, planning of radiation therapy,
and monitoring of interventional therapy. Moreover, the lat-
est 16-slice scanner developed has made dynamic 3D imag-
ing possible, this could be called four-dimensional (4D) im-

© 2004 Am. Assoc. Phys. Med. 1348
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Fic. 1. Illustration of the detector and the geometry used in 256-slice
scanner.

aging. However, the axial field of view of the 16-slice
scanner is 32 mm at the maximum, which imposes a limit on
application of 4D imaging. In order to take 4D images of a
wider field of view, we have developed a prototype 256-slice
CT-scanner by mounting a novel wide-area two-dimensional
(2D) detector on a gantry frame of a state-of-the-art
CT-scanner! (Toshiba Aquilion: Toshiba Medical Systems,
Japan). Because of its mechanical simplicity, the prototype
uses continuous rotations of a cone-beam to take 4D images.
Since a cone-beam scan along a circular orbit does not col-
lect a complete set of data to make an exact reconstruction of
a volume (3D image), disadvantages or artifacts might occur
if cone angle is substantially wide.? To examine effects of the
cone-beam data collection on image quality, we have evalu-
ated physical performance of the prototype and compared it
to that of a state-of-the-art 16-slice CT-scanner.

il. MATERIALS AND METHODS
A. Prototype 256-slice CT-scanner

A wide-area 2D detector was designed on the basis of the
present CT technology® and mounted on the gantry frame of
the state-of-the-art CT-scanner. The number of elements was
912 channels X 256 segments; element size was approxi-
mately 1.02mmX0.90 mm, which corresponds to
0.58 mm (transverse) X 0.50 mm (longitudinal) beam width
at the center of rotation (Fig. 1). Scanning time was 1.0
s/rotation. The scanner could scan a field of view approxi-
mately 100 mm long in the z direction with 1 s scan. Data
sampling rate was 900 views (frames)/s, and dynamic range
of the A/D converter was 16 bits. The detector element con-
sisted of a scintillator and photodiode. The scintillator was
Gd,0,S ceramic with thickness of approximately 2 mm;
both material and thickness were the same as for the scintil-
lator of a multi-detector CT-scanner (Toshiba Aquilion). The
2D detector had a blade collimator that was an assembly of
thin equally spaced molybdenum septa, which were adjusted
parallel to the rotation axis, and the pitch of the blade was
identical to the detector element pitch. The collimator ratio
was approximately 30:1, which was the height of the blades
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divided by the length of the gap. A Feldkamp-Davis—Kress
(FDK)? algorithm was used for reconstruction. It took about
10 min to reconstruct volume data of 512X 512X 256 voxels
by parallel use of 128 microprocessors.

B. Evaluation methods and scan conditions

We measured the following items with stationary phan-
toms designed for the 256-slice scanner by the same method
as that of conventional CT: (i) point spread function (PSF),
(ii) slice sensitivity profile (SSP), (iii) image noise and uni-
formity, (iv) high contrast and low contrast detectabilities,
(v) distortion, and (vi) exposure dose. We compared them
with the evaluation resuits of a 16-slice CT-scanner routinely
used at our institute (SOMATOM Sensation 16, Siemens
AG.). Scan conditions for the 256-slice scanner were 120 kV,
200 mA, 1.0 s exposure, 1.0 s gantry rotation time, 0.5 mm
slice thickness, and 256X 0.5 mm slice collimation. Those
for the 16-slice scanner were 120 kV, 200 mA, 1.0 s expo-
sure, 1.0 s gantry rotation time, 0.75 mm slice thickness, and
16<0.75 mm slice collimation. The beam width for the 16-
slice scanner was 0.75 mmX 0.75 mm at the rotation center.
Scan conditions for almost all items were the same for each
scanner and they were chosen to approximate clinical CT
imaging. Reconstruction parameters for the 256-slice scanner
were a voxel size of 0.468X0.468%0.500 mm> with 0.500
mm reconstruction increment along z axis and matrix size of
512X 512X 256, and those for the 16-slice scanner were a
voxel size of 0.468 X 0.468x 0.750 mm? with 0.750 mm re-
construction increment along the z axis and matrix size of
512X 512X 16. Convolution kernels were standard body ker-
nels; FC10 for the 256-slice scanner and B40s for the 16-
slice scanner. Scans under other conditions are noted as nec-
essary. Table I shows details of scan conditions.

1. Point spread function (PSF)

A PSF was assessed using a commercially available CT
image quality phantom (Catphan 500 with module CTP528,
Phantom Laboratory, Salem, NY) which contained a 0.288
mm tungsten carbide bead positioned 38 mm up from the
center of the phantom. We employed zoomed reconstruction
for both CTs, in which voxel sizes were 0.146X0.146
% 0.500 mm® for the 256-slice scanner and 0.146X%0.146
% 0.750 mm? for the 16-slice scanner. PSFs were obtained as
normalized CT-number profiles along the center of the bead
at the midplane (z=0 mm) for both CTs, and z=20 mm and
z=40 mm for the 256-slice scanner. Full width at half maxi-
mums (FWHMs) and full width at tenth maximums
(FWTMs) were evaluated by interpolating PSFs.

2. Slice sensitivity profile (SSP)

The same phantom as for the PSF was used to evaluate a
SSP by making a coronal reconstruction through the bead.
Reconstruction increment along the z axis was 0.1 mm for
the 256-slice scanner. For the 16-slice scanner reconstruction
increment was 0.75 mm. In order to make finer sampling
intervals, the phantom was scanned at three contiguous po-
sitions with 0.5 mm interval, which effectively made the
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TaBLE I. Scan conditions for 256-slice scanner and 16-slice scanner.
Voltage  Current  Scan time Slice Slice thickness
Evaluation iterns Scanner Section kV) (mA) () collimation (mm) Scan mode

1 PSF 256-slice CT Transverse 120 200 1.0 256X 0.5 min 0.5 Axial
16-slice CT 16X 0.75 mm 0.75

2 SSP 256-slice CT  longitudinal 120 200 1.0 256X 0.5 mm 0.5 Axial
16-slice CT 16X 0.75 mm 0.75

3 Image noise, 256-slice CT Transverse 120 200 1.0 256X 0.5 mm 0.5 Axial

uniformity 16-slice CT 16X0.75 mm 0.75

4 High contrast 256-slice CT Transverse 120 200 1.0 256X0.5 mm 0.5 Axial
16-slice CT 16X0.75 mm 0.75

5 Low contrast 256-slice CT Transverse 120 400 1.0 256X0.5 mm 12.0 Axial
16-slice CT 16X0.75 mm

6 Distortion 256-slice CT  Longitudinal 120 200 1.0 256X 0.5 mm 0.5 Axial
16-slice CT 120 200 8.3 16X0.75 mm 0.75 Helical (pitch: 1.25)

7 Exposure dose 256-slice CT 120 200 1.0 256X 0.5 mm Axial
16-slice CT 16X0.75 mm

sampling interval of 0.25 mm. SSPs were obtained as nor-
malized CT-number profiles along the center of the bead at
z=0 mm for both CTs, and z=20 mm and z=40 mm for the
256-slice scanner. FWHMs and FWTMs were evaluated by
interpolating SSPs.

3. Image noise and uniformity

Image noise was measured with a 200-mm-diam and 250-
mm-high acrylic cylinder filled with water. Standard devia-
tions (SDs) of CT-number were calculated in nine regions of
interest (ROIs) of 10 mm diameter aligned every 20 mm
along the diameter of the phantom in the transverse section
(Fig. 2). For the 256-slice scanner, calculations were made at
z=0mm, z=20mm, and z=40 mm. The same phantom
and ROIs were used for the uniformity measurement as for
the noise measurement, and averages of CT-number were
calculated in these ROIs.

4. High conirast and low contrast detectabilities

High contrast and low contrast detectabilities were as-
sessed with commercially available CT phantoms for CT

200 mm

e
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y
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10 mm-diam ROI

FIG. 2. Photograph of the water phantom for the evaluation of image noise
and uniformity. Nine ROIs of 10 mm diameter were aligned every 20 mm
along the diameter of the phantom.
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performance evaluation (high contrast: Kyoto Kagaku Co.,
Ltd., Japan, low contrast: Catphan 500 with module
CTP515). Figure 3 shows schematic drawings of the two
phantoms. The phantom for high contrast detectability in-
cluded six sets of spheres and two sets of cylinders. Each set -
consisted of spheres (or cylinders) of 2, 3, 5, 7, and 10 mm
diameter, and their CT-numbers were + 50 HU (Hounsfield
Unit), while that of the background was approximately
— 650 HU. The results were evaluated by observing images
and by obtaining the relationships between the CT-number
difference and the diameter of the cylinder. This CT-number
difference was obtained by subtracting the CT-number of the
background from that of the cylinder. For the 256-slice scan-
ner, evaluations were made at z=0 mm, z=20 mm, and z
=40 mm.

The low contrast phantom included three supra-slice and
sub-slice sets of cylinders. The sub-slice targets have z axis
lengths of 3, 5, and 7 mm and diameters of 3, 5, 7, and 9
mm. These supra-slice sets consisted of cylinders of 2, 3, 4,
5,6,7, 8,9, and 15 mm diameter, and contrasts of three sets
of cylinders from background were 0.3%, 0.5%, and 1.0%. A

Low Contrast Phantom

.Cylinder O Sphere

High Contrast Phantom

FiG. 3. Schematic drawing of the phantoms for high and low contrast de-
tectabilities. The CT-numbers for the high contrast phantom were + 50 HU,
and that of the background was approximately —650 HU. The phantom
included sets of spheres (or cylinders) of 2, 3, 5, 7, and 10 mm diameter. For
the low contrast phantom, contrasts of three sets of cylinders except subslice
sets from the background were 0.3%, 0.5%, and 1.0%. The phantom in-
cluded sets of cylinders of 2, 3, 4, 5, 6, 7, 8, 9, and 15 mm diameter.
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(a) (b)

FiG. 4. Distortion phantom. (a) Schematic drawing of scanned geometry. (b)
Photograph.

1.0% contrast means that the mean CT-number of the object
differs from its background by 10 HU. Slice thickness was
12.0 mm for both CTs. It was given by the average of
twenty-four 0.5 mm slices for the 256-slice scanner, and
given by the average of sixteen 0.75 mm slices for the 16-
slice scanner. The results were evaluated by observing im-
ages with supra-slice targets to avoid any volume-averaging
errors. For the 256-slice scanner, evaluations were made at
z=0 mm and z=40 mm.

5. Distortion

The distortion phantom was an acrylic slab on which
straight grooves of 1.0 mm width, 10 mm depth, and 15 mm
spacing were machined to form a grid (Fig. 4). It was in-
serted into an acrylic cylinder perpendicularly to the trans-
verse plane to evaluate the distortions in the longitudinal
section. We evaluated distortions to make a profile through
the phantom along the longitudinal direction and to measure
spacing of grids. For the 16-slice scanner we evaluated a
multi-planar reformat (MPR) image of 0.50 mm pixel size in
the longitudinal section using 8.3 s exposure and helical
pitch of 1.25.*

6. Exposure dose

Exposure dose to an object was measured with an exten-
sion of the standard measurement method of CT dose index
(CTDI). The dose measurements were performed with a
pencil-shaped ionization chamber connected to an electrom-
eter (AE-132a, 2902210, Oyogiken, Japan). The active
length of the chamber (CT-10, Oyogiken) was 100 mm. We
used an acrylic phantom® of 160 mm diameter and 300 mm
length. The length of the phantom was twice the standard
one because the longitudinal field of view (beam collima-
tion) was 128 mm along the rotation axis for the 256-slice
scanner. The phantom was placed on the patient table and its
center was aligned at the scan isocenter. The ionization
chamber was inserted into either the central or one of the
peripheral cavities of the phantom (other cavities being filled
with perspex rods). Because the active length of the ioniza-
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tion chamber was 100 mm, exposure dose was measured at
three contiguous positions with 100 mm interval. The nomi-
nal tube current for both CTs was 200 mA (200 mAs). The
standard CTDI was measured using 256X 0.5 mm beam col-
limation for the 256-slice scanner and 16X0.75 mm beam
collimation for the 16-slice scanner. CTDI was obtained by
the following:

3
CTDI= 1—2 IC;,
Tis
where T (mm) was the beam collimation width at the rota-
tion center (128 mm for the 256-slice scanner and 12 mm for
the 16-slice scanner), and IC; (mGy mm) was output of the
ionization chamber at each position. Weighted CTDI
(CTDIW)S'6 was calculated from CTDIs measured at the cen-
ter and peripheries of the phantom as follows:

CTDIw = ( % CTDIcentcr+ %’ CTDIperiphcry) ’

where CTDl e means the CTDI measured at the center,
and CTDIeiphery means the average CTDIs measured on the
periphery.

To compare with the nominal beam width (beam collima-
tion width mentioned above), actual beam width 7' was
measured for the both scanners. A film (Kodak X-Omat V
non-screen therapy verification film) was placed at the rota-
tion center and exposed without gantry rotation. FWHM of
density profile of the exposed film along the z axis was ob-
tained as the actual beam width.

7. Figure of merit

Because magnitude of noise, transverse spatial resolution,
slice thickness, and exposure dose are related to one another
in the CT performance evaluation, individual comparisons of
each item are not sufficient. A figure of merit K as follows
was compared in this study,

K=Do?ha’,
where D is exposure dose (weighted CTDI), o is magnitude

of noise, k is slice thickness (FWHM of SSP), and a is
transverse spatial resolution (FWHM of PSF).”8 For each

256-slice scanner
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Q #oox 4 z=40 mm
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x 'y
.0 ¥ :
0.0 N A EFAY % K AA ‘ ¥ ;o
-3 2 -1 0 1 2 3

x-coordinate (mm)

FIG. 5. Point spread functions (PSFs) for 256-slice scanner and 16-slice
scanner.
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TabLE II. Full width at half maximum (FWHM) and full width at tenth
maximum (FWTM) of point spread function. Relative values to transverse
beam width (0.58 mm for 256-slice scanner and 0.75 mm for 16-slice scan-
ner) are given in parentheses.
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TaBLE III. Full width at half maximum (FWHM) and full width at tenth
maximum (FWTM) of slice sensitivity profiles. Relative values to longitu-
dinal beam width (0.50 mm for 256-slice scanner and 0.75 mm for 16-slice
scanner) are given in parentheses.

256-slice scanner o
16-slice scanner

256-slice scanner .
16-slice scanner

z=0mm z=20 mm z=40 mm z=0 mm z=0 mm z=20 mm z=40 mm z=0 mm
FWHM 0.94 0.95 0.98 1.26 FWHM 1.18 1.26 1.32 0.78
(1.62) (1.64) (1.69) (1.68) (2.36) (2.52) (2.64) (1.04)
FWTM 1.74 1.80 1.82 2.54 FWTM 1.85 2.03 2.07 1.37
(3.00) (3.10) (3.13) (3.39) (3.70) (4.06) (4.14) (1.83)

model of the CT-scanners, K remains constant if the phantom
and x-ray effective energy are the same. From the equation it
might be suggested that a CT-scanner with smaller K value
could take CT images of the same o, h, and a with lower
exposure dose. In the present study we employed three phan-
toms to measure the above-mentioned items D, o, h, and a.
However, the above-presented equation was approximately
correct because attenuation characteristics of the phantoms
were similar to one another.

lli. RESULTS
A. Point spread function

PSFs for the 256-slice scanner and the 16-slice scanner
are shown in Fig. 5, and FWHMs and FWTMs of PSF are
listed in Table II. In the table, relative values to transverse
beam widths are given as well as the absolute ones. The
FWHM for the 256-slice scanner showed slight dependence
on z coordinate as being 0.94 mm at z=0 mm, 0.95 mm at
20 mm, and 0.98 mm at z=40 mm. The FWHM for the
16-slice scanner was 1.26 mm. Although the absolute
FWHMs for the 256-slice scanner were smaller than that for
the 16-slice scanner, the relative values were approximately
1.6—1.7 and similar for both CTs.

256-slice scanner
® z=0 nun
Lo °§“mﬂ 2 2=20 mm
] )
‘E' o N 4 z=4() mm
E of* ® a9 X
L g o | 16-slice scanner
= . ° x 7=0 min
- 34 4
=] x®
8 s
g 0.5 o 5 *8
o
*o
e 3 ]
< 3
®o
8 M
. *
x
Beo
N L4
0.0 I PS8 i X e tesot
-3 2 1 0 1 2 3

z-coordinate (mm)

F1G. 6. Slice sensitivity profiles (SSPs) of axial scan for 256-slice scanner
and 16-slice scanner.
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B. Slice sensitivity profile

SSPs for the 256-slice scanner and the 16-slice scanner
are shown in Fig. 6, and FWHMs and FWTMs of SSPs are
listed in Table IIL. In the table, relative values to the longi-
tudinal beam width are given as well as the absolute ones.
The FWHM for the 256-slice scanner showed z coordinate
dependence as being 1.18 mm at z=0 mm, 1.26 mm at 20
mm, and 1.32 mm at z=40 mm. The FWHM for the 16-slice
scanner was 0.78 mm, better than for the 256-slice scanner,
and this nearly coincided with the longitudinal beam width.
The relative values of FWHM for the 256-slice scanner were
much larger than that for the 16-slice scanner.

C. Image noise and uniformity

The magnitude of image noise was obtained from the
standard deviations of CT-number in the nine ROIs in a
transverse section (see Fig. 2). Figure 7 shows the relation-
ship between the standard deviation and the position along
the x axis for both scanners. Since average standard devia-
tions of nine ROIs were 16.2 HU at z=0mm, 17.0 HU at
z=20 mm, and 16.7 HU at z=40 mm for the 256-slice scan-
ner, the magnitude of noise was independent of z coordinates
for it. As average standard deviation of nine ROIs for the

50 256-slice scanner
¢ z=(mm
~ @ z=20 mm
E 40 T 4 7= 40 mm
= 16-slice scanner
.S X z=0 mm
& 30 T
2
=]
<]
_:{g 20 x
g a2 ¥ 3 I %
W X
10 T
0 A N it f . . L L

-100  -80 -60 -40 -20 0 20 40 60 80 100
x-coordinate (mm)

F1G. 7. Relationship between the standard deviation (s.d.) of CT-number and
the x coordinate in the transverse section. The average standard deviations
of nine ROIs were 16.2 HU (256-slice scanner z=0 mm), 17.0 HU (256-
slice scanner z=20 mm), 16.7 HU (256-slice scanner z=40 mm), and 16.0
HU (16-slice scanner z=0 mun).
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30 256~slice scanner
¢ z=0mm

— B z=20mm
E): 47=40 mm
220 T 16-sli
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Q
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5
> & @
< 0 F g ; 4 ¥ b4 & § X X

"IO 1 L 1 1 1 1 ') 1
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FiG. 8. Relationship between the average of CT-number and the x coordinate
in the transverse section. Standard deviations of nine ROIs were 1.3 HU
(256-slice scanner z=0 mm), 1.3 HU (256-slice scanner z=20 mm), 1.2
HU (256-slice scanner z=40 mm), and 0.0 HU (16-slice scanner z
=0 mm).

16-slice scanner was 16.0 HU, the magnitude of noise for the
256-slice scanner was approximately the same as that for the
16-slice scanner.

For the uniformity measurement, we calculated averages
of CT-number in ROIs in the transverse section (see Fig. 2).
Figure 8 shows the relationship between the average and the
position along the x axis for both scanners. The standard
deviations of the average were 1.3 HU at z=0 mm, 1.3 HU
at z=20mm, and 1.2 HU at z=40 mm for the 256-slice
scanner and 0.0 HU for the 16-slice scanner. From these
uniformity measurements, we noted the 256-slice scanner
showed nearly the same performance as the 16-slice scanner,
and no dependence on z coordinate was observed for the
256-slice scanner.

D. High contrast and low contrast detectabilities

With regard to high contrast detectability we could ob-
serve objects down to 2 mm for the 256-slice scanner in all
sections (z=0, 20, and 40 mm) [Figs. 9(a)~9(c)]. Also for
the 16-slice scanner, objects down to 2 mm could be ob-
served [Fig. 9(d)]. Figure 10 shows relationships between the
CT-number difference and the cylinder diameter. The CT-
number difference gradually decreased as the cylinder diam-
eter decreased with nearly identical response for both CTs.
For the 256-slice scanner the response was nearly identical at
all sections. Therefore, in high contrast detectability, the 256-
slice scanner showed nearly equivalent performance to that
of the 16-slice scanner, and no dependence on z coordinate
was observed for the 256-slice scanner.

Figure 11 shows images of the low contrast phantom for
the 256-slice scanner and the 16-slice scanner. Table IV lists
the minimum diameters of detected cylinders. From the
table, we noted performance of the 16-slice scanner was sig-
nificantly better than that of the 256-slice scanner at z
=0 mm. Performance of the 256-slice scanner at g
=40 mm was worse than at z=0mm. Circular-band like
artifacts might affect the results for the 256-slice scanner.

Medical Physics, Vol. 31, No. 6, June 2004
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FiG. 9. High contrast phantom images in the transverse sections. (WL:
—400, WW: 1200).
E. Distortion

Figure 12 shows images of the distortion phantom in the
longitudinal section for both CTs. In the 256-slice scanner
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FiG. 10. Relationships between the CT-number difference and the diameter
of cylinder.
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FiG. 11. Low contrast phantom images in the transverse section. (a) 256~
slice scanner, z=0 mm. (b) 256-slice scanner, z=40 mm. (c) 16-slice scan-
ner, z=0 mm.

image, grooves of the grid became slightly wider on leaving
the center of the phantom in the longitudinal direction. Fig-
ure 13 reproduces a profile of CT-number along the z axis for
both CTs. In this profile, the depth of the valley became
shallower and its width became wider on leaving the center.
This artifact could be attributed to a Feldkamp artifact which
is caused by incompleteness of data obtained in cone-beam
geometry and that occurs when x-ray attenuation is changed
rapidly along z axis. From the figure, valley-to-valley dis-
tance was calculated to obtain grid spacing. The results were
15.5 mm (31 pixels X0.500 mm) at the center and 15.0 mm
(30 pixels X 0.500 mm) at other points. The difference be-
tween them was one pixel and within truncation errors. This
fact indicated that the Feldkamp artifact had a little effect on
the geometrical accuracy. For the 16-slice scanner, the MPR
image [Fig. 12(b)] was clear and the shapes of valley were
essentially the same in the profile measurement [Fig. 13(b)].

F. Exposure dose

Table V shows the results of CTDI measurements for both
scanners. CTDIs were given with normalization to 100 mAs’
in Table V. The CTDI,, for the 256-slice scanner was ap-
proximately 24% larger than that for the 16-slice scanner.
Measured beam widths 7’ were larger than nominal values T
for both scanners.

G. Figure of merit

Table VI summarizes K value calculation for both scan-
ners. For the 256-slice scanner, K values increased gradually
on leaving from the midplane mainly because FWHM of SSP
h increased. The K value of the 16-slice scanner was larger
than the K value of the 256-slice scanner at z=0 mm, but
smaller than the one at z=40 mm.

TABLE IV. Minimum diameter of detected cylinders (mm).

Contrast (%)

Position
Scanner (mm) 1.0% 0.5% 0.3%
256-slice CT z=0 mm 4 5 8-9
z=40 mm 4 5-6 9
16-slice CT z=0 mm 3 4 6-~7

Medical Physics, Vol. 31, No. 6, June 2004
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FIG. 12. Distortion phantom images in the longitudinal section. (a) 256-slice
scanner, (b) 16-slice scanner.

IV. DISCUSSION

We have developed a prototype 256-slice scanner that em-
ploys continuous rotations of the cone-beam. To examine
effects of incompleteness which is inevitable for cone-beam
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FiG. 13. Profiles through the distortion phantom along the z axis. (a) 256-
slice scanner, (b) 16-slice scanner.
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TABLE V. Exposure dose.

CTDI

Nominal beam Measured beam CTDIepner periphery CTDI,
Scanner width (T) width (T") {(mGy/100 mAs) {(mGy/100 mA/s) (mGy/100 mAs)
256-slice CT 128 mm 140 mm 21.4 229 22.4
16-slice CT 12 mm 18 mm 17.9 18.0 18.0

data collection, we evaluated physical performance of the
prototype. As a result, we found image noise, uniformity, and
high contrast detectability were independent of z coordinate.

In the distortion measurement, we observed a Feldkamp
artifact that was caused by incompleteness of data collected
in cone-beam geometry, and that occurred when x-ray at-
tenuation was changed rapidly along the z axis. This type of
artifact was shown in simulation studies.'®!! In these studies,
the authors used thin dense disks equally spaced and aligned
perpendicular to the z axis, and they showed that the disk
density lowered as it was leaving from the midplane. This
was thought to be the similar artifact as we observed in the
present experiment. Clinical meanings of this artifact should
be carefully examined in a future study, because the phan-
toms used in these studies including ours were not likely to
resemble patient anatomy.

With regard to SSP, FWHMs of SSP increased with z
coordinate. However, its cause does not seem incompleteness
of data, but it might be caused by an increase of effective
focal spot size due to variation of the angle between target
surface and x-ray path, though careful studies will be neces-
sary to prove it. With regard to PSF, FWHMSs of PSF showed
a slight dependence on z coordinate. Because change of
FWHM was very little (4%), further study will be necessary
to confirm it.

With regard to low contrast detectability, smaller objects
were detected at z=0 mm more clearly than at z=40 mm.
However, this result might be affected by the circular-band
like artifact that was caused by a slight sensitivity difference
of the detector blocks. We are now producing correction soft-
ware for this artifact, and its correction may change the
present results.

We have compared the above-mentioned items and expo-
sure dose between the 256-slice scanner and the 16-slice

“scanner. The comparison showed better performance for the
16-slice scanner regarding the SSP, low contrast detectabil-
ity, and distortion. The inferiority of the 256-slice scanner
regarding the SSP might be attributed to the x-ray focal spot
size being larger in the z direction than for usual CT-
scanners, because the x-ray tube was slightly tilted to cover a

TABLE VI. List of K-value calculation.

wider field of view and this tilting enlarged the effective
focal spot size in z direction. Although the magnitudes of
noise were almost the same for both scanners, the 256-slice
scanner was significantly inferior to the 16-slice scanner re-
garding the low contrast detectability. This might be attrib-
uted to band-like artifacts and/or increased scatter in cone-
beam geometry that would lower image contrast. Pre-
maturity in image processing for the 256-scanner might also
be included in reasons. Further studies are necessary to im-
prove image quality before constructing a practical model.

The 256-slice scanner was superior to the 16-slice scanner
with regard to PSE, though it was caused by the smaller
transverse beam width of the 256-slice scanner. A figure of
merit K was calculated to compare both scanners compre-
hensively in terms of magnitude of noise, transverse spatial
resolution, slice thickness, and exposure dose. With regard to
the K value, the 256-slice scanner was superior to the 16-
slice scanner at z=0 mm, but inferior to it at z=40 mm. The
K value of the 256-slice scanner at z=0mm was 5764,
while the K value of the 16-slice scanner was 7233. This
result showed that the 256-slice scanner at the midplane was
approximately 1.25 (=7233/5764) times more effective than
the 16-slice scanner in terms of K value and it suggested that
the former might take images of the same quality with 1/1.25
the exposure dose of the latter, The superiority of the 256-
slice scanner in K value at least in the midplane might be
partly caused by CTDI definition that takes into account all
exposure dose whether it is effective to form image or not.
From Table V, ratios of the measured beam width to the
nominal one are 1.50 for the 16-slice scanner and 1.09 for
the 256-slice scanner. As the ratio approaches unity, ratio of
wasted exposure and K value decreases. Because measured
beam width should be set by adding a certain margin to
nominal one to cover penumbra and mechanical errors, ratio
of both beam width and wasted exposure tends to decrease as
beam width increases.

We examined physical performances of the 256-slice
scanner with phantom experiments. As the results, we ob-
served several problems such as the Feldkamp artifact in the
distortion measurement, z coordinate dependence of SSP and

Position Dose Image noise SPS PSF

Scanner (mm) K value D (mGy/100 mAs) o (HU) h (mm) a (mm)
256-slice CT z=0 5764 22.41 16.20 1.18 0.94
2=20 7029 22.41 17.04 1.26 0.95
z=40 7774 22.41 16.71 1.32 0.98
16-slice CT z=0 7233 18.04 16.03 0.78 1.26
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inferiority of low contrast detectability to the-state-of-art
multi-detector CT-scanner. These problems other than the
Feldkamp artifact seemed to be partly caused by the proto-
type nature of the 256-slice scanner and should be improved
in the future scanners. Concerning CTDI and K value, we
found that wide-angle cone-beam scan might be advanta-
geous to decrease wasted exposure due to decrease of pen-
umbra ratio.

Although the 256-slice scanner showed several problems
mentioned earlier, it took volume data approximately
1.0 mm (transverse) X 1.3 mm (longitudinal) resolution for a
wide field of view (approximately 100 mm long) along the z
axis in 1 s scan if resolution was defined by FWHM of PSF
or SSP. This should be very useful to take dynamic 3D im-
ages of moving organs. Clinical studies as well as animal
experiments are under way to investigate application possi-
bilities of the 256-slice scanner to 4D imaging.
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Finite element analysis of the human proximal femur incorporating
the trabecular architecture of cancellous bone.

Hiroki NAKATSUCHI, Naoyuki WATANABE, Yukio NAKATSUCHI, Shigeru TADANO,
Michiaki KOBAYASHI, Tetsuji MORIZUMI

Abstract

The purpose of this study was to construct a new type of finite element model of the human
femur and to clarify the fracture mechanism of the femoral neck in osteoporosis by knowing the
biomechanical role of the cancellous bone. There are new points in making the finite element
model of human femur : first, to reconstruct a geometrical model directly from three-dimensional
imaging data obtained from a cone beam CT machine ; second, to distinguish the cortical and can-
cellous bones in the finite element model. Two kinds of the FE model were made, one model into
which the trabecular structure was incorporated, and the other model which consisted of only
cortical bone shell without any trabecular bone inside. Static analysis was carried out on the as-
sumption of one-legged support standing. The results of our study revealed that the concentra-
tion of tensile and compressive stress became remarkably increased in the femoral neck by
removing the cancellous bone. That change of the stress distribution between the two models
means that the trabecular bone would make a contribution to dispersing the concentration of ten-
sile and compressive stress in the femoral neck. The results of the present study also suggest
that the stress concentration increases in the femoral neck even in a static condition such as in
one-legged standing as osteoporosis advances. Consequently, that phenomenon would account
for the increased risk of a femoral neck fracture in osteoporosis.

Key words : Finite element analysis, Human proximal femur, Trabecular architecture, Cancellous bone, Three-

dimensional cone beam CT system.
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1. An axial CT image sectioned at the femoral
head and neck acquired by the cone beam
3D-CT system (a) and the FE model re-
constructed from the CT data at the same
area (b).
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(b)
2. A FE model of the human proximal femur

coronal section image.

a ' The model incorporating the trabecu-
lar architecture of intramedullary can-
cellous bone.

b : The model composed only cortical
bone after removing the trabecular ar-
chitecture of cancellous bone.
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sion was illustrated.
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b ! The stress distribution when the trabe-
cular structure of medullary cancellous
bone inside was removed and conse-
quently the model was made up of the
outer cortical shell.

NoMIETEAMOR I ERL TWS, BAL
lIMPaT, albOWKEBEL AT —)V Tk
INTND, K3-@ITEE#MEEHAALE
EFNOBNGME, K3 - (OENE D& RHE
EERDRENOEEFTLTICLEZETIVD
DT EFTNFINRLTWS, WEOK
MELET5E, 13- @ TIEAREHEE/H
LT EIERR A4S, BEERAMR T mI ERE R S8
FHLTWE, M3-OTEEFNSDRHETR
DHIF EBENEAL T Thabb, B
Z R AR A TE B AT RS L D B3R S
710~34 [MPal, HEEFAMITE D ELER 753
—30~—20 [MPa] THML TWBDIZHL,
BREWMOFRERERDOHLZEEICITHEN
A LTI D BRI J1A520~57 [MPal, HHEBM
B D EREI /155 —53~—30 [MPa] &72o
7z, B3R, JEMEE B TRIA0% ik S EH 3N
L7z,

= 2

Fr MRS ST 2 F8E U 7= 4[| O B EAT O 45 R
5, BREEZMOR E, KBEEHEMOEE
I WER 5 2 FUMZBIER, JEME & B TH
40% DI TTEF O RN R 5N DT &n
5, WREEFRIIBWE T ICB W TRERERESE
ICEH T 55EB XIEME 12 78S & 518
ENHBHEEZLNS. FHS? IXKBEICHE
BEMABICEL 2 RSERICEREL, F0
55 DR UCNIEET — RZBIT B AKBRERMT
DIEN5FEFEETF I E2HWTHEAN Fh
W&k B &, AUNIEHT— R TRALHRDOHE
HEh A m O S, BEOR T 5 ITEE
#a, #EHIEEEROBIERNR s h/izsL
TWa, ZOMBERSEFEES 2 HEEL 7=
Fx DBHENTORRE IS - L~ 159
VB AERIE ORI B AL O KB B % i i
WEEHWTEEL, <4702 5 v 7 h/NEg
FIZHARKREFIZEFICEZ A6 NE LT
Wa, INLOZENSEHENEATFBIO
BT B A T IRF LS K BR B S A D SMRIER I B I5R I
Y, WRBRICEERISIAER L TWa && X
515, B OMEBLAREBEE LI LR E,



CDEDISIRHEFRNERL, FEHTE &k
THDOEMEZIND., Txbb, FHESZ4E
ELUEFHFITICBNTD, HHWTEEICLS
RUNIRBIOEE 22T /-H5E5TH, KIREHE
HIZDWTHER T 5 S LmICBIR, HECT
TV JEHE OO s S1 82 R 2 L 9 SEERRT R A A O iy
MEHREHRZSERITERER>TNS &
BTED, —F, BROIGEFREITOAN
EHANMERL D S BHBREOFEEZITOT
<7adEDMENE N, SE, KETEHI DT
HEONUERIZBBRIG T OEF A LN, R
RSB E DRI TN iR 7o /-,
ZTOHHAELUT, §ENIFETERG 2 B /R ins|
Tl <, B HESLZ2EEL D TH
HEEZOND. 5%, BNSHERIT O E
FIE X D IREIRF D D WA E /T OB
BERFICAE L 5B EREC T DEHABANICEK
% KERE AL ER DB RIMRAT 217 D T < LB
H5.

Lengsfeld 52 I2&£ B &RV I ERICLD
FEEFNVHEIEICTT —F N HoEBICET )
MEZTOZENTE S0, i EBXUH
BLIC 8D & L, FEMEN OEESHENDH
BEBRNTNWSE, —HT, RV EIVERIRL
RKEZDOARNHABERDOHEAENR THEEIN TN
Lizsh, BEHRMOMMABFRRINEF ZE
ERIUMITBECEEZRITEHBL T
%, SEIOHA DRI B W TIEEE s f1E
TOFMNTERMMo, ZORRET 1 EED
B ZAH—3100. T DXL HERR 7 IV TH 5
Zé&, TibbSEOCTOMGEICHD EE
A5, ZORIZEILHTA XTIRES ImmiZd
W IR NEWEE G E 5 ITH/NE 2
BIZBNWT 1 BROFENBRCMENTICEZ S
HEMNRKENWEERD., £/, HEBEEBROD
B 7 S BERN A IS B RIFR O HE SN H 5.
sk, ERRANICEHBREIC X BB R Y
LWl EICFEMTZ2 A 0NE S &7 521, X
FRIR S RARE & DR T HBENEICHFEET
5, ZORRODEEDOHBRKRGAEE 2SI
CTF—% DRBELHEHREOWRBZEE L EEZRE
Lianss BRUIC Ao il &7 IVIBEEIC D

HARER/NA F A K =7 2545, Vol. 25, 2004,

WTHHTHILEND S.
BHEBEDOERICEDHEEL TWERDN
R EBEER LT ITIIRERD L S 10
WEEERE L TES LEE MBS 2 5 1
LEFIITIHEELL, BRZODBDEETFIE
LEFEEF I MAHBETH S, SEOHFEIC
Ko TEREEE MDA RBE R OE
FIVKEEDR[EEE a0 /. 518, BIRICRT S
B ERIE D ZW I FE @8 & A T2 AR
FHRBRNEZENEZBEALZVWEEZ TN
%,

& A

d—>E—LE 3KTCTEBIC L 2 &G
EDCTF—moRIENEBERTOETIVE
ML, BN OTREEZESA AL KIRE
AR OFRERET I EER L. #ELE-
EFIV TR 28T LRz iTo &
A, KIREHISRITEIEE, WNANIER DI
HERRBENE 51, ZOEFIETE
BEEZMOBR ZEICXD, FNFENORH
#HPHAILA L, SEETRH40% DI E DA
Aoz, ZOZENGBREFERIIHFEET
TRIBBHEIICER T 2 5EL X RIS %
SET BEE|E L TWAS A REMEA R S /-,

<@ B>

ARFFE D — Bl 3 — 1 54E B 4 5 @ )
FEEMBE GRWERN O ML HEER
RIFFTEER) GRERS  HI3—FHxR - B —
013) IZ&oTHbhizZ &ML, #HE2E
£9 5. HREZEMTY 7 b ANSYS O I
L, CTHRELCHHIZHEHEXLERFIRITE
ARG TR — RICE# WL ET. CTHRE
WL, ZHAEE E LR REER ST
PR FERE > ¥ —EFYEIT REREEL
FEBIURFEFHRE—REE, BHERFEL
FERHIRE S A 7 L TR H T ERE 7 Je 4 1 Rk
Wiz L ET,

X ik
1) EEELR MR i BRITCT DR FE D



HARERNA T A =7 AFR5E,

2)

3)

4)

Vol. 25, 2004.

R, HIBESH 48 : 248-255, 2003.

Inman VT : Functional aspects of the abductor
muscles of the hip. J Bone Joint Surg. 29 : 607-
619, 1947.

Lengsfeld M, Schmitt J et al. : Comparison of
geometry-based and CT voxel-based finite ele-
ment modeling and experimental validation.
Medical Engineering and Physics 20 : 5156-522,
1998.

LeVeau BF, Williams M et al. : Biomechanics of
human motion (2nd/ed.), Saunders, 1977.

5)

6)

7)

mtEE, EH i BEREMEICISE b
KBBERFICB T Y1005y U DL H
RERRNA F AN AR5 221 269-274,
2001.

Taylor W. R, Roland E et al. : Determination of
orthotropic bone elastic constants using FEA
and model analysis. Journal of Biomechanics
35 767-773, 2002.

HHERK, FHES i REETARBREAR
BRETTIVOER EF O N FAEEFEA OIS
A ERABFLEETY 37-3:285-292, 1999.



TecuNicaL NOTE

Volumetric Cine Imaging for Cardiovascular
Circulation Using Prototype 256-Detector
Row Computed Tomography Scanner
(4-Dimensional Computed Tomography)
A Preliminary Study With A Porcine Model

Shinichiro Mori, MS,* Chisato Kondo, MD,1 Naoki Suzuki, PhD,} Hiroyo Yamashita, RT*
Asaki Hattori, PhD,} Masahiro Kusakabe, PhD,§ and Masahiro Endo, PhD*

Summary: This is a preliminary demonstration of volumetric cine
imaging of cardiovascular circulation in domestic pigs using a proto-
type 256-detector row computed tomography (CT) scanner. The scan
range is approximately 120 mm in the craniocaudal direction, with
a 0.5-mm slice thickness. The thin sections can be used to create cine
loops in multiple planes. Thus, the 256—detector row CT scanner over-
comes some of the limitations of present helical CT methods.

Key Words: 4-dimensional, volume data, cone beam, circulation,
cine imaging

(J Comput Assist Tomogr 2005;29:26-30)

evelopments in computed tomography (CT) technology

have allowed applications of 3-dimensional (3D) images
in clinical fields such as diagnosis, surgical simulation,
planning of radiation therapy, and monitoring of interventional
therapy. The development of the latest multidetector CT
(MDCT) scanner has made dynamic 3D imaging possible. The
craniocaudal coverage of the MDCT scanner without gantry
movement is typically only 2040 mm, however, which im-
poses a limit on cine imaging (the table remains stationary),
that is, the capturing of images continuously (approximately |
or more images per second) during and immediately after
completion of the injection of contrast material.

To achieve cine imaging with a wider coverage in the
craniocaudal direction (volumetric cine imaging), a prototype
256~detector row CT (4-dimensional [4D] CT) scanner was
developed at the National Institute of Radiologic Sciences.
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The concept is simply called 4DCT, because it takes a 3D
image with the additional dimension of time. The craniocaudal
coverage of the 4DCT is a length of approximately 100 mm
with 1 rotation. Because volume data (3D data) can be ac-
quired by cone-beam CT using a rotation of the cone beam,'?
continuous rotation of the cone beam allows dynamic volume
data (4D data) to be acquired. Volume data are acquired from
many images taken at the same phase of the cardiac motion
from 1 slice to another.

This study provides a preliminary demonstration of
volumetric cine imaging of cardiovascular circulation using
4 domestic pigs without the aid of an electrocardiographic
signal.

MATERIALS AND METHODS

Prototype 256-Detector Row CT Scanner

The prototype 256—detector row CT (4DCT) scanner™*
used a wide-area cylindric 2-dimensional detector designed on
the basis of present CT technology and mounted on the gantry
frame of a 16-detector row CT scanner (Aquilion; Toshiba
Medical Systems, Otawara, Japan) (Fig. 1).> The number of
detectors was 912 (transverse) X 256 (craniocaudal), each
with a size of approximately 0.5 mm X 0.5 mm at the center of
rotation. The rotation time of the gantry was 1.0 seconds.
Several collimation sets (eg, 1-256 X 0.5 mm, 1-128 X
1.0 mm, 1-64 X 2.0 mm) could be set up continuously to the
128-mm total beam width. The craniocaudal coverage of the
4DCT scanner was approximately 100 mm with 1 rotation.
The data sampling rate was 900 views per second, and the
dynamic range of the A-D converter was 16 bits. The detector
element consisted of a scintillator and photodiode. The
scintillator was Gd,0,S ceramic, and the photodiode was
made of single-crystal silicon; these were the same as for an
MDCT scanner.

A Feldkamp-Davis-Kress algorithm was used for
reconstruction.® It took less than 1 second to reconstruct
volume data of 512 X 512 X 256 voxels using a high-speed
image processor with a field programmable gate array—based
architecture. The physical performance of 4DCT had been
previously identified as promising.*
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FIGURE 1. Geometry of the 4-dimensional computed tomog-
raphy scanner.

Animal Experimentation

All animal procedures were approved by the Institutional
Review Board. Four domestic pigs (20-25 kg each) were given
an intramuscular injection of a mixture of 7 mg/kg ketamine
hydrochloride (Sankyo Yell, Tokyo, Japan) and 7 mg/kg 2%
xylazine (Bayer, Tokyo, Japan). All pigs were sedated and
ventilated with isoflurane (2.0%—2.5%) using a respiratory
pump. The heart rate was 103 beats per minute (bpm). A
5-French introducer was positioned in the superior vena cava
via the external carotid artery.

Technique for Volumetric Cine Imaging

After undergoing an initial scout topogram of the chest,
all pigs were scanned in a cine scan mode (table remains
stationary), with the gantry centered over the heart. Scanning
was begun after injection of 90 mL nonionic iodinated contrast
material (Iopamiron 370; Nihon Schering, Osaka, Japan) using
a power injector with a flow rate of 10.0 mL/s. The delay
between the start of contrast material administration and
CT scanning was 0 seconds. Scan parameters were 120 kV,
150 mA, 1.0-second rotation time, and 256-mm X 0.5-mm
beam collimation. The entire scan time was 20 seconds.
Effective dose was calculated as 42.0 mSv per 20 seconds. The
ventilator was operated so that the breath of the pigs was held
at end expiratory during scanning. A half-scan algorithm’ was

FIGURE 2. Contrast-enhanced volumetric cine images of chest using the 4-dimensional computed tomography scanner in pig 1.
The data set, which was acquired within 20 seconds during suspended respiration, was reconstructed by use of the maximum
intensity projection technique. At 8 seconds after injection of the contrast material, the right ventricle was weakly enhanced, and at
8-10 seconds, the aortic arch gradually appeared. At 10-15 seconds after injection, the right coronary artery (RCA) could be
observed. {TA indicates internal thoracic artery; IVC, inferior vena cava; PA, pulmonary artery; PV, pulmonary vein.

© 2005 Lippincott Williams & Wilkins
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applied, and the effective temporal acquisition window was
500 milliseconds.

The volume elements (voxels) were 0.47 mm X 0.47
mm X 0.47 mm in a 512 X 512 X 216 data matrix covering a
240-mm X 240-mm X 102-mm volume with a 0.1-second time
interval. Images were transferred to a dedicated image post-
processing workstation for maximum intensity projection (MIP)
(PV-WAVE; Visual Numerics, Alabama, CA) and volume ren-
dering (Virtual Place Office; Azemoto, Tokyo, Japan).

RESULTS

The 4DCT scanning satisfactorily obtained continuous
enhancement in the heart. Contrast enhancement could be
observed in coronal planes with MIP postprocessing at 0-20
seconds after injection in Figure 2 (pig 1). The pulmonary
artery was visualized in contrast enhancement 2 seconds after
the start of contrast injection, and the pulmonary vein was
visualized from 7 to 10 seconds after the start. The right
coronary artery was observed after 10 seconds. Enhancement

FIGURE 3. Maximum intensity projection (MIP) volumetric images of pig 2 using the 4-dimensional computed tomography
scanner in an oblique section. The MIP slab thickness was 43.5 mm. The MIP slab position, oblique angle, and thickness were
selected to avoid the thoracic vertebrae, and the introducer was positioned in the superior vena cava. The circulation of the

pulmonary artery (PA) and pulmonary vein (PV) could be observed clearly. ITA indicates internal thoracic artery; RCA, right
coronary artery.

28 © 2005 Lippincott Williams & Wilkins
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of the ascending aorta and descending aorta was gradually
visualized on the images obtained at 7 to 10 seconds, and they
were weakly enhanced after 14 seconds. At 20 seconds,
enhancement was completely lost and only internal thoracic
arteries could be observed. Dynamic MIP postprocessing was
generated in the oblique plane with an MIP slab thickness of
43.5 mm in Figure 3 (pig 2). The MIP slab position, oblique
plane angle, and slab thickness were selected to avoid in-
cluding the thoracic vertebrae and the introducer. The pul-
monary artery and pulmonary vein were best visualized in the
oblique plane rather than the coronal plane. The ascending
aorta and descending aorta were not observed clearly in this
plane, however. The well-enhanced right coronary artery was
clearly visualized from 12 seconds onward after injection.
Contrast enhancement could be observed in a posteroanterior
direction with 3D volume rendering at 0-20 seconds after
injection in Figure 4 (pig 3). The images of pig 4 were similar
to those of pig 1.

DISCUSSION

We demonstrated multiphasic, contrast-enhanced, volu-
metric cine imaging for circulation in 4 pigs. Conventional
MDCT performs cardiac imaging with electrocardiographic
gating by the combination of fast gantry rotation, slow table
movement, and the helical acquisition mode. The images
obtained by MDCT have the same cardiac phase but a different
time phase. With regard to the 4DCT, it was designed to allow
voluimetric cine imaging over a craniocaudal distance of ap-
proximately 120 mm in 1 rotation. The images that have been

created have slice thickness less than 0.5 mm in the same time
phase, resulting in isotropic voxels that can be used to create
images and cine loops in multiple planes with any of several
postprocessing techniques. This has not been possible
previously with conventional MDCT. The prototype 4DCT
scanner has the ability to provide useful information when
examining 3D structures, as illustrated in this study (Fig. 4).

In this study, compared with a human adult, we
examined a smaller sized heart found in pigs weighing 20—
25 kg and with a high heart rate (103 bpm). In general,
reasonably good image quality with a temporal resolution of
200 milliseconds can only be achieved with low heart rates
(40-60 bpm).® If a clinical human study were to be conducted
under good conditions, the 4DCT scanner could visualize the
coronary artery more clearly than that of pigs without elec-
trocardiographic gating.

With regard to the limitations of the 4DCT, the
acceptable acquisition time should not be longer. Dose to
patients should be of considerable concern, because the max-
imum nominal beam width is 128 mm, which is more than 3
times larger than the latest MDCT scanner. Additionally, the
cine scan mode increases the effective dose in proportion to the
scan time. Imaging results may vary considerably depending
on differences in the circulation of the patients.” When
radiologists make an effort to minimize the radiation dose (eg,
test bolus), however, the radiation dose is essential to avoid
imaging with an excessively high dose with the cine technique.

In conclusion, we have demonstrated the application of
4DCT for cardiac imaging by means of the volumetric cine
scan. The coronary artery was more clearly observed with the

FIGURE 4. Posteroanterior views with 3-dimensional volum

erenderingat0, 2.7, 6.6, 9.7, 11, 13.2, and 17 seconds after injection

in pig 3. Dec. Ao indicates descending aorta; PA, pulmonary artery.

© 2005 Lippincott Williams & Wilkins
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aid of an electrocardiographic signal. The volumetric cine 3.

imaging was useful for dynamic contrast enhancement such as
that of the head, renal artery, and liver. It holds promise for the
amount of diagnostic information that becomes available, and
it overcomes some of the limitations of present helical CT

methods. With volumetric cine imaging, physicians could not 5

only carry out new diagnoses but could provide new inter-
ventional therapy with real-time observation of the procedure.
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Ci

nical Potential

is of the Prototype 256-Detector

Row CT-Scanner’

Shinichiro Mori, MS, RT, Masahiro Endo, PhD, Takayuki Obata, MD, Kenya Murase, PhD, Hideaki Fujiwara, PhD,

Kandatsu Susumu, MD, Shuji Tanada, MD

Rationale and Objectives. To evaluate clinical potentials of the 256-detector row computed tomography (CT) in healthy vol-

unteers.

Materials and Methods. Eight healthy males (22-63 years) participated in the present study. They underwent a non-
contrast-enhanced examination with a contiguous axial scan mode either for head, chest, abdomen, or pelvis. Dose
was the same as routinely used for multislice CT examinations. Image quality was interpreted by three board-certi-

fied radiologists.

Resuits. With the 256-detector row CT, 0.5-0.8 mm isotropic volumetric data could be acquired in one rotation. Main

promising findings are as follows. Three-dimensional structures were visualized clearly in the multiple planes without sec-
ondary reconstruction, whereas the axial images had nearly the same image quality as conventional CT. Shading or streak
artifacts were observed at the edge of the scan region. The latter are also known as Feldkamp artifacts. Coronal chest im-

ages showed a motion artifact from the heart bealing.

Conclusion. The 256-detector row CT promises to be useful in clinical applications with its ability to provide three-dimensional
visualization of fine structures. The Feldkamp artifacts observed did not generally affect interpretation of images. Investigations
are now continuing on image correction along the craniocaudal direction to improve the overall image quality.

Key Words. Compuled tomography; cone-beam; image quality; four-dimensional.
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Around 1980, it was general radiologic practice to ex-
amine one analomical region only and to acquire no
more than about 40 images in several minutes with the
computed tomography (CT) scanner. With the advent
of multidetector row CT (MDCT), it became common
practice to examine two or more anatomical regions in
one examination and to acquire more than 150 images

Aczd Radiol 2005; 12:148-154

! From the Department of Medical Physics (S.M., M.E.), Department of
Medical Imaging (T.O., 8.T.), and Research Center Hospital for Charged
Particle Therapy (K.8.), National Institute of Radiological Sciences, Chiba
263-8555, Japan; School of Allied Health Sciences, Faculty of Medicine,
Osaka University, Osaka 565-0871, Japan (S.M., K.M., H.F.). Received Oc-
tober 3, 2004; revised November 10, 2004; accepted November 10, 2004.
Address correspondence to S.T. e-mail: tanada@nirs.go.jp

® AUR, 2005
doi:10.1016/j.acra.2004.11.011

148

within a single breath-hold period. As a result, multi-
planar image reconstruction from CT datasets has been
markedly improved. These developments of CT tech-
nology have provided more comfortable examinations
for patients and allowed applications of three-dimen-
sional (3D) images in many clinical fields such as di-
agnosis, surgical simulation, planning of radiation ther-
apy, and monitoring of interventional therapy. Though
the numbers of detectors usually used for MDCT are
still in 4 to 16 segments (craniocaudal direction), for
the latest MDCT at the selected institute it is 64 seg-
ments with a segment size of 0.5-0.625 mm at the
center of rotation. The 64-detector row CT shows great
improvements over the conventional MDCT, especially
in cardiac imaging. The craniocaudal coverage without
gantry movement is typically only 32-40 mm, which
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Figure 1.
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Geometry of the prototype 256-detector row computed tomography scan.

(a) Front view and (b) side view. The scanner can scan a field of view approximately
100-mm long in the craniocaudal direction with one rotation.

imposes a limit on cine imaging with a wider coverage
in the craniocaudal direction (volumetric cine imaging)
(ie, the capturing of images continuously, approxi-
mately | or more images per second).

To achieve cine imaging with a wider coverage in the
craniocaudal direction (volumetric cine imaging), we have
developed a prototype 256-detector row CT (1,2). Be-
cause of its mechanical simplicity, the prototype uses
continuous rotations of a cone beam to take volumetric
cine images.

Our purpose in the present work was to obtain clinical
images of healthy volunteers by using the 256-detector
row CT to look at its clinical advantages.

MATERIALS AND METHODS

Prototype 256-Detector Row CT Scanner

The prototype 256-detector row CT used a wide-area
cylindrical two-dimensional (2D) detector designed from
present CT technology and mounted on the gantry frame
of the l16-detector row CT (Aquilion, Toshiba Medical
Systems, Otawara, Japan) (3). The number of detectors
was 912 (transverse) X 256 (craniocaudal), each with a
size of 0.58 mm X 0.50 mm at the center of rotation (Fig
1). In designing of this prototype, we preferred the wide
coverage of x-rays in the craniocaudal direction and tilted
x-ray tube at a few degrees. It cost us other tradeoffs,

however, such as the heavy forces on the tube’s bearing
because of angular momentum conservation. The rotation
time of the gantry was restricted 1 second to protect
tube’s bearing. Several collimation sets (eg, 1-256 X 0.5
mm, 1-128 X | mm, 1-64 X 2 mm) could be set up
continuously to 128 mm total beam width. The craniocau-
dal coverage of the 256-detector row CT was approxi-
mately 100 mm long with one rotation (4,5). Data sam-
pling rate was 900 views/second, and dynamic range of
the A-D converter was 16 bits. The detector element con-
sisted of a scintillator and photodiode. The scintillator
was Gd,0,S ceramic, and the photodiode was made of
single-crystal silicon; these were the same as for MDCT.

The 256-detector row CT had three scanning modes.
The contiguous axial imaging mode was used to obtain a
volume image having a craniocaudal coverage, which is
larger than the detector height in a short scan time. The
volumetric cine imaging mode was used to obtain dy-
namic volume data such as for breathing lungs or head
CT angiography. The fluoroscopic imaging mode was
used in interventional procedures such as needle biopsy,
drainage, or ablation with a fixed detector. The helical
scan mode was not installed at the time of study.

Image Processing

All data processing and interpretation were done with
a high-speed image processor having a field-programma-
ble gate array—based architecture. The Feldkamp-Davis-
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Table 1
Subjects and Acquisition Parameters

Head Chest Abdomen Pelvis
Examination 1 2 1 2 1 2 1 2
Age (y) 53 61 42 22 53 22 25 23
Total examination time (s) 4.9 4.9 6.7 6.7 4.8 4.8 4.6 4.6
Tube voltage (kV) 135 135 120 120 120 120 120 135
Tube current (MA) 200 200 150 150 300 200 300 200
Field of view (mm) 240 240 320 320 320 400 320 400
Slice coflimation (mm) 256 X 0.5 256 % 0.5 256 X 0.5 256 X 0.5 128 X 1 128 X 1 128 X 1 128 X 1
Scan length (mm) 102 X 3 102 X 3 94 X 4 94 X 4 94 X 3 85 x 3 85 X 3 85 X3
Focus Smail Large Large Large Small Large Large Large
Overlap region {mm) 5 5 5 5 5 5 5 5
Table 2
Reconstruction Parameters
Head Chest Abdomen Pelvis
Examination 1 2 1 2 1 2 1 2
Kernel FC43 FCA3 FC10 FC10 FC10 FC10 FC10 FC10
Matrix AP direction 512 512 512 512 512 512 512 512
LR direction 512 512 512 512 512 512 512 512
CC direction 205 205 145 145 145 111 145 111
Voxel size (mm?) 0.47 0.47 0.83 0.63 0.63 0.78 0.63 0.78

AP: anteroposterior; LR: left-right; CC: craniocaudal.

Kress algorithm (4) was used for reconstruction, because
the 256-slice CT has a wide cone angle and obtained only
one rotation data. It took less than 1 second to reconstruct
volume data of 512 X 512 X 256 matrix size. The 3D
reconstructions were done with a volume-rendering algo-
rithm on the software tool (Intage RV 1.3, Kubota
Graphic Technology, Tokyo, Japan).

Subjects

We examined eight healthy male volunteers (mean age
37.6 years * 8.2 [standard deviation]; age range 21-61
years). All studies were approved by the Institutional Re-
view Board, and written informed consent was obtained
from all subjects before beginning the study. An unen-
hanced examination with a contiguous axial imaging
mode with 5 mm overlap region was done as foliows: (1)
head, (2) chest, (3) abdomen, and (4) pelvis for two sub-
jects in each anatomical site. The subjects held their
breath at peak inhalation for chest examination and peak
exhalation for abdomen and pelvis examinations during
scanning. All subjects underwent scanning in the supine
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position. No gating for physiologic signals was carried
out during scanning.

Scan conditions we routinely used were 120 or 135
kV, 150-200 mA, 1 second exposure per scan, and | sec-
ond rotation time. Slice collimation was 128 X 1 mm for
abdomen and pelvis and 256 X 0.5 mm otherwise. The
total examination time was approximately 4 seconds for
three contiguous scans and 7 seconds for four contiguous
scans, which included scan time and table translate time
(1 second/100 mm). The examinations were performed
according to the acquisition parameters in Table 1, With
these protocols, we could acquire 0.5-0.8 mm isotropic
volumetric data in one rotation. Therefore, coronal and
sagittal images were obtained at sufficient spatial resolu-
tion without secondary reconstruction. Matrix size was
512 X 512 X 111 (0.78 X 0.78 X 0.78 mm?) — 512 X
512 X 205 (0.47 X0.47 X 0.47 mm?*), and the convolu-
tion kernel was the standard head kernel (FC43) for head
examination and the standard body kernel (FC10) for the
others (Table 2). The dose was the same as routinely used
at our institute.
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Figure 2. The isotropic normal anatomical images of temporal bone with 0.8-mm
voxel size. (a-c) Coronal and {d) sagittal images were obtained without zooming recon-

struction.

Image Quality Evaluation

Image quality and artifact were evaluated by three
board-certified radiologists (S.T., S.K,, and T.0.), who
had more than 10 years’ clinical experience. They com-
pared quality of the images taken with the prototype scan-
ner to their quality standard formed by experience. It took
about 1.5 hours to read the images obtained in all eight
cases in multiple planes.

We have shown coronal and sagittal images of the
healthy volunteers. Temporal bone and paranasal sinuses
are observed clearly with almost the same image quality
as for the MDCT. In addition, the 256-detector row CT
can cover a relatively wider area and motion artifacts may
affect the images less. Fine structure of temporal bones
such as the lateral semicircular canal, vestibule, and co-
chlea are observed without the zooming-reconstruction
technique (Fig 2).

For chest examination, 3D visualization of the chest
from four contiguous axial scans with 5-mm overlap is
shown in Fig 3a. For cardiac examination, conventional
MDCT implements continuous data sampling and retro-
spective volume reconstruction using simultaneous imag-

ing; therefore, it does not have the same time phase in the
image, but the 256-detector row CT can do an examina-
tion in the same time phase (Fig 3b). Motion artifact of
the heart is shown in Fig 3b (marked by the arrow). An
aorta, vena cava, and trachea are observed clearly (Fig
3a—d). An artifact that appears around the shoulders be-
cause of an inadequate number of x-ray photons affects
the thoracic vertebra (third through fifth) area by the gen-
eration of large magnitude image noise (Fig 3d). Streak-
shaped artifacts (marked by arrows in Fig 3¢, d) over the
aorta, which are called Feldkamp artifacts, can be seen.
The artifacts are discussed later in the article.

For the abdominal examination, a coronal image of the
abdomen from three contiguous axial scans with 5-mm over-
lap is shown in Fig 4a. Horizontal lines of the slightly
higher CT number are due to the Feldkamp artifacts on the
edges of the scan regions in Fig 4a, b (marked by arrows).
Quality of the liver axial images is nearly the same as that
of conventional MDCT image in Fig 4c with 2.6-mm slice
thickness.

For the pelvic examination, a coronal image combined
from three contiguous axial scans with 5-mm overlap
shows fewer motion artifacts caused by bowel movement,
particularly for the small intestine (Fig 5a). The 256-de-
tector row CT achieves high spatial resolution with 0.78-
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a.

Figure 3. Normal chest images with 0.63-mm reconstruction increment. (a) Three-di-
mensional display of the chest with four contiguous scans. (b) Coronal image of heart
(1-mm slice thickness). The arrow indicates a motion artifact of the heart. (c, d) Coronal
and sagittal images (1-mm slice thickness). Arrows indicate Feldkamp artifacts.

mm isotropic volumetric data. Three-dimensional visual- lution of less than 0.5 mm for a wide craniocaudal cover-
ization of the pelvic bone (0.78-mm isotropic data) in age (approximately 100-mm long) in one rotation (1).
three contiguous axial scans is shown in Fig 5b. High spatial resolution can help to achieve more accurate

diagnosis (7). Additionally, it has the capability to pro-

vide useful information when examining 3D structures, as
m illustrated in this article. This advantage should be em-

We obtained clinical images of healthy volunteers us- phasized in examinations of the abdomen and chest be-
ing the 256-detector row CT. The advantage of the 256- cause the major anatomical structures in these regions run
detector row CT is its ability to achieve an isotropic reso- longitudinally. The use of thin sections facilitates the de-
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Figure 4. Normal anatomy images of abdomen (0.63-mm reconstruction increment).
(a) Coronal and (b) sagittal images of liver (2.6-mm slice thickness). (c) Axial image of
liver. Arrows indicate Feldkamp artifacts.
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b.

Figure 5. Normal images of pelvis with 0.78- mm reconstruction increment. (a) Com-
bination coronal image taken at three contiguous positions with 15-mm overlap (4-mm
slice thickness). (b) Three-dimensional visualization of the pelvic bones with three con-

tiguous scans.

tection of small lesions because relatively thick slices re-
sult in a partial volume artifact. Radiologists, therefore,
may make more effective diagnoses using images in mul-
tiple planes from the volumetric data. The observation of
the articulation sacroiliac and hip joint may enable us to
diagnose disorders of these joints by 3D images.

In previous reports (1,2), we noted that inadequate im-
age processing for the 256-detector row CT led to inferior
image quality compared with conventional MDCT in the
phantom study. However. in the present study, we applied
a new data processing technique before backprojection to
correct for ring artifacts and to suppress noise, therefore
significantly raising the quality of clinical images. espe-
cially regarding low-contrast detectability. The quality of
2D images presented in the results section was evaluated
by the three board-certified radiologists: their evaluation
was that this new technique achieved at least the conven-
tional level expected for CT, even if it did not achieve
one of the highest levels. Effective dose in these studies
was almost the same as routinely used. Although the dose
in overlapped areas will be higher, overlapped areas are
necessary to obtain volume data whose craniocaudal cov-
erage is larger than the detector height.

One limitation for the 256-detector row CT we identi-
fied was that the craniocaudal image quality was inferior
to that of MDCT. Generally, most reconstruction algo-
rithms for helical interpolation in MDCT are based on
estimating the optimum ray sum as a weighted average of
measured ray sums (8). The helical scan with a small he-
lical pitch value, therefore, provides satisfactory measure-
ments and good image quality is acquired. On the other
hand. we have not done any data processing in the
craniocaudal direction for the 256-detector row CT. We
are now investigating a technique for image correction

along the craniocaudal direction to improve the image
quality. Optimization of the image correction may provide
radiologists with better images.

Another limitation we noted was the effect of the Feld-
kamp artifacts; they were specific to cone-beam CT. Be-
cause a cone-beam scan along a circular orbit does not
collect a complete set of data in the 3D radon space to
make an exact reconstruction of a volume, the Feldkamp
artifacts will occur more often as the cone angle becomes
wider (5). The artifacts occurred when x-ray attenuation
was changed rapidly along the craniocaudal direction, and
they appeared as shading or streaks in the soft-tissue re-
gion near either bony structures or air pockets. The CT
number shift in the anatomical sites seems attributable to
both the Feldkamp artifacts and a streak artifact caused
by a bony structure, in which the latter might be induced
by a protuberance at the edge of the vertebra. Because
Feldkamp artifacts may lead to misdiagnosis, care must
be taken when examining images in which these artifacts
may appear.

As mentioned previously, the prototype did not in-
stall helical scan mode at the time of study. However,
quite recently, we have added capability of helical
cone-beam data collection to the prototype. Because
the cone angle of the 256-detector row CT is three or
four times wider than those of the MDCT, their helical
reconstruction algorithm induced artifacts when they
were adapted to the 256-detector row CT. Though
some investigators (9—12) developed helical scan algo-
rithm for cone-beam CT of wider cone angles, they
still had several problems (eg. too complicated and
time-consuming for exact algorithms, artifacts for ap-
proximate algorithms), and we have not decided which
algorithm to adopt for the 256-detector row CT. We
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are now comparing helical reconstruction algorithims
for the 256-detector row CT; results will be reported
later.

In conclusion, we showed advantages of the 256-detec-
tor row CT to clinical usage. The evaluation of the axial
scan study will be helpful in evaluating the volumetric
cine imaging. We are investigating volumetric cine imag-
ing of moving organs, especially in multiphasic contrast
examinations and functional studies for the head, liver,
renal artery, and coronary artery (13,14). We are now
constructing the second type 256-detector row CT, which
can scan 0.5 seconds per rotation. Volumetric cine images
with high temporal resolution will provide much more
diagnostic information to radiologists.
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In order to examine phantom length necessary to assess radiation dose delivered to patients in
cone-beam CT with an enlarged beamwidth, we measured dose profiles in cylindrical phantoms of
sufficient length using a prototype 256-shice CT-scanner developed at our institute. Dose profiles
parallel to the rotation axis were measured at the central and peripheral positions in PMMA (poly~
methylmethacrylate) phantoms of 160 or 320 mm diameter and 900 mm length. For practical ap-
plication, we joined unit cylinders (150 mm long) together to provide phantoms of 900 mm length.
Dose profiles were measured with a pin photodiode sensor having a sensitive region of approxi-
mately 2.8X2.8 mm? and 2.7 mm thickness. Beamwidths of the scanner were varied from 20 to
138 mm. Dose profile integrals (DPI) were calculated using the measured dose profiles for various
beamwidths and integration ranges. For the body phantom (320-mm-diam phantom), 76% of the
DPY was represented for a 20 mm beamwidth and 60% was represented for a 138 mm beamwidth
if dose profiles were integrated over a 100 ram range, while more than 90% of the DPI was
represented for beamwidths between 20 and 138 mm if integration was carried out over a 300 mm
range. The phantom length and integration range for dosimetry of cone-beam CT needed to be more
than 300 mm to represent more than 90% of the DPI for the body phantom with the beamwidth of
more than 20 mm. Although we reached this conclusion using the prototype 256-slice CT-scanner,
it may be applied to other multislice CT-scanners as well. © 2005 dmerican Association of Physi-

cists in Medicine. [DOL: 10.1118/1.1877852]

Key words: dose profile, dose profile integral (DPI), cone-beam CT, scatiered radiation

. INTRODUCTION

A prototype 256-slice CT has been developed at the National
Institute of Radiological Sciences (NIRS) which employs
continuous rotations of a cone-beam."* Radiation dose deliv-
ered to patients is of considerable concern, because the maxi-
mum beamwidth of the 256-slice CT is 138 mm and much
targer than that of other CT scanners. Before the advent of
multislice (MS) CT, the computed tomography dose index
100 (CTDI;g0)” provided a good estimation of dose for nar-
row total beamwidth and its basic idea was generally ac-
cepted, because it expressed a reliable, approximate dose de-
livered to patients for clinical scan conditions. CTDlyq was
conveniently quantified by using a pencil ionization chamber
with active length of 100 mm. To our knowledge, however,
nothing is available in the literature on the reason for setting
the integration range as 100 mm (z==50 mm) except for
work on the ease of its practical use.*” In cone-beam CT
such ag 256-slice CT, 100 mm is no longer an adequate in-
tegration range for wider irradiation fields, and phantoms
should be longer to accurately measure dose including scat-
tered radiation.

Recently Dixon® proposed a new method to measure a
dose profile integral (DPI) in a cylindrical dosimetry phan-
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tom. It involved inserting a small chamber in the center of
the phantom, and scanning the phantom with sufficient
length to measure accumulated dose in the chamber. This
method can be applied to wider beamwidths because it can
measure DPI over any arbitrary range if sufficiently long
phantoms are used. However Dixon” did not mention the
necessary phantom length or integration range for individual
cases. In the present study, we measured dose profiles in
cylindrical phantoms using the 256-slice CT and examined
the necessary phantom length and integration range for cone-
beam CT with enlarged beamwidths.

{i. MATERIALS AND METHODS
A, Prototype 2586-slice CT scanner

Figure 1 shows a schematic drawing of the geometry of
the prototype 256-slice CT. A wide-area two-dimensional
(2D) detector was designed on the basis of the present CT
technology’ and mounted on the gantry frame of the state-
of-the-art CT-scanner (Toshiba Aquilion; Toshiba Medical
Systems). The number of elements was 912 channels
X 256 segments; element size was approximately 1.0 mm
X0.9mm corresponding  to  a  0.58 mm (transverse)

181$22.50 © 2005 Am. Assoc. Phys. Med. 1061
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Focal spot

FiG. 1. Hlustration of the detector and the geometry used in cone-beam
CT-scanner.

% 0.50 mm (longitudnal) beamwidth at the center of rota-
tion. Rotation time was 1.0 s. The scanner could scan a field
of view approximately 100 mm long at the maximum in the
= direction with one rotation. Each detector element con-
sisted of a scintillator and a photodiode, which was the same
as for the MS CT. The beamwidth could be set continuously
from 15 to 138 mm at the rotation center by moving the
collimator jaws.

B. Phantom
The length of the FDA-recommended dosimetry

8 . . 5
phantom” is at least 140 mm. This conventional phantom

Lateral dircetion
— 05
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Type A Type C Type B

160
320

unit: mm

Fici. 2. Mlustration of the CTDI body (upper) and head (middle) phantoms.
Phantoms are combined together and extended to the necessary length.

contains holes just large enough to accept the pencil-shaped
ionization chamber. For cone-beam CT dose measurement,
the phantom length should be longer because of the wider
beamwidth. In order to make a long, practical phantom, we

joined unit cylinders together to provide phantoms of

900 mm length (Fig. 2). The unit cylinders were made of
PMMA (polymethylmethacrylate) with diameters of 160 mm

5.4 mm

—_———

Fiii. 3. Schematic drawing of the sen-

7.0 mm
7.8 mm !I 2.8 mm

N

sor formed by two pin silicon photo-
diodes  {Hamamatsu  S2506-04) and

B\ their specifications for directional and

aa,‘... " A "

‘\ energy  dependence. (a) Side view
N ] showing two photodiodes glued to-
gether. (b) Front view. (c} Top view.

Longitudial direction
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(d} X-ray energy dependence of the
photadiode sensor for a higher effec-
tive energy region, where the sensitiv-
ity was measured with the higher sen-

,_.
™
£
e
=

sitivity range. (Fig. 4(b) in ref. 9.) (¢}
Directional response of the photodiode
sensor for lateral direction measured at
a tube voltage of 120 kV, an effective
energy of 52.5 keV. Incident angles of
x rays [or lateral divections are shown.
(Fig. 6 in ref. 9.)
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Relative dose

(a)

Relative dose

(b)

Relative dose

()

for head examination and 320 mm for body examination.
There were three types, type A for one end, type B for the
other end. and type C for intermediate connections. Holes of
10 mm diameter were located parallel to the central axis of
the cylinders, and the centers of the holes were located at the
cylinder center and also 10 mm below the cylinder surface at

1.2
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-=+--20 mm Fici. 4. Longitudinal dose profiles us-
ing the pin photodiode sensor with
0.6 20138 mm beamwidths. (a) In free
air. (b) In the body phantom at the
center. (c) In the body phantom at the
0.4 periphery.
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907 intervals. By inserting acrylic sticks through these holes,
the cylinders were more tightly fixed to each other. More-
over, the connection portion of the phantoms was step-
shaped so as not to allow direct passage of x rays through
any gaps.
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Tasre 1 Full width at half maximum (FWHM) of the dose profile showing dependence of the beamwidth (both

in mm),
Width of dose profile (FWHM)

Nominal beamwidth 128 96 64 32 10
Beamwidth 138 106 74 42 20
Air 138 110 76 46 24
Center 159 139 118 94 67

Body :
& Periphery 139 110 74 42 23
Head Center 143 115 85 53 30
Periphery 138 106 75 43 23

C. Detectors

Two pin silicon photodiodes (S2506-04, Hamamatsu, Ja-
pan) were used as the x-ray sensor for dose profile
measurements.” Each photodiode had a relatively large sen-
sitive area of 2.8 X 2.8 mm” and 2.7 mm thickness. Since the
incident side had a larger detection efficiency than the back
side, two photodiodes were glued together back-to-back with
epoxy cement, and they were used as a single sensor (Fig. 3).
The pin photodiode sensor thus fabricated was connected to
a dosemeter (Dual Counter 994, ORTEC, Illinois), and cali-
brated by a calibrated ionization chamber of 0.6 ml volume
(C-110, Oyogiken, Japan). The minimum detectable dose
with 25% uncertainty was estimated to be 0.02 mGy.

To clarify energy and direction dependencies of the pin
photodiode sensor. we reproduced two figures from Ref. 9.
Figure 3(d) shows energy dependence of the sensor. which
decreased at a maximum rate of approximately 10% /10 keV
by the increase of the effective energy. Figure 3(e) shows
directional dependence of the sensor, and it shows that rela-
tive sensitivity is approximately flat though it is slightly
waved around 90° and 270° (9 and 3 o’clock positions, re-
spectively) with a maximum deviation of 8.5%.

A pencil-shaped ionization chamber (CT-30, Oyogiken,
Japan) of active length 300 mm was connected to a doseme-
ter (AE-132, Oyogiken. Japan). This chamber was an ex-
tended type of the conventional pencil-shaped ionization
chamber (CT-10, Oyogiken, Japan) of active length 100 mm,
and used for measuring DP1. The dosemeter was calibrated at
AIST (National Institute of Advanced Industrial Science and
Technology, Japan) for the appropriate radiation qualities.
The partial sensitivity of the long chamber was assessed. and
the variations among the center part (100-200 mm) and
both sides (0100 or 200300 mm), each for an active
length of 100 mm. were shown to be less than 0.4% for the
effective energy of 40-60 keV.

D. Dose profile and dose profile integral (DPI)

Dose profiles for the 900-mm-long phantoms were mea-
sured with the pin silicon photodiode sensor at every | mm
interval within the full width at half maximum (FWHM) and
a 2 mm or larger interval above the FWHM. For example.
the dose profile for the 138 mm beamwidth was measured at
a | mm interval up to z=74 mm, a 2 mm interval in the
range from z=74 to 98 mm, a 4 mm interval in the range

Medical Physics, Vol. 32, No. 4, April 2005

from z=98 to 189 mm, and a 10 mm interval over =
=189 mm. The pin silicon photodiode sensor was placed fac-
ing anterior and posterior positions, and moved by the me-
chanical driving system while the phantom remained station-
ary. A CT scan was done at each measurement point.

The DPI was measured with the pencil-shaped iomzation
chamber. Since the integration range in the longitudinal di-
rection was 900 mm (z=+450 mm), the DPI measurement
was made with the ionization chamber which was moved to
three contiguous positions separated by intervals of 300 mm
for each scan while the phantom remained stationary. The
results were summed to cover the range of 900 mm. The
exposure length-integral (expressed as R ¢cm) was obtained
with the ionization chamber dosemeter and converted to the
values of DPI for PMMA with the f-factor 0.898 cGy/R.

The phantom was placed on the patient table and its cen-
ter was aligned at the isocenter for both measurements. The
pin silicon photodiode sensor or the ionization chamber was
inserted into either the central or one of the peripheral cavi-
ties of the phantom (other cavities were filled with PMMA
rods). All scans for the dose profile and DPl measurements

20
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= 15 ! g\.u—---"'a'-
= [ _ae=P™
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Fi. 5. Peak radiation dose per 100 mA s in the body phantom and head
phantom for 20— 138 mm beamwidths.
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were made in the axial scan mode. Scan conditions for both
measurements were 120 kV, 400 mA, 1.0 s exposure time,
and 20, 42, 74, 106, and 138 mm beamwidths. In order to
determine the beamwidth, we measured an intensity distribu-
tion of x rays with the built-in CT-detector array irradiated
without any phantom (i.e., free-in-air). The beamwidth was
defined as the FWHM of the longitudinal intensity profile at
the rotation center.

To examine phantom dependency of the profile measure-
ment we measured dose profiles with the 15 mm beamwidth
(attainable minimum beamwidth) for the 900-mm-long body
phantom and the standard CTDI body phantom (140 mm
long). The measurement method for dose profiles was that
using the pin silicon photodiode sensor with the same way as
mentioned before except the measurement range was limited
to £70 mm.

E. DPI verification

The dose profile measurement was verified by comparison
between the DPI measured with the pin silicon photodiode
sensor and that with the pencil-shaped ionization chamber in
both phantoms for a 900 mm range (z==450 mm). The
former DPI is given as follows:
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450

2 dm(:th:' X A(z) [mGy mm],

z=—450

DPL)(][]( b} = ( 1)

where DPlygy(b) 1s the DPI thus calculated, d,,(z.b) is the
dose profile measurement at location, A(z) is the interval of
measurement at location, and b is the beamwidth.

F. Normalized DPI (DPI ratio)

To extend Eq. (1) equation. we calculate DPI for the in-
tegration range of L as follows:

E d,,,i:,b} X A(z)[mGy mm].
=L

DPI () = (2)
The weighted average of DPI for x, v coordinates is given
by

DPI,y. = $DPlieyer + 3 DPlriphery [MGy mm].

ave

(3)

if we assume a Iinear decrease (or increase) of DPI in the
radial direction."” where DPl,.per means DPI at the center
and DPl.iphery means average DPI on the peripheries. Since
Eq. (3) is valid independently of L and b, we omit the suffix
L and the variable b from the notation of DPI for simplifica-
tion. We note volume integral dose in the phantom is given
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by the product of DPI,,, and the phantom cross section in the
transverse plane (x—yv plane).

Then we calculate the normalized DPI (DPI ratio) as fol-
lows:

DPILJ\L‘

NDPI, .. '
Law DPlygy ave

(4)
where DPI; .. and DPlgyg . mean the averages of DPI; and
DPlyy. respectively. We omit variable b again from the no-
tation of DPI. Using the above equations we calculated
NDPIyy.4ve and NDPls . for various beam sizes.

lll. RESULTS
A. Dose profile measurement

The dose profiles in free air are plotted in Fig. 4(a). which
shows angular distribution of the x-ray beam (heel eftect).
FWHM values of the dose profiles are listed in Table 1. For
the dose profile in free air, the difference between the beam-
width and FWHM is 2.8 mm on average. In Table I. nominal
beamwidth (number of slice X slice collimation) is listed as
well as the (actual) beamwidth determined from intensity
profile on the built-in CT detector. The (actual) beamwidth is
set to [0 mm larger than the nominal beamwidth to prevent
any detector element from entering the penumbra of the
x-ray beam and losing signals. However there is some room
for reducing their difference. and this will be done in the next
models. For the 900-mm-long body phantom, Figs, 4(b) and
4(c) show dose profiles at the center and the periphery. re-
spectively. They are normalized against the peak radiation
dose (PRD)'" of the 138 mm beamwidth. The scattered tail
falls off exponentially with distance from the primary beam
sections.'”

The magnitude of the scattered tail was evaluated as the
range that gave a dose value of more than 1% of PRD. For
the 138 mm beamwidth, we find z=+313 mm at the center
of the body phantom and z==258 mm at the center of the
head phantom. For the 20 mm beamwidth. we find =
=+270 mm at the center of the body phantom and =

£ 186 mm in the center of the head phantom. The range of
the 1% PRD increases with increasing beamwidth. In spite of
using irradiation with the same mA s value. the PRD in-
creases with increasing beamwidth (Fig. 5). The results show
that the scattered tail is detected in a wide range. The results
of the dose profiles for the head phantom are similar to those
of the body phantom.

Figure 6 shows the dose profiles with the IS mm beam-
width at the center or periphery of the standard (140 mm)
and 900-mm-long body phantoms, respectively. They are
normalized against the PRD of the 900 mm phantom. In Fig.
6(b) the magnitude of the measured dose in the standard
phantom is substantially smaller than that of the
900-mm-long phantom. The ratio of the former to the latter
becomes smaller as leaving from 75% at z=0 mm to 50% at
z=50 mm. In Fig. 6(a) the ratio is almost 100% at =
=0 mm, but it again becomes smaller as leaving to 80% at
z=50 mm.
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B. DPI verification

For the verification of the dose profile, we compared the
DPI measured with the pin silicon photodiode sensor to that
with the pencil shaped ionization chamber. These results are
shown in Fig. 7. The errors between them are less than 6%
for each beamwidth. The errors for the periphery position are
slightly higher than those for the center,

C. Normalized DPI (DPI ratio)

Figure 8 provides the relationships between the integra-
tion range L and normalized DPlI (NDPI) for the
20— 138 mm beamwidths for the body phantom at the center
(a), at the periphery (b), for the head phantom at the center
(c), and at the periphery (d). The figures show that saturation
of DPI generally occurs for integration ranges of more than
300 mm.

Figures 9(a) and 9(b) show the two types of normalized
DPI(NDPI a0 and NDPlyyg o00) for each beamwidth, With
regard to the body phantom. NDPI .. 18 76% for the
20 mm beamwidth and 60% for the 138 mm beamwidth.
NDPl3g0. . is more than 90% for each beamwidth. NDPI for
the head phantom has a similar tendency to that for the body
phantom, though the NDPI values are closer to 100% than
they are for the body phantom.

IV. DISCUSSION

In this paper. in order to examine the necessary phantom
length and integration range i the dosimetry of cone-beam
CT, we measured the dose profiles of the prototype 256-slice
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Fia. 7. DP1 measured with the pin silicon photodiode sensor and DP1 mea-
sured with the pencil shaped ionization chamber for 20-138 mm
heamwidths.
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CT in air and in the two phantoms. We first discuss possible
errors ol the dose profile measurement and validity of the
present results,

The dose profiles measured in air had FWHM values
slightly larger than the beamwidth. Though the difference
between the beamwidth and the FWHM was 2.8 mm on av-
crage. which might be attributed to the size of detector used
and experimental errors, it was negligibly small in compari-
son with the phantom length discussed here.

In the present study the dose profiles were measured with
the pin silicon photodiode sensor; its sensitivity had some
energy dependence across the diagnostic range of photon en-
ergies with a maximum rate of approximately 10% /10 keV
[Fig. 3(d)]. In a water phantom of 300 mm diameter the ef-
fective energy of x rays in a beam would be varied by several
kiloelectron volts mainly due to the selective attenuation of
the low energy part of the spectrum. On the contrary, the
effective energy of x rays at a distant point from the beam
would be decreased by several kiloelectron volts since x rays
incident on that point are solely those scattered in the phan-
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tom. Therefore. the effective energy variations in the body
phantom of 300 mm diameter were thought to be within
10 keV, and the relative errors in dose profile measurements
would be within 10%. The relative errors of the DPI could be
less than those of profile measurements and we thought they
were within several percent. Figure 7 shows that the differ-
ences between the measured and calculated DPIs were 6% at
the maximum, which supported the above presented discus-
sion. The figure shows that the differences for the periphery
position were greater than those for the center, and that might
be caused by the energy dependence of the detector sensitiv-
ity. Since NDPI is a ratio of two integrals of the same dose
profile, its relative error is likely to be not more than that of
DPI and within a few percent. To summarize the above pre-
sented discussion the energy dependence of the detector sen-
sitivity was unlikely to affect the present result substantially.

The sensitivity of pin silicon photodiode had some angu-
lar dependence, and the relative sensitivity was slightly
waved for the directions parallel to the glued plane though it
was approximately flat for other directions [Fig. 3(e)]. How-
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ever this would induce negligible error because the angular
dependence was averaged in the measurement,

In this report so far we have not used CTDI, we used DPI
as a dose index. As shown in the Appendix, CTDI, can be
derived from DPI; according to formula as follows:

. 1

(TDI,_~N—_;_‘DPI,‘. (5)
where N(=256) is the number of slices and 7(=0.5 mm) is
the slice collimation.

Figure 10 shows reconstruction geometry of cone-beam
CT. In the figure an x-ray source and a 2D detector rotate
around the z axis. The volume that can be reconstructed with
the Feldkamp algorithm is the region that is passed through
during scanning by the tetra-angular pyramid whose apex
and base are the x-ray source and the 2D detector, respec-
tively. It is shown by the shaded region in the figure and is a
double conical region within a cylinder of radius R, that is
determined by the detector size in the x direction and that
shows the maximum field of view in the transverse plane.

Reconstruction is not made in the entire shaded region but
in an inscribed cylinder of radius R (field of view radius).
Since R shows a field of view and it varies with object size
(for example R=120 mm for head and 200 mm for body in
our 256-slice scanner), the height of the cylinder H is also
varied with the object size (/=102 mm for head and 85 mm
for body in our case). Other reconstruction algorithms than
the full-scan Feldkamp may produce different coverage of
the longitudinal direction.” The variations of reconstruction
height /{ and its shortness in comparison with the nominal
beamwidth N X T are characteristics of cone-beam CT with
enlarged beamwidth, and should be taken into account with
respect to radiation exposure of the patient.

Then we discuss necessary phantom length and integra-
tion range in the dosimetry of cone-beam CT. From Fig. 9(a)
the values of NDPI,y; ... were varied from 76% to 60% for
the beamwidths between 20 and 138 mm. which suggested
that the integration over 100 mm range does not produce the
average of dose profile integral adequately. The results in
Fig. 6 also suggested that the proper dose profile may not be
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measured with the standard phantom (140 mm long) for
beamwidths of more than [5 mm due to escaped radiation.
This results in further underestimation of DPI, for example
NDPI| 4y e for the 140-mm-long phantom was 84% of that
for the 900-mm-long phantom if we calculated these values
from the profiles in Fig. 6.

On the other hand, from Fig. 9(a) the values of
NDPI5g 4y were more than 90% for the beamwidth between
20 and 138 mm. which suggested that integration over the
300 mm range produces the average of DPI properly. There-
fore the integration range of 300 mm is necessary to measure
proper DPIs for our scanner. Moreover a similar integration
range would be required for other MS CT-scanners with
beamwidth of more than 20 mm. because scatter tails of their
dose profiles are thought to be analogous to those for our
prototype if the effective energies are close to each other.
This discussion may be supported by a recent report by Na-
konency ef al™ They found that DPIs over a 250 mm range
were approximately 25% —30% higher than those over a
100 mm range at the center of an ellipsoidal cylinder of
200 mm % 300 mm X 300 mm (length) for a MS CT.

The phantom length should at least cover the integration
range. However. adding a certain margin to that length gives
more reliable results to prevent deformation of dose profiles
due to escaped radiation. Long phantoms can be conve-
niently obtained by combining unit cylinders as described in
this paper. Dose profile integration can be carried out with
the method proposed by Dixon,” which involved inserting a
small chamber in the center of the phantom, and scanning the
phantom from edge to edge to measure accumulated dose in
the chamber. A long ionization chamber as used in the
present study may be used as an alternative tool for any
cone-beam CT-scanner that is unable to move its table in
synchronization with rotations of an x-ray source and detee-
tor (for example, a certain type of C-arm CT).

Dosimetry phantoms of 320 mm diameter and more than
300 mm length are too bulky to use routinely in quality as-
surance (QA) checks even if they consist of the modular unit
described in the present paper. In the QA checks the standard
CTDI phantoms (140-200 mm long) and pencil ionization
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2D detector

(rotation axis)
(a) Longitudinal plane

1019919p 7

(b) Transverse plane

Fici. 10. Reconstruction geometry of cone-beam CT. An x-ray source and a
2D detector rotate around the = axis. The volume that can be reconstructed
with the Feldkamp algorithm is shown by the shaded region and is a double
conical region within a cylinder of radius R, which is determined by the
detector size in the v direction and shows the maximum field of view in the
transverse plane. R and /{1 show diameter and height, respectively, of a
cylindrical reconstructed volume as it varied with an object. N X T show the
nominal beamwidth where N is the number of slice and 7" is the slice
collimation.

chamber (100 mm long) may be used if a set of correction
factors that depend on the beamwidth and x-ray tube voltage
is provided. Determination of such factors will be a practi-
cally important task to undertake as a next step.

In conclusion we examined the necessary phantom length
and integration range in the dosimetry of cone-beam CT, and
found that both had to be more than 300 mm to represent
more than 90% of the DPI for the body phantom with the
beamwidth of more than 20 mm. Although this conclusion
was obtained with the prototype 256-slice CT scanner. it may
be applied to other MS CT scanners.

APPENDIX

As mentioned in Sec. | CTDI is usually used for CT do-
simetry and it is given as follows:*"?
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[mGy]. (A1)

L2

CTDI, = ,I J d(z)d=

N: L2

where N is the number of slices, T is the slice collimation,
and d(z) is the dose profile for an axial scan. The subscript L
indicates the integration range. The International Electro-
technical Commission (IEC) recommended the integration
range of 100 mm.

If we redefine DPI in these notations, we obtain

L2
DPI,_ZJ’ d(z)dz  [mGy mm].

(A2)
Li2
From Egs. (A1) and (A3).
|
CTDI, = ——" DPI,. (A3)
N-T
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OBJECTIVE. To achieve dynamic contrast-enhanced hepatic volumetric cine imaging,
we developed a prototype 256-MDCT scanner. This study examined the feasibility of the tech-
nique for human hepatic imaging in three hepatocellular carcinoma patients.
CONCLUSION. Volumetric cine imaging successfully visualized dynamic contrast en-
hancement of the hepatocellular carcinoma. It is helpful to evaluate the phase of contrast en-
hancement or for functional studies of the head, renal artery, coronary artery. and liver.

evelopments in CT technology
have allowed applications of 3D
mages in clinical fields such as
fiagnosis, surgical simulation,
planning of radiation therapy, and monitoring
of interventional therapy. Multiphasic images
provide important information for the diagno-
sis and characterization of liver neoplasms
{1]. Arterial phase imaging is useful for the
detection and characterization of hypervascu-
lar hepatic lesions. High spatial resolution can
be helpful to achieve a more accurate diagno-
sis [1]. The development of the latest 16-
MDCT has made dynamic 3D imaging possi-
ble. However, the craniocaudal coverage of
the 16-MDCT scanner’s detector. without
gantry movement, is typically only 20-32
mm, which imposes a limit on cine imaging,
that is, the capturing of images continuously
(approximately 1 or more images per second)
during and immediately after completion of
contrast agent injection. To make cine imag-
ing with a wider coverage in the craniocaudal
direction (volumetric cine imaging), we de-
veloped a prototype 256-MDCT. The purpose
of our study is to give a preliminary visualiza-
tion of volumetric cine imaging during the ar-
terial phase. For this we used the 256-MDCT
to evaluate three hepatocellular carcinoma
patients.

Subjects and Methods
Subjects

The subjects in this study were three male pa-
tients with hepatocellular carcinoma, ages 63, 70,
and 74 years, who were selected at random among
the hepatocellular carcinoma patients in our hospi-

tal. They gave their informed consent to be in-
cluded in the study, which was conducted in accor-
dance with the principles of the Declaration of
Helsinki [2]. All were inpatients of the institute
hospital and receiving radiation therapy with a car-
bon ion beam.

Prototype 256-MDCT

The prototype 256-MDCT used a wide-area cy-
lindric 2D detector, designed on the basis of present
CT technology and mounted on the gantry frame of
the 16-MDCT (Aquilion, Toshiba Medical Sys-
tems) [3]. The number of detectors was 912 (trans-
verse) X 256 (craniocaudal), each approximately
0.38 x 0.50 mm at the center of rotation, resulting
in a total of 233,472 elements. The rotation time of
the gantry was 1.0 sec. Several collimation sets
(e.g.. 1-256 x 0.5 mm, 1-128 x 1.0 mm, [-64 % 2.0
mm) could be set continuously to a 128-mm total
beam width. The craniocaudal coverage of the 256-
MDCT was approximately 100 mm long with one
rotation [4, 5]. The data sampling rate was 900
views/sec, and dynamic range of the analog—digital
converter was 16 bits. The detector efement con-
sisted of a scintillator and photodiode. The scintil-
lator was Gd,0,S ceramic, and the photodiode was
made of single-crystal silicon; these were the same
as for an MDCT.

Technique for Volumetric Cine Imaging

After we obtained an initial scout topogram of the
abdomen, all patients were scanned in a cine fashion
with the gantry centered over the upper abdomen af-
ter the onset of injection of 90 mL. of nonionic iodi-
nated contrast material (lopamiron 370 [iopamidol],
Nihon Schering) using a power injector with a flow
rate of 3.5 mL/sec. The delay between the start of
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Fig. 1—74-year-old man with hepatocellular carcinoma.

A, Portal venous phase shows wash-out of contrast medium at inferior vena cava (arrow) 30 sec after injection.

B-J, Caronal views with 3D volume rendering every 1 sec after A. Note slightly enhanced abdominal aorta (arrow, D) 33 sec after injection, Twa iridium beads (< 2 mm diam-
eter) were implanted around hepatocellular carcinoma to verify patient positioning with fluoroscopy before each section of radi ation therapy. Twa bright points (arrows, F)
show iridium markers (also seen on other images). Slightly enhanced celiac artery (arrow;, G) 36 sec after injection. Note markedly enhanced arterial systems (J) 39 sec after
injection.

254 — 79— AJR:185, July 2005



Contrast-Enhanced Hepatic Volumetric Cine Imaging with 256-MDCT Scanner

contrast material administration and scanning was
30 sec. Scan parameters were 120 kV, 200 mA, 1 sec
rotation time, 10 sec entire scanning time, and 256 x
0.5 mm beam collimation. Effective dose was 27.7
mSv/10 sec [6]. This dose was almost the same as we
routinely used for the liver multiphasic protocol. The
scanning time was conservatively limited to 10 sec
less than the dose routinely used in the institute [6]
because the 256-MDCT scans continuously at the
same position and the dose increases in proportion to
the scanning time. The patients held their breath at
end-expiratory during scanning. A Feldkamp-Davis-
Kress algorithm was used for reconstruction [7]. It
took tess than 1 sec to reconstruct volume data of 512
x 512 x 256 voxels by a high-speed image processor
with a field programmable gate-array-based archi-
tecture. Its physical performance had been previ-
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diameter).

E

ously identified as promising |5]. The reconstruction
increment was 0.62 mm with a 0.1 sec time interval
and matrix size of 512 x 512 x 256. The recon-
structed images were transferred to a workstation
(Dell) and software routines were run within the PV-
WAVE programming package (Visual Numerics)
for image postprocessing.

Results

Dynamic hepatic CT satisfactorily obtained
continuous enhancement in the arterial phase.
Contrast enhancement could be observed in
coronal views with 3D volume rendering 30
sec after injection (74-year-old man, Fig. 1A).
This patient had heart failure, and the backflow
of contrast material to the inferior vena cava
(IVC) was clearly shown. The hepatic veins

Fig. 2—63-year-old man with hepatocellular carcinoma.

A, Axial view shows hypervascular mass in right lobe of Couinaud’s segment 6-7
{arrow). P and Q = orientation of images, MIP = maximum intensity projection.

B-F, Coronal views with MIP in 33° oblique plane 30-38 sec after injection show only
arterial phase. Hypervascular hepatocellular carcinoma and nutrient artery are
clearly visualized. Radiodense objects in all images were iridium beads (< 2 mm

F

were best visualized on the images obtained
approximately 30-34 sec after the start of con-
trast agent injection (Figs. 1A—1E). The IVC
was visualized in contrast enhancement (ar-
row, Fig. 1A) and then enhancement was
completely lost at 36 sec. After 34 sec, en-
hancement of the abdominal aorta increased
gradually (Figs. 1D-1G). The renal artery en-
hanced gradually at 36 sec, and finally the ar-
terial phase was best visualized on the images
with high contrast in the celiac, splenie, and
hepatic arteries (Figs. 11-1J).

An example of dynamic maximum-inten-
sity-projection-reconstructed contrast-en-
hanced CT from the arterial phase to the por-
tal vein phase was obtained in the oblique

plane (63-year-old man, Fig. 2). Hepatocellu-
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lar carcinoma (50 x 40 mm) was observed in
the right lobe of Couinaud’s segment 6-7 (ar-
row, Fig. 2A). The hepatocellular carcinoma
showed a typical early enhancement, and the
well-enhanced hepatic artery supplying the
hepatocellular carcinoma was clearly visual-
ized at 30 sec after injection. At 31-34 sec,
the hepatic arteries had less enhancement. At
38 sec, the hepatic arteries were not visual-
ized at all, and only the hepatic portal veins
were revealed (Fig, 2F).

Discussion

This 256-MDCT scanner was designed to al-
low cine imaging over a craniocaudal distance
of approximately 10 cm. The images created
had a 0.5 mm thickness, resulting in isotropic
voxels that can be used to create images and
cine loops, in any plane, with any of several
postprocessing techniques. The scanner has the
ability to provide useful information when ex-
amining 3D structures, as illustrated in this ar-
ticle. A significant advantage appears in exam-
inations of the abdomen and chest since the
major anatomic structures in these regions run
longitudinally. High spatial resolution im-
proves evaluation of the liver and its vascular
system. The use of thin sections facilitates the
detection of small lesions since relatively thick
slices result in a partial volume artifact,

256

Mori et al.

Cine images provide useful diagnostic in-
formation. In this study, the thin-slice cine im-
ages can also be used to create cine loops in
multiple planes from the volumetric data ac-
quired from a patient with hepatocellular car-
cinoma (Fig. 2). This was not possible before
with conventional MDCT. Since imaging re-
sults can vary considerably depending on dif-
ferences in patient circulation {8), appropriate
timing of the scan after the start of contrast ma-
terial injection is essential to avoid imaging for
an excessively long period with the cine tech-
nique to reduce an excessively high dose or to
eliminate the need for an excessively long
breath-hold. Thus, a volumetric cine imaging
with a test bolus is more useful for acquisition
of the phase of contrast enhancement study.

In conclusion, the craniocaudal coverage
of the 256-MDCT is limited for less than one
whole organ such as the liver, and the effec-
tive dose is increased in proportion to the
scanning time. However, cine imaging in the
256-MDCT is helpful to evaluate the phase of
contrast enhancement or functional studies
for the head, renal artery, coronary artery, and
liver,
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Cardiovascular Circulation and Hepatic Perfusion of Pigs
in 4-Dimensional Films Evaluated by 256-Slice
Cone-Beam Computed Tomography

Nobusada Funabashi, MD; Katsuya Yoshida, MD; Hiroyuki Tadokoro, MD*;
Keiichi Nakagawa, MD; Nobuyuki Komiyama, MD; Kenichi Odaka, MD*;
Takanori Tsunoo, PhD*; Shinichiro Mori, MSc*; Shuji Tanada, MD*;
Masahiro Endo, PhD*; Issei Komuro, MD

Background In both cardiac and hepatic disorders it is desirable to accurately visualize the direction and scale
of blood flow in the whole organ in pulsating 3-dimensional (D)) images, which are known as 4-D images.

Methods and Results The present study used 256-slice cone-beam computed tomography (CT) (Athena,
Sony-Toshiba) at one rotation per second and a section thickness of 0.5 mm to show the dynamics of cardiovas-
cular circulation and hepatic perfusion by contrast injection in 4-D films of pigs. Four pigs (20kg each) were
anesthetized with isoflurane. The distal tips of the catheters were positioned in the inferior vena cava (IVC) (pigs
1-3) and in the proper hepatic artery {pig 4). Volumetric scanning and injection of contrast material were started
simultaneously and continued for 25s with image reconstruction at 1-s intervals, In pigs 1-3, 4-D filming
revealed the dynamics of cardiovascular circulation, first in the IVC, followed by the right ventricle and pulmo-
nary artery, then the left ventricle, left atrium, pulmonary vein, and finally, the right heart disappeared and only
the left heart and aorta remained visible. In pig 4, the hepatic arterial trees, followed by the venous trees, could

be easily visualized in turn on the 4-D images.

Conclusions This technology successfully demonstrated cardiovascular circulation and hepatic perfusion in
4-D and will have clinical applicability. (Circ J 2005; 69: 585-589)

Key Words: 4-D perfusion cardiovascular circulation; Hepatic perfusion; 256-slice cone beam computed

tomography

circulatory disorders, such as shunt flow in subjects

with congenital shunt disease! or disorders of blood
inflow into the left atrial appendage (LAA) in subjects with
chronic atrial fibrillation®3 or left ventricular (I.V) aneu-
rysm seen in those with extensive anterior myocardial
infarctiond which may lead to thrombi in the LAA or LV
aneurysm. Therefore, it is desirable to accurately visualize
the direction and scale of the shunt flow or disorders of
blood flow in the whole heart in pulsating 3-dimensional
(D) images, which are known as 4-D images.

Similarly, in hepatic medicine, many subjects present
with perfusion disorders such as liver cirrhosis or hepato-
cellular carcinomas and perfusion studies are performed to
characterize the blood flows-7 Again, in such cases it is
desirable to continuously visualize all the hepatic arterial,
capillary and venous trees in 4-1 images.

In the studies using a prototype high-speed cone-beam
computed tomography (CT) apparatus employing 256~
detector rows (Athena, Sony-Toshiba), an entire volume of

In cardiovascular medicine, many subjects present with
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the thoracic part or liver can be imaged within a single gan-
try rotation (1 second per rotation) and a section thickness
of 0.5mm8-10 Furthermore, maximum continuous 25s
scanning enables 4-D analysis. Although this CT technique
does not involve electorcardiogram (ECG)-gated acquisi-
tion, the combination of its synchrony with volumetric data
and reconstruction technique in which 1 scanning period is
divided into a maximum of 100 phases, facilitates selection
of the most static images and allows entire heart data acqui-
sition without cardiac motion artifacts. In the present study
we investigated the ability of this new technology to
capture cardiovascular circulation and hepatic perfusion on
4-D dynamic volumetric images of pigs.

Methods

Four domestic pigs, weighing 20kg each, were mechani-
cally ventilated under isoflurane anesthesia. The distal tips
of the catheters were positioned in the inferior vena cava
(IVC) for the cardiovascular system (pigs 1-3) and in the
proper hepatic artery (pig 4) for obtaining images of the
hepatic perfusion. The heart rate of the pigs ranged from
70-80beats/min. The experiments were approved by the
Animal Welfare Committee of the Institute, and were per-
tormed in compliance with the guidelines for the care and
usc of laboratory animals as described by the National
Institutes of Health.

Scan conditions for the 256-slice cone-beam CT were:
120kV, 200mA, 1.0s exposure, 1.0s gantry rotation time,
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(.5 mm slice thickness, and 256x0.5 mm slice collimation.

To begin, 10ml of the iodinated contrast material
(300 mgl/ml) was diluted with 40ml of saline and injected
at a rate of 3ml/s at the same time as scanning of the entire
heart was begun. Scanning continued for 25s and in that
time the radiation dose was 100 mSV!!

The temporal resolution of this new CT is 1s and the
spatial resolution is approximately 1.0mm (transverse) and
[.3mm (longitudinal). Image reconstruction was performed
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Figl. Volume-rendered reconstruction images of a
porcine heart using 256-slice cone beam computed
tomography represent the vessel lumens and the heart
cavity filled with contrast material, with the surround-
ing ribcage observed from the anterior view (A-D)
and posterior view (E-H), acquired after injection of
contrast at 2s (A, E), 5s (B, F) 12s (C, G), and 17s
(D, H). At 25 after injection of the contrast material,
only the inferior vena cava (IVC) could be observed
(A, E): at 5s, the rght ventricle (RV), pulmonary
artery (PA) and IVC could be observed (B, F): at 12s,
in addition to the RV and PA. the left ventricle (LV)
and pulmonary vein (PV) could be observed (C, G):
but at 17s, the right heart disappeared and only the
LV, PV, ascending aorta (Ao) and the right and the
left internal thoracic ateries (ITA) could be observed
(D. H).

at every 0.1-s interval and we selected the most static im-
ages around every l-s interval after injection of contrast
resulting in 25-phase volume data which were transferred
to a workstation (Virtual Place Advance Plus, AZE, Japan).

Results
In pigs 1-3. at 2s after injection. the volume-rendered

images showed only the IVC (Fig IA,E); at 5s, the right
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heart, including the right ventricle, the pulmonary artery,
and the IVC could be seen (Fig 1B,F); at 12s, the LV, left
atria (LA), including the LAA, and pulmonary vein (PV)
could also be observed (Fig 1C,G). At 17s, the right heart
had disappeared and only the LV. LA and PV, ascending
and descending aorta, and the right and left internal
thoracic arteries were visible (Fig 1D,H). Finally the LAA
images disappeared completely, followed by those of the
LV and the dynamics of the cardiovascular circulation
could be observed in 4-D filming (data not shown).

In pig 4, at 3s after injection, the volume-rendered im-
ages revealed only the hepatic arterial tree (Fig2B); at 8s,
the area supplied by capillaries could be observed (Fig 2D);
at 15s, the hepatic arterial tree disappeared and the hepatic
venous tree appeared (Fig 2F). These sequences could be
visualized in 4-D filming, which allowed the hepatic perfu-
sion o be easily observed (data not shown).

Discussion

Echocardiography!>!3 a flow pattern study of magnetic

(.I.;J'.'.'!."..'!l'.‘h’_f“l!.l.h’-l:i Vol 69 _”,,n} 2005
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Fig2. Volume-rendered reconstruction images of a
porcine liver using 256-slice cone-beam computed
tomography. (A, B) Hepatic arterial trees; (C, D)
liver area supplied by blood capillaries within the
hepatic arterial trees: (E. F) liver area supplied by
blood capillaries beginning to disappear and the
hepatic venous trees appearing.

15,16

resonance imaging!* electron-beam CT conventional
left ventriculography!7!# and aortography have all been
used to evaluate of cardiovascular blood flow, but they all
use pulsating 2-D images only, which make it difficult to
observe the 3-D spatial relationships circulation.

The 3-D images using ECG-gated multislice CT (MSCT)1
or electron-beam CT2-23 are constructed by building up
data from the same cardiac phase (R-to-R interval) but with
a different cardiac beat. However, these 3-D images do not
allow any evaluation of the dynamics of blood flow,

The new 256-slice cone-beam C'T with its combination
of reconstruction techniques can successfully demonstrate
the dynamics of the cardiovascular circulation system on
4-D films in which the configuration of the heart continued
to the through plane without any gaps. In other words, this
new prototype CT has a unique ability, synchrony, for
acquiring images of the pulsating heart. Compared with a
conventional 16-slice C'T' scanner with 0.75 mm slices, with
this new 256-slice cone-beam C'T, image noise, uniformity,
and high contrast detectability are independent of the z-
axis? Furthermore, the scanning mechanism can accommo-

._84_
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date a rotation speed of up to 0.5 s/rotation and ECG-gated
acquisition will be possible in the next generation of
scanner$

In the present MSCT, using retrospective ECG-gating
acquisition or respiratory motion-gating acquisition2*23
which use helical scanning with simultaneous recording of
an ECG or respiratory motion signal, following acquisition,
it is possible to obtain any volume data of the heart or lung
al any cardiac or respiratory phase desited. Furthermore,
using this system, it is possible to obtain maximum 100
volumetric data points divided into maximum 100 serial
segments of one cardiac or respiratory phase such as 0, 1,
2...97, 98 and 99% of the R-to-R interval of the ECG or
respiratory motion. Using serial maximum 100 phase volu-
metric data, it is also possible to obtain 4-I images on a
workstation in which the motion of the heart or thoracic
parts can be evaluated. Furthermore, this 256-slice cone-
beam CT could represent the dynamics of contrast material
in 4-D images; although it is not possible with the present
MSCT which so far has been developed as a 64-slice data
acquisition system,

This new modality could have applications in the visuali-
zation of shunt flow and disorders of blood flow into the
LAA and L.V aneurysm, which in the latter case may lead
to the formation of thrombi. It also may be able to provide
visualization of myocardial blood flow when the temporal
resolution improves. Gradation of the myocardial blood
flow within the myocardium (ie, the difference in the blood
flow in the endomyocardium and epicardium) may produce
a large amount of information when myocardial ischemia
develops.

In the present study, we also demonstrated hepatic perfu-
sion combined with selective hepatic arterial injection and
observed clear hepatic enhancement on the 4-D films.
Some investigators have reported hepatic perfusion using
3-9 phases of volumetric data of the whole liver, or contin-
uous acquisition for 30s that covered parts of the liver in
4 slices with the use of time density curvess-7 However, the
former technique does not use a sequential perfusion study,
but is an intermittent perfusion study, and the latter tech-
nique is not an entirely volumetric only a partial volumetric
hepatic perfusion study. To obtain 4-D images using the
256-slice cone-beam CT such as presented in this study, 2
techniques can be envisaged for the future.

One approach is to perform the same procedure as per-
formed in pig 4 in this study using a combination of a
selective angiography system with the CT system in which
the CT acquisition with selective hepatic artery injection
can be achieved without any movement of the patient. In
fact, such a system is already in use?¢ and it would be
possible to obtain 4-D images of the same hepatic enhance-
ment presented in this study. Therefore, if the physician
wishes to determine the area of liver supplied by the proper
hepatic artery, or needs to obtain quantitative blood flow
information in subjects with liver cirrhosis, or intends to
evaluate the feeding artery of hepatocellular carcinoma,
this technique provides useful information for devising the
appropriate treatment strategy. In this study, because we
placed the catheter in the proper hepatic artery, we could
not evaluate the perfusion of the artery or the portal vein
originating from the superior mesenteric artery or the
splenic artery.

The other approach is non-invasive image acquisition
using the new 256-stice cone-beam CT corbined with in-
travenous injection. Even though with this method seg-
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mentation of liver enhancement cannot be performed, we
can evaluate the 3-D) perfusion of the whole liver non-in-
vasively, which is not possible with 16-slice or even the
latest 64-slice MSCT. Using this technique, continuous
25-s acquisitions can be performed, yielding quantitative
hepatic perfusion information by using time density curves
of the liver on 3-I) images.

We describe here a novel prototype CT that has the
advantage of whole heart and liver imaging in a single
gantry rotation without ECG-gated acquisition. This tech-
nique may facilitate cardiovascular and liver diagnosis and
may also find application with other organs such as the
brain, kidney and peripheral vasculature.

One of the problems encountered with this new 256-slice
cone-beam CT scanner is that in order to achieve a detailed
4-D analysis, the number of images that the workstation
has to process is very large. For example, 1 volumne data set
has 256 images, which means that if an image is acquired
from 10 phases per s over a total of 255, the workstation
has to process 64,000 (256x10x25) images at one time in
order to achieve a detailed 4-D analysis. At present even
the most advanced workstation cannot process such a huge
volume of images, but this problem may resolve within a
few years as workstations become more sophisticated.
Recently, increasing attention has been given to the dose of
radiation received during in cardiac CT?27 Specifically, the
radiation dose for evaluating blood flow dynamics using
the 256-slice cone-beam CT is estimated as 4 mSV/s. Al-
though it is better to keep the radiation dose to a minimum,
it may be justifiable to perform such a procedure despite
the radiation dose.

There is another type of CT available, a prototype
flat-panel CT system (VCT, GE Global Research), with a
200-mm detector panel and a cell pitch factor of 0.2mm,
which also allows an entire organ to be imaged within a
single gantry rotation?® Thus, in the near future, these new
imaging modalities will likely become new diagnostic
tools.

Conclusion

We successfully demonstrated the cardiovascular circu-
lation and hepatic perfusion in 4-D using 256-slice cone-
beam CT. This imaging modality has clinical potential for
the visualization and analysis of cardiovascular circulatory
problems and hepatic perfusion disorders.

Acknowledgment

This work was supported in part by the 4D-CT research group at the
National Institute of Radiological Sciences, Japan.

References

1. Funabashi N, Rubin GD. Qualitative blood flow differentiation:
Depiction of a left to right cardiac shunt across a ventucular septal
defect using electron-beam computed tomography. Jpn Cire J 2000,
64: 901-903.

2. Nakanishi T, Hamada S, Takayama M, Naito I, Imakita S, Yamada

N, et al. A pitfall in ultrafast CT scanning for the detection of left

atrial thrombi. J Comput Assisi Tomogr 1993; 17: 42-45.

Kamiyama N, Koyama Y, Suetsuna R, Saito Y, Kaji S, Akasaka T, et

al. Decreased left atrial appendage flow velocity with atrial fibrilla-

tion caused by negative inotropic agents. Cire J 2003; 67: 277-278.

4. Beppu §, Taumi S, Mivatake K, Nagata S, Park YD, Sakakibara H, et
al. Abnormal blood pathways in left ventricular cavity in acute myo-
carcial infarction: Experimental observations with special reference
to regional wall motion abnormality and bemostasis. Circulation
1988; 78: 157~ 164.

(8]

Clireulation Jowrnal Vol .69, May 2005



Cardiac and Hepatic 4-ID Perfusion by 256-Slice CT

10.
11.

12.

13.

14.

15.

17.

Cirenlation_Journal

Fuentes MA, Keith CJ, Griffiths M, Durbridge G, Miles KA. Hepatic
haemodynamics: Interrelationships between contrast enhancement
and perfusion on CT and Doppler perfusion indices. Br J Radiol
2002; 75: 17-23.
Tsushima Y, Blomley MJ, Kusano S, Endo K. Measuring portal
venous perfusion with contrast-enhanced CT: Comparison of direct
and mdirect methods. Acad Radiol 2002; 93 276-282.
Cuenod CA, Leconte I, Siauve N, Resten A, Dromain C, Poulet B, et
al. Baxly changes in liver perfusion caused by occult metastases in
gats: Detection with quantitative CT. Radiology 2001; 218: 556-
61.
Mori S, Endo M, Tsunoo T, Kandatsu S, Tanada S, Aradate H, et al.
Physical performance evaluation of a 256-slice CT scanner for four-
dimensional imaging. Med Phys 2004; 31: 1348 -1356.
Endo M, Tsunoo T, Kandatsu S, Tanada S, Aradate H, Saito Y. Four-
dimensional computed tomography (4D CT) concepts and prelimi-
nary development. Radiat Med 2003; 21; 17-22.
Endo M, Mori S, Tsunoo T, Kandatsu S, Tanada S, Aradate H, et al.
Development and performance evaluation of the first model of 4D
CT-scanner. IEEE Trans Nucl Sci 2003; 50: 1667~ 1671.
Leitz W, Axelsson B, Szendré G. Computed tomography dose as-
sessment: A practical approach. Radiat Protect Dosimetry 1995, 57:
377-380. )
Ito T, Suwa M, Imai M, Hozumi T, Tonari S, Kitaura Y. Acute
effects of diltiazem on regional left ventricular diastolic filling
dynamics in patients with hypertrophic cardiomyopathy as assessed
by color kinesis. Circ J 2004; 68: 1035-1040.
Liu J, Murata K, Fujino T, Ueda K, Kimwura K, Wada Y, et al. Effect
of dobutamine on regional diastolic left ventricular asynchrony in
patients with left ventricular hypertrophy. Circ J 2003; 67: 119-124.
Inoue T, Watanabe S, Sakurada H, Ono K, Urano M, Hijikata Y, et
al. Evaluation of flow volume and flow patterns in the patent false
lumen of chronic aortic dissections using velocity-encoded cine
magnetic resonance imaging. Jpn Circ J 2000; 64: 760 -764.
Rumberger JA, Bell MR. Measurement of myocardial perfusion and
cardiac output using intravenous injection methods by ultrafast (cine)
computed tomography Invest Radiol 1992; 27: 40~46.
Ludman PE, Darby M, Tomlinson N, Poole-Wilson PA, Rees S. Car-
diac flow measurement by ultrafast CT: Validation of continuous and
pulsatile flow. J Comput Assist Tomogr 1992; 16: 795-803.
Fujino T, Ishii Y, Takeuchi T, Hirasawa K, Tateda K, Kikuchi K, et

Vol.69, May 2005

18.

19.

20.

21.

23.

24.

25.

26.

28.

589

al. Recovery of BMIPP uptake and regional wall motion in insulin
resistant patients following angioplasty for acute myocardial infarc-
tion Cire J 2003; 67: 757-762.

Sugimoto K, Ito H, Iwakura K, Ikushima M, Kato A, Kimura R, et al.
Intravenous nicorandil in conjunction with coronary reperfusion
therapy is associated with better clinical and functional outcomes in
patients with acute myocardial infarction. Cire J 2003; 67: 295-300.
Funabashi N, Ishida A, Yoshida K, Komuro 1. Double aortic arch
with a compressed trachea demonstrated by multislice computed
tomography. Circulation 2004; 110: ¢68—e69.

Funabashi N, Kobayashi Y, Kudo M, Asano M, Teramoto K, Komuro
I, et al. New method for measuring coronary diameter by electron-
beam computed tomographic angiography using adjusted thresholds
determined by calibration with aortic opacity. Circ J 2004; 68: 769~
771.

Funabashi N, Misumi K, Ohnishi H, Watanabe M, Suzuki Y, Imai N,
et al. Endoluminal perspective volume rendering of coronary atteries
using electron-beam computed tomography. Circ J 2003; 67: 1064 -
1067.

Funabashi N, Kobayashi Y, Rubin GD. Utility of three-dimensional
volume rendering images using electron-heam computed tomo-
graphy to evaluate possible causes of ischemia from an anomalous
origin of the right coronary artery from the left sinus of Valsalva. Jpn
Circ J 2001; 65: 575-578.

Funabashi N, Rubin GD. Direct identification of patency achieved by
a bi-directional Glenn shunt procedure: Images by volume rendering
using electron-beam computed tomography. Jpn Circ J 2001; 65:
457-461.

Pan T, Lee TY, Rietzel E, Chen GT. 4D-CT imaging of a volume
influenced by respiratory motion on multi-slice CT. Med Phys 2004;
31:333-340.

Nehmeh SA, Erdi YE, Pan T, Yorke E, Mageras GS, Rosenzweig KE,
et al. Quantitation of respiratory motion during 4D-PET/CT acquisi-
tion. Med Phys 2004; 31: 1333-1338.

Hirai T, Korogi Y, Ono K, Uemura S, Yamashita Y. Preoperative
embolization for meningeal tumors: Evaluation of vascular supply
with angio-CT. Am J Neuroradiol 2004; 25: 74-76.

. Hunink MG, Gazelle GS. CT screening: A trade-off of risks, bene-

fits, and costs. J Clin Invest 2003; 111: 1612~1619.
Knollmann F, Pfoh A. Coronary artery imaging with flat-panel com-
puted tomography. Circulation 2003; 107: 1209.



Downloaded from heart bmjjournals.com on 14 September 2005

Em e

1349

Three dimensional segmented myocardial perfusion images
by selective infracoronary injection of contrast using 256
slice cone beam computed tomography
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supplied by every coronary artery is potentially useful for

strategy and practice of percutancous coronary interven-
tion, coronary artery bypass surgery, or percutancous
transluminal septal myocardial ablation (PTSMA).!?

Myocardial contrast echocardiography (MCE) with intra-
coranary contrast injection has been used to evaluate the
segmented LV area supplied by a coronary artery but it is
invasive and evaluation of wmyocardial enhancement by
ultrasound contrast material may depend upon the skill of
the investigator.'

With a prototype high speed cone beam computed
tomography (CT} apparatus employing 256 detector rows
(Athena, Sony-Toshiba), an entire heart can be imaged
within a single gantry rotation.”* Using this techuique,
combined with selective intracoronary injection of contrast,
we determined the segmented LV area supplied by every
coronary artery selectively.

lnformation of the segmented left ventricular {LV) area

METHODS

Twao domestic pigs (20 kg cach) were anacsthetised with
isoflurane, and catheters positioned in the left anterior
descending branch (LAD) of the coronary artery in pig 1
and the left circumflex branch (LCx) in pig 2, via the femoral
arteries. The heart rate of pigs ranged between 7080 beats
per minute,

Scan conditions for the 256 slice cone beam CT were:
120 kv, 200 mA, 1.0 second exposure, 1.0 second gantry
rotation time, 0.5 mm slice thickness, and 256x0.5 mm slice
collimation. For compatison, those for the 16 slice multislice
CT scanner routinely used at our institute (SOMATOM
Sensation 16, Siemens) were: 120 kV, 250 mA, 0.42 second
exposure, 0.42 second gantry rotation time, 0.75 mm slice
thickness, and 16x0.75 mum slice collimation.

To begin, 10ml of the iodinated contrast material
{300 mgl/ml) diluted with 40 ml of saline was injected at a
rate of 3 ml/sccond.

Entire heart scanning and injection of contrast started
stmultaneously and the scanning was continued for 25
seconds. The radiation dose was 100 mSV for 25 seconds.®

Reconstruction  parameters  were a  voxel size of
0.468 0,468 x0.500 mm®  with 0.500 mm  reconstruction
increment  along the 2 axis and a matrix size of

512x512%256, Convolution kermnels were standard body
kernels; FC10.

The temporal resolution of this new CT is 1 second and
spatial resolution was approximately 1.0 mm (transverse)
and 1.3 mm (longitudinal).

The reconstruction was performed at every 0.1 second
interval.
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RESULTS

At 2 seconds, only the coronary arterial trees of LAD {pig 1)
or LCx (pig 2) could be observed without myocardial
enhancement. At 5 seconds, segmented myocardial enhance-
ment of LAD and LCx could be observed with the coronary
arterial trees.

We selected the most static images of the LV at around 5
seconds after contrast injection, so as to avoeid any gaps from
cardiac motion artefact. Axial source images clearly revealed
segmented LV myocardial enhancement of the anterior and
apical wall and interventricular septum (IVS) in pig 1 and the
lateral and posterior wall in pig 2. Volume rendered images
from the anterior and the left anterior views revealed only the
anterior and apical wall and IVS portion of the LV
myocardium supplied exclusively by the LAD in pig 1 and
the lateral and posterior wall of LV myocardium supplied by
the LCx in pig 2, together with the coronary artery (fig 1); the
segmented LV area could be easily recognised three dimen-
sionally.

DISCUSSION

A prototype 256 slice cone beam CT provides complete
volumetric data within a single gantry rotation. In this CT, by
combination of reconstruction technique, it is pessible to
obtain a configuration of the heart without any gaps caused
by cardiac motion artefacts. This new prototype CT has a
unigue character, synchrony, for the acquisition of the
pulsating heart. The scanning mechanism can accommodate
a rotation speed of up to 0.5 second/rotation and ECG gated
acquisition will be possible in the next generation scanner,

In this study using small pigs, we demonstrated segmented
LV perfusion combined with selective coronary arterial
injection and we successfully observed the segment LV
enhancement three dimensionally.

Two plans can be envisaged for the future. Firstly, the
combination of a selective angiography systemn with the CT
system. in which the CT acquisition with selective coronary
artery injection can be achieved without any movement of
the patient. In fact, this angiography system with multislice
CT is already in use. Using the new system in which an
angiography system is combined with a new 256 slice CT, it is
possible to obtain the same segmented LV enhancement.

Secondly, acquisition using the new 256 slice CT combined
with intravenous injection non-invasively. By this method,
even though the segmentation of LV myocardial ephance-
ment cannot be performed, we can evaluate the thyee

Abbreviations: CT, computed tomography; VS, inferventricular
septum; LAD, left anterior descending; LCx, left circumflex; LV, left
ventriculor; MCE, myocardicl contrast echocardiography; PTSMA,
percutaneays fransluminal septal myocardial ablation
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wall of LV
RV wall

LAD injection

Anterior and apical wall of LV

LAD injection

dimensional perfusion of the whole myocardium non-
invasively, which is not possible with 16 slice CT. Using this
technique, continuous 25 second acquisitions can be per-
formed yielding quantitative myocardial perfusion informa-
tion by using time density curves of myocardium on three
dimensional images.

Especially using the former plan, this technique provides
useful information for a physician to arrive at a strategy for
percutaneous coronary intervention or coronary artery bypass
surgery by combination of this new CT with selective
intracoronary contrast injection. Furthermore, during
PTSMA in subjects with hypertrophic obstructive cardiomyo-
pathy, information regarding the septal branch of coronary
arterics supplying the hypertrophic IVS which occludes the
LV outflow tract is required.” MCE with intracoronary
contrast injection is commonly used during the procedure
to guide the selection of the appropriate septal branch that
feeds the hypertrophic IVS. As an alternative to MCE, the
injection of contrast material from the catheter located in the
septal branch followed by 1 second scanning using this CT
technique can provide the proper information to select the
appropriate septal branch; this technique is less complicated
than MCE.

We described here a novel prototype CT that has the
advantage of whole heart imaging in a single gantry rotation
without ECG gated acquisition.

Of course, further research and technologic developments
would be needed to overcome potential problems, such as
radiation dose and any technical problems such as using the
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Figure 1 Volume rendered
reconstruction images of porcine hearts
using enhanced 256 slice high speed
cone beam computed tomography (CT)
acquired 5 seconds after injection of
contrast material from the anterior view
(A, B) and the left anterior view (C, D)
revealed only the anterior, the apical
interventricular septum (IVS) portion of
the left ventricle (LV) myocardium, and
the anterior wall of right ventricular
myocardium supplied exclusively by the
|eg anterior descending coronary artery
{LAD) in pig 1 with LAD injection (A, C),
and the lateral and posterior portion of
LV myocardium by Iiz left circumflex
artery (LCx) in pig 2 with LCx injection
(B, D). The right coronary artery was
visualised from the backflow from the
catheter located in the LAD in pig 1(A)
as well as the aorta. Asc Ao, ascending
corta; Des Ao, descending aorta; Diag;
diagonal branch.

\

Lateral wall
of LV

Lateral and posterior wall of LV

LCx injection

catheter  without complication. Future technological
advances in this area should overcome these problems. This
technique may facilitate new cardiovascular diagnoses and
may also find applications in other organs such as brain,
liver, kidney, and vasculature.
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Transoesophageal echocardiography showing a thrombosis of the aortic valve mechanical
replacement before and after thrombolytic treatment

75 year old lemale patient with a four year history of

aortic valve replacement with mechanical prosthesis

(Medtronic Hall 20) was admitied 1o the cardiology
department with a one month history of progressing
dyspnoea and coughing episodes. She denied having chest
pain. Admission ECG showed signs of hypertrophy and
overload of the left ventricle and I mm ST segment elevations
in leads 11, I, and aVF. Routine laboratory tests revealed
significant increases in cardiospecific enzymes and an
international normalised ratio (INR) of 1.71, confirming
inadequate anticoagulation treatment with long term admin-
istration of warfarin sodium.

Further management was strongly influenced by echocar-
diography findings. Transocsophageal cchocardiography
(TOE) on the day of admission revealed a non-dilated
hypertrophic left ventricle (LV) with a hypokinetic inferior
wall and good global cjection Iraction (60%). Mechanical disc
prosthesis was present in the aortic position, with severe
dysfunction. The whole right coronary sinus was filled with a
hyperechogenic mass that hindered the movement of the disc
and perfusion of the right coronary artery (panels A, Bj.
Significant aortic stenosis was present with a peak gradient

of 95 mm Hg along with grade 2 regurgitation. Because of
the high risk of surgery due to the ongoing myocardial
infarction we dedided to administer a thrombelytic agent,
Actilyse 100 mg was given intravenously in a two hour
continual infusion, followed by a continuous infusion of
unfractioned heparin during the following days.

A follow up TOE on dav 5 after admission revealed a
completely clear aortic bulb with no pathological masses,
good function of the aortic mechanical valve, full motion
range of the disc without any limitations, and a significant
reduction of the peak grade down to 51-52 mm Hg, which
was the patient’s pre-morbid value (panels C, D). Global left
ventricular  function had no signiticant  abnormalities.
Anticoagulation reatment  with  warfarin - sodium  was
resumed and the patient was discharged home on day 11 in
satisfactory condition with an INR of 3.30.

P Jelinek
M Vécha
M Sulda

jelinek@nemchb.cz
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Real-Time Volumetric Imaging of Human Heart Without
Electrocardiographic Gating by 256-Detector Row
Computed Tomography

Initial Experience

Chisato Kondo, MD,* Shinichiro Mori, MS, T Masahiro Endo, PhD,} Kiyoko Kusakabe, MD,*
Naoki Suzuli, PhD, [ Asaki Hattori, PhD,] and Masahiro Kusakabe, PhDg

Objective: The feasibility of human cardiac imaging using a
prototype 256-detector row cone-beam computed tomography
(256CBCT) scanner without electrocardiographic gating was examined.

Methods: Two healthy male volunteers were examined by contrast-
enhanced 256CBCT. The number of detectors was 912 X 256, each
measuring approximately 0.5 mm X 0.5 mm at the center of rotation.
The craniocaudal coverage was approximately 100 mm after recon-
struction by the Feldkamp-Davis-Kress algorithm. The effective time
resolution was 500 milliseconds using a halfiscan algorithm,

Results: Serial enhancement of the left ventricular myocardium was
detected. The right and left coronary arteries at proximal and distal
segments were depicted without significant blarring, Although the
left ventricular wall motion on cine images was not smooth over time,
it was possible to measure ventricular volume and ejection fraction.

Conclusions: Using the 236CBCT, it was possible to visualize the
coronary arteries, myocardial perfusion, and ventricular contraction
simultaneously during a single acquisition.

Iey Werds: computed tomography, cone beam, coronary angiog-
raphy, myocardial perfusion, ventricular function

With recent advances in multidetector computed tomog-
raphy (MDCT), coronary angiography with MDCT
has now become a practical method for identifying patients
with significant coronary artery stenosis. Because craniocaudal
coverage with a conventional MDCT scanner without table
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movernent is typically limited to 20-40 mm, however, electro-
cardiographic (ECG) gating and a combination of fast gantry
rotation, slow table movement, and helical acquisition mode
are required for cardiac imaging. Consequently, MDCT images
are made by summation of data in the same cardiac phase from
multiple cardiac cycles, precluding examination of patients
with an irregular heart rhythm.

We have developed a prototype 256-detector row cone-
beam computed tomography (256CBCT) scanner to achieve
real-time imaging without ECG gating with wider coverage in
the craniocaudal direction. This scanner uses a continuously
rotating cone-beam x-ray tube and 256 detector rows without
table movement to provide volumetric data (3-dimensional
data) with the additional dimension of time." Its craniocaudal
coverage has a length of approximately 100 mm.? Previously,
we demonstrated in an in vivo porcine model that 256CBCT
was capable of successfully imaging cardiac chambers and
vessels according to the passage of contrast media from the
right side of the heart to the left side.” We also visualized distal
coronary arterial branches up to the third generation by
intracoronary administration of contrast material and 256CBCT
in an excised porcine heart (8. Mori, MS, 2005 unpublished
data).

Here, we report the preliminary results of real-time
volumetric imaging of the human heart from normal volun-
teers without the aid of ECG gating.

MATERIALS AND METHODS

Prototype 256-Detector Row Computed
Tomography Scanner

Details of the architecture and physical performance
of the prototype 256CBCT scanner have been described
previously.>® Briefly, this scanner uses a wide-area cylindrical
detector design based on new computed tomography (CT)
technology and mounted on the gantry (Aquilion; Toshiba
Medical Systems, Chtawara, Japan),® The number of elements
is 912 channels {(transverse) X 256 segments {craniocaudal);
the element size is approximately 1.02 mm X 0.90 min, corre~
sponding to 0.58 mm (transverse) X 0.50 mm (craniocaudal)
beam width at the center of rotation. The rotation time of the
gantry is 1.0 second. The Feldkamp-Davis-Kress algorithm
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was used for reconstruction.” The craniocaudal coverage was
approximately 100 mm, which was less than the value (128 mm)
obtained simply from the number of slices (256) X slice colli-
mation (0.5 mm). lts limited coverage is atiributable to the
geomeltry of the imaging volume of cone-beam CT when the
Feldkamp algorithm was used.” Each detector element con-
sisted of a scintillator {Gd,0,8 ceramic) and photodiode
(single-crystal silicon). Reconstruction usually took less than
1 second for volume data of 512 X 512 X 256 voxels with a
high-speed image processor with field-programmable gate
array—based architecture.

Procedures for Real-Time Volumetric Imaging
of the Human Heart

The study procedures were approved by our institutional
review board for human research. Written informed consent
was obtained from the 2 subjects, both of whom were healthy
adult males (weight: 60-70 kg). Each was given I mg/kg meto-
prolol orally (Seloken; AstraZeneca Japan, Osaka, Japan)
2 hours before CT scanning to reduce the heart rate, which was
56-58 bpm at the time of examination. A 20-gauge poly-
cthylene venule was introduced into the anterior cubital vein of
the right arm. Oral nitroglycerine was not administered before
scanning.

After undergoing an initial scout topogram of the chest,
the subjects were scanned without table movement in the cine
scan mode with the gantry centered over the heart. Scanning
was begun after injecting 70 mL nonionic iodinated contrast
material (Topamiron 370; Nihon Schering, Osaka, Japan) by
means of a single-syringe power injector (6.0-mL/s flow rate)
without saline flush. The delay between the start of contrast
material administration and CT scanning was 10 seconds.
Scan parameters were 120 kV, 200 mA, 1.0 second of rotation
time, and 256-mm X 0.5-mm beam collimation. The entire
scan time was 14 seconds, and the effective radiation dose
was 31 mSv. The subjects were instructed to hold their breath
in the end-expiration position during scanning. A half-scan
algorithm® was applied, and the effective temporal acquisition
window was 500 milliseconds. The volume elements (voxels)
were 0.47 mm X 047 mm X 047 mmina 512 X 512 X 216
data matrix covering a volume of 240 mm X 240 mm X 102
mm. The data set was reconstructed every 40 milliseconds.
Images were transferred to a dedicated image postprocessing
workstation for volume rendering. Images were primarily as-
sessed by visual interpretation in terms of myocardial contrast
enhancement, coronary arterial visualization, and left ventric-
ular contraction. We also performed quantitative analyses
regarding the following parameters” 1) myocardial density
changes between before and peak contrast enhancement,
2) coronary vessel contrast as the difference in mean CT density
(Hounsfield units) between the vessel lumen and the peri-
vascular tissue, 3) contrast-to-noise ratio expressed as the quo-
tient of the contrast of the coronary arteries and image noise
expressed as the standard deviation value in the aorta, 4)
determination of the slope of a CT density curve (AHounsfield
units per millimeter) over the vessel wall as a measure of its
contour sharpness, and 3) end-diastolic and end-systolic left
ventricular volumes and ejection fraction determined by

© 2005 Lippincott Williams & Wilkins

Simpson’s rule applied to multiple short axial sections skipped
every 10 mm.

RESULTS

The 256CBCT satisfactorily demonstrated continuous
enhancement of the heart. In the dynamic coronal tomographic
planes, contrast enhancement was observed at 1.0 to 12.3 seconds
after the start of scanning. The left ventricular chamber was
visualized by contrast enhancement 3 seconds after the start of
scanning, and the myoccardium was enhanced gradually and
homogeneously over the left ventricle after 3 seconds and
maximally at 10 seconds after the start (Fig. 1a). Postprocess-
ing with a volume-rendered technique was applied to depict
the right and left coronary arteries (see Figs. 1b, ¢). The distal
right coronary artery around the crux was visualized without
significant blurring. Contrast and contour sharpness of the cor-
onary arteries on 256CBCT were equivalent to or better than
those on MDCT.? The left ventricular motion was not smooth
over time on cine images, because the left ventricular chamber
size at end-systole was largely affected by the timing of recon-
struction (successively reconstructed every 40 milliseconds,
with 2 time window of 500 milliseconds) at a given cardiac
phase. Nevertheless, we found that left ventricular volume and
ejection fraction measured by the 256CBCT showed physi-
ologic values for normal male adults (see Fig. 1d).

DISCUSSION

This preliminary study demonstrated that real-time volu-
metric imaging of the human heart by 256CBCT successfully
visualized coronary arteries and myocardial contrast enhance-
ment in a single acquisition. Because the magnitude of contrast
enhancement by 256CBCT was similar to previous results of
electron beam CT,'® 256CBCT should be used for evaluation
of myocardial perfusion at rest and under pharmacologic
vasodilatory stimuli.'® Myocardial contraction could also be
assessed, although with some limitations, during the same
acquisition.

This CT scanner was designed to allow volumetric cine
imaging over a craniocaudal distance of approximately 100 mm
in | rotation without table movement. The images created had
a slice thickness of less than 0.5 mum in the same time phase,
resulting in isotropic voxels that could be used to create
images and cine loops in any desired plane, without loss of
spatial resolution, with any of several postprocessing tech-
niques. Previously, we demonstrated successful contrast-
enhanced cine imaging of ventricles and great vessels in a
porcine model.? In this model, however, we found that coro-
nary arteries were visualized clearly only at the proximal por-
tion, because the porcine heart is smaller in size and has a
higher heart rate than that of a human adult. In the present
human study, we could visualize the coronary artery more
clearly than that of pigs by controlling the heart rate to
<60 bpm after administration of a beta-blocker.

Comparison of 256CBCT with conventional CT meth-
odology would be useful to understand the strengths and
limitations of 256CBCT. In electron beam computed tomog-
raphy (EBCT), a protocol for coronary imaging (volume mode
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scanning) uses a slice collimation of 3.0 mm, a table feed of
1.5-2.0 mm per scan, prospective ECG triggering to some pre-
determined cardiac phase, and multiple scans (>50) to image
the entire coronary artery.'' Because of its relatively thick

(2) 10.0 s

slices and low signal-to-noise ratio, EBCT is inferior to MDCT
with regard to visualization of the coronary arteries.” A dif-
ferent protocol of EBCT (cine mode scanning) for ventricular
imaging consists of successive acquisitions with a fixed scan
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time of 100 milliseconds, a limited number of slices (typi-
cally 8-10 slices separated from each other by 10 mm), and
orientation of slices determined before acquisition. With the
use of high temporal resolution, EBCT is accurate for measur-
ing ventricular volume and ejection fraction.'” Application of
EBCT to assess myocardial perfusion has also been reported.”
The requirements of a predetermined slice orientation and
Jimited number of slices are likely to limit the capability of
EBCT to assess regional myocardial function and perfusion,
however. In addition, the volume and cine scanning modes of
EBCT cannot be used at the same time, which precludes
simultaneous examination of the coronary artery and ventric-
ular perfusion and function. Current ECG-gated 16- or 64-row
MDCT scanners perform imaging of coronary arteries, ven-
tricular motion, and myocardial perfusion during the same
acquisition with a spatial resolution of ~0.5 mm (isotropic
voxel imaging can be attained by 64-row MDCT) and a
temporal resolution of ~120~150 milliseconds using a multi-
segmental reconstruction algorithm, but the acquisition typi-
cally takes ~20 seconds (16-row MDCT) or ~10 seconds
(64-row MDCT). During this acquisition period, if the heart
rhythm is not regular, banding artifacts appear in the final
images. In contrast, 256CBCT needs only half of 1 gantry
rotation for acquisition of 3-dimensional data sets of the entire
heart and coronary arteries with 0.5-mm isotropic voxel reso-
fution without banding artifacts {see Figs. Ib, ¢).

The major limitation of the prototype 256CBCT used
in the present study was the limited time resolution of 500
milliseconds even with the use of a half-scan algorithm, because
the time for gantry rotation was 1.0 second. Even with a wide
time window, however, we did not find significant blurring
of coronary images, including the right coronary artery at the
acute margin of the heart (see Fig. 1c¢). Thus, it is likely that
motion artifacts during a single heart beat may only mildly
reduce the image quality of coronary arteries on 256CBCT,
which is free of ECG gating-related artifacts. Conversely, left
ventricular motion was not smooth because of the limited time
resolution with artifactual irregular movement of the left ven-
tricular contours. In the design of the prototype, we preferred
wide coverage of x-rays in the craniocaudal direction and an
x-ray tube tilted at an angle of 5°. The design had several
drawbacks, such as the heavy forces on the tube’s bearing
because of angunlar momentum conservation and the require-
ment for a longer time for gantry rotation to protect the tube’s
bearing (1.0 second per rotation vs. 0.5 second per rotation).

We are now constructing a second-generation 256CBCT scan-
ner with a new type of x-ray tube without tilting. The new
256CBCT scanner can rotate in 0.5 second and achieve time
resolution close to 250 milliseconds without ECG gating, and
it should be able to provide images of coronary arteries and
dynamic ventricular contraction more clearly and smoothly.
Another limitation of the present study involves the radiation
dose (2.21 mSv/s at a tube current of 200 mA for 1.0 second of
gantry rotation). Our phantom experiments have indicated that
with improvement of detector performance of the second-
generation 256CBCT scanner, the radiation dose should be
reduced to 60%-70% of that of the first-generation scanner to
accomplish the same signal-to-noise ratio (unpublished data).
Thus, the new 256CBCT scanner would operate at a tube current
of 240 mA (400 mA X 0.6) for 0.5 second of gantry rotation,
with an estimated radiation dose of 2.65 mSv/s. In the first-
generation scanner, we could not use bolus tracking software
(eg. “real-prep” supplied with Aquilion; Toshiba Medical
Systems). We also did not use a preliminary minibolus injec-
tion to determine the timing of peak contrast enhancement at
the ascending aorta, because a dual-syringe injector was not
available at the time of the study. Use of such instruments
should allow scanning to be limited to only around the peak
coronary and myocardial enhancement. Because we noticed
that myocardial enhancement followed immediately after
coronary visualization, it should be possible to reduce the scan
time by ~35 seconds (radiation dose ~15 mSv) for imaging
coronary arteries and enhanced myocardium during the same
acquisition in normal subjects. Currently, the optimal scan
time and required radiation dose for patients with coronary
arterial disease are not clear, and further studies are warranted.

The results of the present study with the prototype
256CBCT scanner are promising for future clinical application
of CBCT to cardiovascular disease. Although myocardial
ischemia can be assessed by repeated scans using 16-row
MDCT at rest and under pharmacologic stress the same as in
nuclear perfusion studies, the high radiation dose of conven-
tional MDCT restricts repeated scans during the same exam-
ination. Conventional MDCT requires a relatively long scan
time to image the whole heart, limiting further reduction of the
radiation dose. In this respect, 256CBCT may have the poten-
tial to reduce the radiation dose. Furthermore, an irregular
heart rhythm would not degrade the image quality of 256CBCT.
Because coronary morphology, ventricular function, and myo-
cardial perfusion can be assessed simultaneously by 256CBCT,

FIGURE 1. A, A 32-year-old healthy male volunteer. Dynamic coronal sections demonstrated that the left ventricular chamber was
visualized by contrast enhancement 3 seconds after the start of scanning (C) and the myocardium was mildly and homogeneously
enhanced over the left ventricular wall at 10 seconds after the start (G). The contrast agent increased myocardial density by 33 HU.
The delay between the start of contrast material injection and CT scanning was 10 seconds. B, Volume-rendered image of the heart
from the same subject as in A. The left anterior descending artery (arrow) and diagonal branches (asterisks) were visualized on the
left ventricle. In the proximal left coronary artery, the contrast was 395 HU, the contrast-to-noise ratio was 5.4, and the contour
sharpness of the artery was 246 AHU/mm. C, Volume-rendered image of the heart from the same subject as in A. The right coronary
artery was shown at its origin (arrows in the upper figure) and periphery near the crux (arrow in the lower figure). In the proximal
right coronary artery, the contrast was 450 HU, the contrast-to-noise ratio was 6.4, and the contour sharpness of the artery was 200
AHU/mm. The peripheral left circumflex artery was also found (arrowhead in the lower figure). D, End-diastolic (ED, left column)
and end-systolic (ES, right column) images of the left ventricle in long (upper row) and short (fower row) axial sections from the
same subject as in A, ED and ES volumes and the ejection fraction were 113 mL, 39 mL, and 65%, respectively. Changes in the wall
motion and wall thickening of the left ventricle during a cardiac cycle were clearly demonstrated.
—_ 93 —_
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the 2 separate examinations required currently involving inva-
sive angiography and nuclear perfusion scanning can be re-
placed by a single examination using 256CBCT in the near
future.

In conclusion, this is the first report of the application of
256CBCT for human cardiac imaging by means of real-time
volumetric scanning. We considered that the images generated
by the prototype scanner were feasible for documenting coro-
nary arterial morphology and myocardial perfusion without
ECG gating. It was also possible to assess ventricular function
in part during the same acquisition.
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Technical Note

Volumetric Perfusion CT Using Prototype 256
Detector Row CT Scanner: Preliminary Study
with Healthy Porcine Model™

Shinichiro Mori, Takayuki Obata, Naoshi Nakajima, Nobutsune Ichihara, and Masahiro Endo

Sumunary: This is a preliminary demonstration of volumet-
ri¢ perfusion CT of the brain in domestic pigs by using a
prototype 256-detector row CT. Scan range is approxi-
mately 100 mm in the crapiocaudal divection with 8.5-mm
section thickness. The 256-detector vow €T is an easily
available imaging technigue that can provide volumetric
cine imaging, CT angiography, and perfusion CT in a wide
craniocaudal coverage simnltaneously.

A pumber of methods for the evaluation of acute
stroke and brain ischemia have been introduced, in-
cluding xenon-enhanced CT, positron-emission tomog-
raphy (PET), single-photon emission CT (SPECT), and
MR imaging. These methods, however, are not widely
available outside large hospitals. In contrast, the
equipment required for dynamic CT perfusion in ce-
rebral perfusion imaging is generally available in most
hospitals. The major clinical applications of perfusion
CT are in stroke and oncology, including nephrologic
and hepatologic oncology. The organ of interest is
scanned in cine mode, with the table kept stationary
while the contrast medium is injected into the patient
and distributed via the circulation. Various image
analysis algorithms have been developed during the
past 2 decades, and clinical utility has been expanded
to include the measurement of cerebral blood flow
(CBF), cerebral blood volume (CBV), and mean
transit time (MTT) (1).

A principal limitation of CT perfusion by using
conventional CT, including multidetector CT (MDCT),
however, is its limited sample volume. The latest
MDCT now incorporates 64 segments with a segment
size of 0.5-0.625 mm at the center of rotation, which
represents a substantial improvement from conven-
tional MDCT, especially in cardiac imaging. The max-
imum axial field of view is <40 mm, however, which
makes the location of investigation critical, because
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only a Hmited section of the organ of interest can be
examined. Although identification of the pathologic
area by helical scanning before perfusion CT remains
possible, the use of MDCT may result in erroneous
perfusion CT mapping of the pathologic area or in-
complete coverage of the whole pathologic area.

To increase the coverage of perfusion CT studies in
the craniocaudal direction {(volumetric perfusion CT),
we developed a prototype 256 ~detector row CT' (2).
This increase in the number of detector rows allows
an isotropic resolution of less <0.5 mm and wide
craniocaudal coverage (approximate length 100 mm)
in a single rotation. The 256-detector row CT
thereby promises to increase the amount of diagnostic
information obtainable and solve some of the limita-
tions of present helical CT methods in cardiovascular
circulation (3), kinematics, and radiation therapy
planning for image-guided radiation therapy (IGRT)
and 4D radiation therapy.

Here we describe a preliminary investigation of
volumetric perfusion CT by using the 256—detector
row CT in the evaluation of 2 healthy domestic pigs.

Materials and Methods

Prototype 256~Detector Row CT

The prototype 256-detector row CT (2, 4) uses a wide-area
cylindrical 2D detector designed on the basis of present CT
technology and mounted on the gantry frame of a 16— detector
row CT (5; Aquilion, Toshiba Medical Systems, Otawara, Ja-
pan). It has 912 (transverse} X 256 {craniocaudal) elements,
each approximately 0.5 mm X 0.5 mim at the center of rotation.
In designing this prototype, we favored wide radiographic cov-
erage in the craniocaudal axis, which required tilting the radio-
graph tube a few degrees. This approach had several disadvan-
tages, inchuding heavy coriolis forces on the tube’s bearing due
fo angular momentum conservation, which necessitated that
the rotation time of the gantry be restricted to 1.0 second to
protect the bearing. The 128-mm total beam width allows the
continuous use of several collimation sets (eg, 256 % 0.5 mm,
128 X 1.0 mm, 64 % 2.0 mm). Craniocaudal coverage of the
256 —detector row CT is approximately 100 mm per rotation.
Data sampling rate is 900 views per rotation, and dynamic
range of the analogue-digital converter is 16 bits. The detector
element congists of a Gd,0,8 ceramic scintillator and single-
crystal silicon photodiode, as used for MDCT.

Reconstruction is done with a Feldkamp-Davis-Kress algo-
rithm (6). Reconstruction of a §12 X 512 X 256-voxel data set
by a high-speed image processor in a field programmable gate
array-based architecture took <71 second.
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Data Processing
The theoretical basis for volumetric perfusion CT analysis is
the use of CBF, CBV, and MTT for deconvolution analysis.
This analysis assumes that the contrast medium is not diffus-
ible, because nondiffusibility is a reasonable assumption in the
brain. Here the tissue concentration function C(r) was caleu-
lated as follows:

l(t) = e (sr(f) \’D R(f),

where @ is the convolution operator, F is cercbral blood flow,
C () is the measured arterial concentration of contrast media,
and R(7) is the time enhancement curve of the tissue obtained
by the contrast-injected cine scan. The cine scanning measured
C(f)y and C (1) and generated deconvolution between them.
CBF and CBV were then calculated from F R(£). MTT can be
calculated by the central volume principle (7) as follows:

MTT = CBV
MITT = CBE

CBF, CBV, and MTT maps were generated by using modified
commercial deconvolution-based software (CT Perfusion,
Toshiba Medical Systems) for volumetric perfusion CT analy-
sis. The analyses were generated by simply extending the con-
ventional 2D analysis (pixel-based) to a 3D analysis {(voxel-
based). This analysis was used to wreate time-enhancement
curves for each voxel, which were linearly related to the time
attenuation curves (TDCs) for the first pass of an fodinated
contrast matmdl. Small round regions of interest measuring
4-8 mm” were placed manually hy a trained research assistant
onto the anterior cercbral artery and the superior sagittal sinug
to provide arterial and venous TDCs, respectively.

Image quality and accuracy of the perfusion map were evalu-
ated by a board-certified radiologist and 2 veterinarians, cach of
whom had >10 years of clinical experience. Image quality was
assessed by reference to experience-based standards. Reading of
the images in multiple planes took about 30 minutes.

Technique for Volumetric Perfusion CT Imaging

All animal procedures were approved by the National Insti-
tute of Radiologic Sciences’ institutional review board., Two
domestic pigs weighing 25 kg were mechanically ventilated
under isoflurane anesthesia, and an introducer was positioned
in the inferior vena cava via the external carotid artery.

After an initial scout topograim of the head was made, injection
ot 50 ml. of nonionic iodinated contrast material (Topamiron 370;
Nihom Schering, Osaka, Japan) was begun by using a power
njector at a flow rate of 9.9 m1Js, followed by scanning in the cine
mode with the gantry centered over the head. A 1-second delay
between the start of administration and scanning was used, with
sean parameters 120 kV, 200 mA, and 128 X 1.0 mm beam
collimation. Because continuous scan time was limited by disk
storage capacity, 1-second rotation time and 50-second total scan
times were selected. Effective dose was 63.0 mSv/50 seconds. The
volume elements {voxels) were 0.47 X 0.47 X .47 mm in a 512 X
312 X 216 data matrix covering a 240 X 240 X 102 mm volume
with a (.3-sccond time interval.

Results

The vascular system of a pig brain with and without
cranial bones is shown in Figs 14 and 1B, respectively.
Results showed contrast enhancement with 3D vol-
ume rendering after the start of injection (pig 1, Fig
1}. The carotid arteries were best visualized on im-
ages obtained at approximately 5-10 seconds (Fig
1C), whereas enhancement of the sagittal venous si-
nus and infraorbital artery increased gradually from 8
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to 16 seconds (Figs 10 and 1F). Enhancement of the
lingual artery was decreased at 25 seconds (Fig 1F).

The nonenhanced sagittal section image shows fine
structure at the start (0 seconds) of injection (Fig 24).
CT angiographs (CTAs; Fig 2B) obtained by subtract-
ing nonenhanced images (Fig 24) from the volumet-
ric cine data show contrast enhancement at 14 sec-
onds. Volumetric perfusion analyses for CBF, CBV,
and MTT for pig 1 are shown in Fig 2C-E. Volumet-
ric perfusion CT maps are superimposed on the sag-
ittal image. In addition to the brain, the lingual arter-
ies are also mapped.

The results of volumetric perfusion CT in an
oblique plane at a 40° angle to the horizontal for pig
2 are shown in Fig 3. The CTA (Fig 3C) shows
contrast enhancement 15 seconds after the start of
contrast injection. Volumetric perfusion CT was done
in the oblique plane with a maximum intensity pro-
jection (MIP) slab thickness of 6.0 mm and MIP slab
position and angle parallel to the orbitomeatal line.

Volumetric perfusion CT results were optimized by
fixing the position of the pig's head by using the
patient belt and the wide coverage of the 256-detector
row CT. The thin section thickness (1 mm) facilitated
observation of anatomic sites.

Diiscussion

This study demonstrates a number of advantages of
the 256-detector row CT compared with existing
systems in terms of both the speed of data acquisition
and volume of data provided.

First, the 256—detector row CT was designed to
allow cine imaging over a craniocaudal distance of
appmmmdte!y 100 mm with a thin section thickness.
The thin section cine image volume data can also be
used to create cine loops, CT angiography, and per-
fusion maps on multiple planes. This is not possible
with existing MDCT.

Second, any movement of the patient during re-
peated MDCT imaging of the same tissue volume for
extended periods of time will result in perfusion value
errors. Patient motion out of the image plane leads to
data loss, though limited fracking of moving tissue
from section 1o section in multisection studies may be
possible. Because of its wider imaging area, h@www
the 256~detector row CT solves this sample volume
limitation. This characteristic is of particular impor-
tance when the speed of clinical decision making is
important, such as in emergency settings in acute
stroke, brain ischemia, and intracranial hemorrhage.

Moreover, conventional interventional radiofogy
by using fluoroscopy and CT fluoroscopy to guide
interventional procedures constrains radiologists to
understanding the relationship between catheter and
vascular positions from 2D images alone, with imited
information on depth direction. The 256—detector row
CT overcomes this problem by providing volumetric
cine images during interventional procedures, facilitat-
ing interventions and shortening examination times. Al-
though spatial resolution of the 256~detector row CT



2538 MORI

AINR: 26, November/December 2005

Fic 1. 3D volume rendering beginning 15 seconds after the start of injection (A) with and (B) without cranial bones. C, Shown 7

seconds after the start of injection. D, Slightly enhanced visualization of the superior sagittal sinus and inferior sagittal sinus (arrow)
increasing gradually from 12 seconds after the start of injection. E, Optimum visualization of the superior sagittal sinus and inferior
sagittal sinus 16 seconds after the start of injection. F, Decrease in enhancement of the superior sagittal sinus at 25 seconds after the
start of injection. 1, dorsal cerebral veins; 2, carotid artery; 3, transverse facial artery; 4, sagittal venous sinus; 5, lingual artery; 6, caudal

auricular artery; 7, infraorbital artery; 8, ophthalmic venous sinus; 9, supraorbital vein.

remains less than that of intra-arterial catheter exami-
nation, it is nevertheless a powerful noninvasive method
allowing observation of the clear 3D angiogram in mul-
tiple planes continuously (Fig 1).

Further, in addition to the head, the 256 -detector
row CT may also be useful in perfusion studies of the
chest and abdominal regions such as the liver and
lung. Although voluntary or imposed breath-holding

techniques have been proposed to reduce or elimi-
nate the effects of breathing motion during both CT
imaging and perfusion studies, many patients cannot
tolerate holding their breath. Respiratory gated volu-
metric perfusion CT may therefore improve exami-
nation comfort and reduce misregistration in calcu-
lating perfusion maps. Adoption to cardiac gated
volumetric perfusion CT should also be feasible.

_g'l‘(__.



AJINR: 26, November/December 2005

102 mm

VOLUMETRIC PERFUSION CT 2539

Fic 2. Results for a healthy domestic pig (pig 1). A, Nonenhanced sagittal image with a 6-mm section thickness. B, CTA in the sagittal
plane at 14 seconds after the start of contrast injection. Various color ramps, selected according to user preference, were used to display
the sagittal perfusion CT maps of (C) CBF, (D) CBV, and (E) MTT. These perfusion CT maps show enhancement of the lingual artery and

vein in addition to the brain.

With regard to contrast media. CT examination
requiring contrast medium is generally performed be-
fore CT perfusion scanning by helical scanning with a
beam collimation of 1.0- or 1.5-mm thickness. This
necessitates the administration of more than one con-

trast medium in the individual patient. In contrast,
the 256-detector row CT acquires perfusion CT,
CTA, and volumetric cine data simultaneously,
thereby minimizing contrast medium dosage, as well
as examination and equipment costs.
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Fic 3. Results for a healthy domestic pig (pig 2). A, Nonenhanced sagittal image with a 6-mm section thickness. B8, Oblique image at
a 40° angle to the horizontal line shown in Fig 2A. C, CTA in an oblique plane at 14 seconds after the start of contrast injection. D, CBF.
E, CBV. F, MTT.

With regard to image quality, previous studies have
shown that the physical performance (image noise,
spatial resolution, contrast detectability. ete) and clin-
ical image quality of 256—detector row CT are closely
similar to those of MDCT (4, 8). The relatively low
resolution of the present perfusion images is because
the pig heads studied were smaller than the human
head and because the commercial deconvolution al-
gorithm used is smoother than other algorithms in
reducing image noise. Nevertheless, this perfusion
algorithm is used commercially in Toshiba CT scan-
ners and has sufficient image quality for diagnosis.
Because the volumetric perfusion analysis used de-
convolution analysis to simply extend the conven-
tional 2D analysis to a 3D analysis, the accuracy of the
perfusion CT map in this study was closely similar to
that in MDCT.

One limitation of volumetric perfusion CT is the
high patient dose required. Although consideration
must be given to dose minimization (9), high doses
are presently unavoidable because the beam width
of the 256—detector row CT is >3 times that of
64—detector row CT and because radiation scatter
increases as beam width widens. Because volumet-
ric perfusion CT imaging results vary widely de-
pending on differences in patient blood circulation
(10), minimization of imaging time requires appro-
priate timing of the scan after the start of contrast
injection. As a result of its tremendous reduction in
examination time, volumetric perfusion CT can be

_99_

used in critically ill or uncooperative patients with-
out sedation or intubation. For commercial CT
scanners, scanning conditions for cerebral perfu-
sion are generally considered to be approximately
200 mAs and 30-50-second scan time (repeatable
scans and intervals), giving total scan times of <25
seconds. In the present study, scan time was set at
50 seconds continuously, because the 256 —detector
row CT could not perform repeat scans and inter-
vals. Wintermark et al (11) reported that 80-kV
increased enhancement, gave better contrast be-
tween white and gray material, and lowered the
patient dose by a factor of 2.8 compared with 120
kV. The effective dose was reduced by scanning
with the gantry tilted to avoid the crystalline lens.

to the 256-detector row CT, patient dose was re-
duced to <20 mSv. Although it is presently difficult
to reduce patient dose with cone-beam CT to less
than that for MDCT, we are now investigating dose
reduction methods for volumetric perfusion CT.

In conclusion. the 256—detector row CT is a poten-
tially easily available imaging technique that provides
simultaneous cine imaging, CTA and perfusion CT
with wide craniocaudal coverage, and in multiple
planes. We are now developing a second 256 -detec-
tor row CT model with a rotation time of .5 seconds
and will report the use of this equipment in volumet-
ric perfusion CT in humans.
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Abstract

The prototype cone-beam CT (CBCT) has a larger beam width than the
conventional multi-detector row CT (MDCT). This causes a non-uniform
angular distribution of the x-ray beam intensity known as the heel effect. Scan
conditions for CBCT tube current are adjusted on the anode side to obtain
an acceptable clinical image quality. However, as the dose is greater on
the cathode side than on the anode side, the signal-to-noise ratio on the
cathode side is excessively high, resulting in an unnecessary dose amount. To
compensate for the heel effect, we developed a heel effect compensation (HEC)
filter. The HEC filter rendered the dose distribution uniform and reduced the
dose by an average of 25% for free air and by 20% for CTDI phantoms compared
to doses with the conventional filter. In addition, its effect in rendering the
effective energy uniform resulted in an improvement in image quality. This
new HEC filter may be useful in cone-beam CT studies.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Commensurate with higher quality imaging and resulting substantial diagnostic benefits,
patient doses in clinical applications of CT have increased steadily over recent decades
(IEC 1994). Among new developments in the technology of CT, cone beam CT (CBCT)
has attracted particular attention in both the diagnostic and therapeutic fields (Saint et al
1994, Endo et al 1998, Ning et al 2005, Sonke et af 2005). Patient dosing with CBCT is
of considerable concern, however, because the maximum beam width is greater than that of
conventional multi-detector row CTs (MDCT), the latest of which has 64 segments with a
segment size of 0.5-0.625 mm at the centre of rotation.

We have developed a prototype 256-detector row CT that has 256 segments with a segment
size of 0.5 mm at the centre of rotation (Endo et @/ 2003, Mori et al 2004). The wide cone

0031-9155/05/220359+12$30.00 © 2005 0Pk 10— Printed in the UK N359
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Figure 1. Schematic drawing of the conventional filter (a) and heel effect compensation (HEC)
filter (b).

angle of this CT causes a non-uniform angular distribution of the x-ray beam intensity known
as the heel effect, which is unavoidable when covering a wide longitudinal direction. Scan
conditions of the tube current are adjusted on the anode side to obtain acceptable clinical
image quality. The image on the cathode side therefore provides excessive quality, which
necessarily produces overdosing (i.e. unnecessary dose). Given fundamental concerns about
radiation protection, it is important to minimize unnecessary dosing. To this end, we have
developed a heel effect compensation (HEC) filter. Here, we report our physical evaluation of
this filter.

2. Materials and methods

2.1. Prototype 256-detector row CT-scanner

The prototype 256-detector row CT (Endo et al 2003, Mori et al 2004) uses a wide-area
cylindrical 2D detector, designed on the basis of present CT technology and mounted on the
gantry frame of a 16-detector row CT (Aquilion 16, Toshiba Medical Systems, Otawara, Japan)
(Saito et al 2001). The number of detectors is 912 (transverse) x 256 (longitudinal), each of
approximately 0.58 mm x 0.50 mm at the centre of rotation. The rotation time of the gantry
is 1.0 s. As with the MDCT, each detector element consists of a scintillator and a photodiode,
the scintillator of Gd,0O,S ceramic and the photodiode of single-crystal silicon. The nominal
beam width can be set continuously from 10 to 128 mm at the rotation centre by moving the
collimator jaws. Longitudinal coverage of the 256-detector row CT is approximately 100 mm
with one rotation (Mori et al 2005). The data sampling rate is 900 views/s, and the dynamic
range of the A-D converter is 16 bits. A Feldkamp-Davis—Kress (FDK) (Feldkamp et al
1984) algorithm is used for reconstruction. It takes 1 s to reconstruct volume data of 512 x
512 x 256 voxels using a high-speed image processor with a field programmable gate array
(FPGA)-based architecture. Definitions of the coordinate system are shown in figure |; the
—102—
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x—y coordinate plane is parallel to the transverse axis, and the z-coordinate axis is parallel to
the longitudinal axis.

2.2. Heel effect compensation (HEC) filter

The filter used for the 256-detector row CT is a conventional filter fabricated by extending the
filter of a MDCT (Aquilion 16, Toshiba Medical Systems) in the longitudinal direction.
The conventional filter is shaped to compensate for the variable path length of the patient
in the transverse direction. The HEC filter has a thicker aluminium layer on the cathode
side than on the anode side (figure 1). Other specifications are the same as for conventional
filters. This design allows the HEC filter to compensate for x-ray intensity in the longitudinal
as well as in the transverse plane.

2.3. Dosimeter probe

A pencil-shaped ionization chamber (CT-30, Oyogiken, Japan) of active length 300 mm
was connected to a dosimeter (AE-132, Oyogiken, Japan) to measure the dose profile integral
(DPI). This chamber is an extended form of the conventional pencil-shaped ionization chamber
(CT-10, Oyogiken, Japan) with an active length of 100 mm. The dosimeter was calibrated
at the AIST (National Institute of Advanced Industrial Science and Technology, Japan) for
the appropriate radiation qualities. Partial sensitivity of the long chamber was assessed, and
variations among the centre part (100-200 mm) and the two sides (0-100 or 200-300 mm),
each with an active length of 100 mm, were shown to be less than 0.4% for the effective energy
level of 40-60 keV. .

An ionization chamber of 0.6 ml volume (C-110, Oyogiken, Japan) was connected to the
dosimeter (AE-132, Oyogiken, Japan) and used to measure the effective energy at each point.

Two-pin silicon photodiodes (S2506-04, Hamamatsu, Japan) were used as the X-ray sensor
for dose profile measurements (Aoyama et a/ 2002). Each photodiode had a relatively large
sensitive area of 2.8 x 2.8 mm? and a 2.7 mm thickness. Since the incident side had a larger
detection efficiency than the exit side, two photodiodes were glued together back-to-back with
epoxy cement and used as a single sensor. This fabricated pin photodiode sensor was connected
to a dosimeter (Dual Counter 994, ORTEC, Illinois) and calibrated by mutual comparison with
an AIST reference ionization chamber (0.6 ml volume). The minimum detectable dose with
25% uncertainty was estimated to be 0.02 mGy (Aoyama et af 2002).

2.4. Evaluation methods

The following items were measured with stationary phantoms designed for the 256-detector .
row scanner using the same method as that for conventional CT: (i) effective energy,
(ii) dose profile and DPI, (iii) image noise and uniformity and (iv) low-contrast detectability.
Evaluation results with the HEC filter were compared with those of the conventional filter.
Scan conditions were 120 kV, 200 mA, 1.0 s acquisition time, 1.0 s gantry rotation time
and 256 x 0.5 mm slice collimation. Scan conditions for almost all items were the same
for each filter, and were chosen to approximate clinical scan conditions. Reconstruction
parameters were a voxel size of 0.47 x 0.47 x 0.50 mm?® with a 0.50 mm reconstruction
increment along the z-axis and a matrix size of 512 x 512 x 256. Convolution kernel was the
standard body kernel, which is the default installation in MDCT (Aquilion, Toshiba Medical
Systems). ‘

—-103—



N362 S Mori er al

x-ray tube

x-ray beam region

Pin photodiode sensor

Rotation axis -- ||-| '

——
2 mm step At 1 mm step 2 mm step
(a)
= :
Longitudinal direction
B 300 mm -
]

160 mm

(Head study)
320 mm
(Body study)

lonization chamber

e e———
(b)

Figure 2. Schematic drawing of measurement methods. (a) Dose profile measurement. Dose
profiles were measured with a pin silicon photodiode sensor at | mm intervals within the nominal
beam width and a 2 mm or greater interval above it at the isocentre in free air. (b) DPI measurement.
The ionization chamber was inserted into either the central or one of the peripheral cavities of the
phantom.

2.4.1. Effective energy. The effective energy was calculated from the attenuation curve of
x-ray intensity. The x-ray tube was fixed at the 6 o’clock position and x-ray irradiation was
initiated. The ionization chamber, with a 0.6 ml volume, was positioned at the horizontal plane
that passed through the rotation axis centre plane, and the x-ray intensity was measured by
setting aluminium attenuators of various thicknesses between the x-ray tube and the ionization
chamber (Edyvean et al 1997). The effective energy was derived from an attenuation length
that gave half of the x-ray intensity produced without aluminium attenuators (half-value layer
(HVL)), calculated from the attenuation curve of the beam intensity (Hubbell and Selzer 1996).
Effective energy was measured at 0, 50, 100 and 150 mm along the transverse direction and
—40, —20, 0, 20 and 40 mm along the longitudinal direction.

2.4.2. Dose profile and dose profile integral (DPI). A two-dimensional distribution of x-ray
beam intensity was measured using film (Kodak X-Omat V non-screen therapy verification
film) placed at the centre plane and exposed without gantry rotation. The x-ray tube was fixed
at the 12 o’clock position, and the nominal beam width was 128 mm.

Dose profiles were measured with the pin silicon photodiode sensor at l mm intervals
within the 128 mm nominal beam width and a 2 mm or greater interval above the nominal beam
width at the isocentre in free air (figure 2(a)). The pin silicon photodiode sensor was placed at
the isocentre facing the anterior and posterior positions, and moved by the mechanical driving
system while the phantom remained stationary. A CT scan was done at each measurement
point. The DPI was measured with the pencil-shaped ionization chamber in free air and
extended CTDI phantoms (Mori et al 2005). The standard FDA-recommended CTDI phantoms
are at least 140 mm long. These phantoms are made of PMMA (polymethylmethacrylate)
cylinders with diameters of 160 mm for head studies and 320 mm for body studies. Holes of
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10 mm diameter are located parallel to the central axis of the cylinders, and the centres of the
holes are located at the cylinder centre and 10 mm below the cylinder surface at 90" intervals.
For cone-beam CT dose measurement, the phantom length should be longer to account for
the wider beam width (Mort et a/ 2005). We, therefore, extended the FDA-recommended
CTDI phantom to a length of 300 mm (figure 2(b)) on the basis of our group’s previous report
that the phantom length and integration range for dosimetry needed to be at least 300 mm to
represent more than 90% of the line integral dose with a beam width between 20 and 138 mm
(Mori et al 2005). Since the integration range in the longitudinal direction was 300 mm (z =
4150 mm), the DPI measurement was made with the ionization chamber while the phantom
remained stationary. The DPI (expressed as R cm) was obtained with the ionization chamber
dosimeter (figure 2(b)).

At measurement, the phantom was placed on the patient table and its centre was aligned
at the isocentre. The ionization chamber was inserted into either the central or one of the
peripheral cavities of the phantom (other cavities were filled with PMMA rods). All scans for
DPI measurements were made in the axial scan mode. Nominal beam widths were 10, 32, 64,
96 and 128 mm.

We defined DPI for the summation range 150 mm as follows:

DPI(h) = IC(h) (mGy mm), (h

where IC(h) (mGy mm) was the output of the ionization chamber at the nominal beam
width b.
The average of DPI for x, y coordinates is given by

DPL. = %Dplcentre + %DPI])eriphery (mGy mm), (2)

if we assume a linear decrease (or increase) in DPI in the radial direction (Leitz er al 1995),
where DPIeqire means DPI at the centre and DPIjeipnery means average DPI on the peripheries.
Note that the volume integral dose in the phantom is given by the product of DPI,,. and the
phantom cross section in the transverse plane (x—y plane).

2.4.3. Image noise and uniformity. Image noise was measured with a water-filled acrylic
cylinder of 200 mm diameter and 250 mm height. Standard deviations (SDs) of CT-number
were calculated in five regions of interest (ROIs) of 25 mm diameter aligned every 38 mm
along the diameter of the phantom in the transverse section (figure 2). Calculations were
made from z = —40 to 40 mm at 10 mm intervals. The same phantom and ROIs were
used for uniformity measurement as for noise measurement, and averages of CT-number were
calculated in these ROIs. The slice thickness was 1.0 mm (average of two 0.5 mm slices).

244 Low-contrast detectability. Low-contrast detectability was assessed with
commercially available CT phantoms for CT performance evaluation (Catphan 500 with
module CTP515). Figure 3 shows schematic drawings of the low-contrast phantom. This
phantom included three supra-slice and sub-slice sets of cylinders (figure 4(a)). The sub-slice
targets had z-axis lengths of 3, 5 and 7 mm and diameters of 3, 5, 7 and 9 mm (figure 4(b)).
These supra-slice sets consisted of cylinders of 2, 3, 4,5, 6,7, 8,9 and 15 mm diameter and
40 mm length, and contrasts of three sets of cylinders from the background were 0.3%, 0.5%
and 1.0%. A 1.0% contrast meant that the mean CT-number of the object differed from its
background by 10 HU. To facilitate understanding of the differences of these filters, the slice
thickness was selected as a relatively thick 20.0 mm for both filters, because the dynamic range
of the prototype 256-detector row CT was 16 bits, the LCD of the 256-detector row CT may
be significantly lower than MDCT using conventional detector. Detectability was given by the
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200 mm

Figure 3. Water phantom used for the evaluation of image noise and uniformity. Five ROIs of
25 mm diameter were aligned every 38 mm along the diameter of the phantom.

200 mm 40 mm

Supra-slice

i‘--l
=
43

] |

Sub-slice
din
3
Ts

(b) Side view

(a) Front view

Figure 4. Schematic drawing of the phantom for low-contrast detectability. The contrasts of three
sets of cylinders, excluding sub-slice sets from the background, were 0.3%, 0.5% and 1.0%. The
phantom included sets of cylinders of 2, 3, 4, 5, 6, 7, 8, 9 and 15 mm diameter. (a) Front view.
(b) Side view.

average of twenty 1.0 mm slices. Two medical physicists (ME and SM) evaluated the results
by observing images with supra-slice rather than sub-slice targets to avoid volume-averaging
errors at z = —40, 0 and 40 mm.

3. Results

3.1. Effective energy

2D distributions of the effective energy for the conventional and HEC filters are shown
in figure 5, in which the effective energy is symmetrically drawn with respect to the x-
axis. The effective energy of the conventional filter showed a non-uniform distribution in
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Figure 5. 2D images of effective energy with the conventional and HEC filters.

Table 1. Effective energy (keV) of the longitudinal average at transverse positions of x = 0, 50,
100 and 150 mm from the isocentre.

Transverse position (mm)

Filter x=0 x=50 x=100 x=150

HEC Small 488 52.2 58.3 93.9
Large 50.2 56.5 61.4 74.9

Conventional  Small 429 48.4 355 113
Large 474 51.5 59.8 70.6

the longitudinal direction. In contrast, that of the HEC filter showed an almost uniform
distribution, demonstrating the advantage of this filter. Longitudinal average effective energy
is summarized in table 1. Effective energy for the HEC filter is on average 6 keV higher than
that for the conventional filter.

3.2. Dose profile and dose profile integral (DPI)

Film images of dose distribution at the centre in free air are shown in figure 6, and dose profiles
measured with the pin silicon photodiode at the isocentre in free air are plotted in figure 7.
The dose profile with the conventional filter shows the heel effect, whereas that with the HEC
filter shows an approximately uniform distribution of x-ray beam intensity.

DPl,,. in the CTDI phantoms is shown in figure 8. DPIl,,. increases with increases
in the nominal beam width. DPI,,. values for the HEC filter are an average 20%
(=612 (mGy mm/100 mAs)/764 (mGy mm/100 mAs) x 100%) for the phantoms and 25%
(=1359 (mGy mm/100 mAs) mm/ 1804 (mGy mm/100 mAs) x 100%) for free air less than
those for the conventional filter, with these values calculated as:

HEC
Y Dl © 00 40), @)

Conv
be(10,32,64,96,128) DPI&VE (b)

where DPI'EC(p) and DPIS®™(b) mean DPI,. (mGy mm/100 mAs) with HEC and

ave ave
conventional filters, respectively, for the nominal beam width b (mm).
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Figure 6. Film image of the dose distribution at the centre in free air with a fixed tube position.
The nominal beam width was 128 mm. (a) Conventional filter. (b) HEC filter.
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Figure 7. Longitudinal dose profiles using a pin photodiode sensor with a 128 mm nominal beam
width in free air.

3.3. Image noise and uniformity

The magnitude of image noise was obtained from the standard deviations of CT-number in the
five ROIs in a transverse section (see figure 3). Figure 9(a) shows the relationship between the
average standard deviation of the five ROIs and the position along the longitudinal direction
for both filters. As the average image noise for the conventional filter was 10.6 HU at
z = 40 mm (cathode side), 10.8 HU at z = 0 mm (midplane) and 11.1 HU at z = —40 mm
(anode side), the magnitude of image noise slightly increased from the cathode to the anode
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Figure 8. DPI measured with the pencil-shaped ionization chamber for 10-128 mm beam widths.
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Figure 9. (a) Average standard deviation of five ROIs in the longitudinal direction. (b) Average
CT-number of five ROIs along the longitudinal direction.

side. Average standard deviations for the HEC filter were 11.6 HU at z = —40 mm (cathode
side), 12.1 HU at z = 0 mm (midplane) and 11.9 HU at z = 40 mm (anode side), and
the magnitude of image noise was approximately uniform. Image noise for the HEC filter
was 9.7% (= (11.8 HU — 10.6 HU)/11.8 HU x 100% at z = 40 mm) higher than that for
the conventional filter in the longitudinal average, but approximately 4.0% (= (11.6 HU —
11.1 HU)/11.6 HU x 100% at z = —40 mm) higher than that for the conventional filter at the
anode side.
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Figure 10, Low-contrast phantom images in the fransverse section for the conventional and HEC
filters at z = —40 mm, O mm and 40 mny.

Table 2. Minimum diameter of detected cylinders (mm).

Contrast (%)
Wedge Position 1.0% 05% 0.3%
HEC Cathode side (£ =40 mm) 2 45 7
Midplace (z = 0 mm) 2 4-5 7
Anode side (z = —40 mm)  2-3 4-5 7
Conventional  Cathode side (z =40 mm) 2 3.4 6
Midplace (z = 0 mm) 2 34 6
Anode side (z = —40mm) 2 48 7

With regard to uniformity measurement, we calculated the averages of CT-number in
ROIs in the transverse plane (see figure 3). Figure 9(b) shows the relationship between the
average for five ROIs and the position along the longitudinal direction for both filters. Standard
deviations of the CT-number averages were 1.0 HU for the HEC filter and 0.9 HU for the
conventional filter, owing to the fact that the larger image noise for the HEC filter affected the
CT-number uniformity, Further, CT-number of the HEC filter showed an almost symmetric
pattern, whereas the conventional filter at the anode side was slightly higher than that at the
cathode side and showed an asymmetric pattern, because the CT-number shift was due to the
FDK reconstruction algorithm rather than the CT-number shift caused by heel effect.

From these uniformity measurements, we note that the HEC filter has nearly the same
performance as the conventional filter, and is independent of the longitudinal direction.

3.4. Low-contrast detectability

Figure 10 shows images of the low-contrast phantom made using the conventional and
HEC filters. Table 2 lists the minimum diameters of detected cylinders, and shows that
the performance of the HEC filter was slightly worse than that of the conventional filter when
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the dose was adjusted to the anode side. Because use of the HEC filter decreased dose at the
cathode side to that at the anode side, decreasing the dose at the cathode side and midplane
increased image noise and prevented the detection of the low-contrast phantom.

Although the performance of the conventional filter at the anode side (z = —40 mm) was
worse than that at the cathode side (z = 40 mm), performance of the HEC filter at all positions
was closely similar. Circular band-like artefacts were more strongly suppressed with the HEC
filter than with the conventional filter at z = 0 mm and 40 mm.

4. Discussion

We have developed an HEC filter to reduce unnecessary dosing in CBCT. Here, we investigated
the physical performance of this filter, and identified two advantages over conventional filters
in CBCT.

First, because it compensates for the heel effect in the longitudinal direction, the HEC filter
reduced doses by an average of 20% for CTDI phantoms and by 25% for free air compared to
the conventional filter. From these results, we conclude that the HEC filter reduced excessive
dosing.

The second advantage of the HEC filter is that it provided a uniform effective energy
distribution along the longitudinal direction. As a result of this, the circular band-like artefacts
seen in figure 10 due to inadequate artefact correction processing by the conventional filter
were significantly improved by the HEC filter via its reduction of the beam hardening effect.
The effective energy for the conventional filter at the cathode side was lower than that at the
anode side, and the magnitude of artefacts decreased in this order as well. The x-ray path with
lower effective energy tended to induce more beam hardening than that with higher effective
energy.

In figure 10, although the results for the HEC filter improved band-like artefacts, the
results for the HEC filter were slightly worse than those for the conventional filter because
adoption of the HEC filter resulted in a decrease in dosage at the cathode side. This decrease in
dose at the cathode side and midplane increased image noise and prevented us from detecting
the low-contrast phantom. Image noise was increased by an average of 10%. In particular,
the difference in image noise between the filters at the cathode side was approximately 4%,
and image noise for the HEC filter was uniformly distributed. Diagnostic accuracy is highly
dependent on the maintenance of uniform image quality in the longitudinal direction via
decreases in the beam hardening effect.

A current limitation of this prototype HEC filter is that, owing to the difficulty in designing
it to provide x-ray attenuation in both the transverse and longitudinal directions, mechanical
vibration due to the fast gantry rotation and x-ray focal spot movement due to thermal and
mechanical flexing mean that x-ray intensity distribution in the longitudinal direction is not
completely uniform. Further investigation is required to overcome these problems.

With regard to the reconstruction zone in axial scanning, the longitudinal coverage of
the 256-detector row CT (=approximately 100 mm) was less than the total beam width
(=128 mm) with one rotation, because its limited coverage is attributable to the geometry
of the imaging volume of cone-beam CT when the original Feldkamp algorithm was used.
Recently, axial cone-beam reconstruction algorithms that can reconstruct the image proximal
to the longitudinal boundaries of the detector were reported (Grass et af 2001, Tang et al
2005); the longitudinal coverage of the 64-detector row CT (64 x 0.625 mm) was extended
to 40 mm as an example. Therefore, the reconstruction coverage of the 256-detector row CT
can be extended to 128 mm with one rotation by these reconstruction algorithms.
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In conclusion, angular distributions of dose and effective energy are unfortunately
inevitable in CBCT which covers a wide longitudinal direction. The new HEC filter tested
here reduced unnecessary dosing and provided good image quality for a wide longitudinal
direction. This HEC filter may be useful in CBCT studies.
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Abstract. The 256-slice CT-scanner has been developed at National Institute of Radiological Sciences. Nominal
beam width was 128 mm in the longitudinal direction. When scanning continuously at the same position to
obtain four-dimensional (4D) images, the effective dose is increased in propottion to the scan time. Our purpose
in this work was to measure the dose for the 256-slice CT, to compare it with that of the 16-slice CT-scanner,
and to make a preliminary assessment of dose for dynamic 3D imaging (volumetric cine imaging). Our group
reported previously that the phantom length and integration range for dosimetry needed to be at least 300 mm
to represent more than 90% of the line integral dose with the beam width between 20 mm and 138 mm. In order
to obtain good estimates of the dose, we measured the line-integral dose over a 300 mm range in PMMA
(polymethylmethacrylate) phantoms of 160 mm or 320 mm diameter and 300 mm length. Doses for both CT
systems were compared for a clinical protocol. The results showed that the 256-slice CT generates a smaller dose
than the 16-slice CT in all examinations. For volumetric cine imaging, we found an acceptable scan time would
be 6 5 to 11 s, depending on examinations, if dose must be limited to the same values as routine examinations
with a conventional multidetector CT. Finally, we discussed the studies necessary to make full use of volumetric

cine imaging.

In 2001 the introduction of a 16-slice CT-scanner raised
some new topics in CT technology development. 16-slice
CT allows applications of three-dimensional (3D) images
in clinical fields such as diagnosis, surgical simulation,
planning of radiation therapy and monitoring of inter-
ventional therapy. However, it is still difficult to take
dynamic 3D images of moving organs such as the heart or
lung to enlarge the application fields. In order to take
these images, we have developed a prototype 256-slice CT
at NIRS (National Institute of Radiological Sciences)
which employs continuons rotations of a cone-beam [1].

Clinical applications of CT techniques have continued
to increase the dose to patients during recent decades, as
CT examinations have come to provide higher quality
X-ray imaging with substantial benefits in clinical
diagnosis [2]. Notwithstanding the potential benefits to
the healthcare of patients using CT, the fundamental
concern in radiological protection is the optimization of
radiation exposure.

The maximum nominal beam width of the 256-slice CT
18 128 mm and is four times larger than the third-
generation 16-slice CT-scanner (Toshiba Aquilion,
Toshiba Medical Systems, Japan). A wider beam width
is more efficient for imaging in a wider coverage. However,
doses to patients with 256-slice CT are of considerable
concern if it is to be used for obtaining dynamic 3D
images (volumetric cine images). When scanning continu-
ously at the same position, the effective dose is increased in
proportion to the scan time and a wider coverage brings
larger doses to patients. Therefore, it is very important to

Received 6 August 2004 and in revised form 8 April 2003, accepred 13
June 20035,

Address correspondence to: Shinichiro Mori, 4-9-1 Apagawa, Inage-
ku, Chiba-shi, Chiba, 263-8555, Japan.

The British Jowrnal of Radiology, Month 2003

assess the dose of the 256-slice CT before volumetric cine
imaging for patients.

This work was carried out to compare doses, including
scattered radiation, of the 256-slice CT and 16-slice CT
and to make a preliminary assessment of dose for
volumetric cine imaging.

Materials and methods

Acquisition systems of 256-slice CT and [6-slice CT
seanners

The prototype 256-slice CT-scanner uses a wide-area 2D
detector designed on the basis of the present CT
technology and is mounted on the gantry frame of a
state-of-the-art CT-scanner (Figure 1) [3]. The number of
clements is 912 channels x 256 segments; clement size is
approximately 1 mm x | mm, corresponding to a 0.5 mm
(transverse) x 0.5 mm (longitudinal) beam width at the
centre of rotation. Gantry rotation time is 1.0 s. Data
sampling rate is 900 views/s, and the dynamic range of the
A/D converter is 16 bits. As shown in Appendix 1, the
reconstructed regions are cylinders of 240 mm diameter
and 102.4 mm length for the head scan and 320 mm
diameter and 93.9 mm length for the body scan. The
detector element consists of a scintillator and photodiode,
which are the same as for the scintillator of multidetector
CT (MDCT) (Toshiba Aguilion). Three wedge designs
(large, small, and flat) on the 256-slice CT are intended to
extend the conventional wedge designs of the third-
generation 16-slice CT-scanner (Toshiba Aquilion) in the
longitudinal direction. The large and small wedges are
shaped to compensate for the variable path length of the
patient across the scan field of view (FOV). The small
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Figure 1. (a) Front view of 236-slice CT-scanner. (b} A wide-area 2D detector is designed on the basis of the present CT technology

and mounted on the gantry frame of the state-of-the-art CT-scanner.

wedge is used for an object under 240 mm FOV, and the
large wedge is used for over 240 mm FOV (e.g. chest and
abdomen). The flat wedge is thicker at the centre than the
other wedges.

A Feldkamp-Davis-Kress (FDK) algorithm [4] is used
for recomstruction. All further data processing and
interpretation are done with a high-speed image processor
with field programmable gate-array based-(FPGA) archi-
tecture. It takes less than 1 s to reconstruct volume data of
a 512 x 512 x 256 matrix.

The 16-slice CT detector consists of 40 segments, which
can be electronically grouped to provide different image
slice configurations. The longitudinal FOV is 32 mm at the
maximum. Other major components are the same as those
of the 256-slice CT. In addition to the axial scan, the
helical scan mode can be selected to cover volumes beyond
the detector width,

Phantoms

The length of the IEC-recommended dosimetry phan-
tom [5] is at least 140 mm. This conventional phantom
contains holes just large enough to accept the pencil-
shaped ionization chamber. For dose measurement in
cone-beam CT, the length of the phantom should be
longer, because of the wider scatter distribution.
According to our previous results [6], the phantom
length and integration range for dosimetry needed to be
at least 300 mm to represent more than 90% of line
integral dose with the beam width between 20 mm and
138 mm. Therefore, in the present study we used 300 mm
long phantoms of PMMA (polymethylmethacrylate). The
diameters of the phantoms are 160 mm for head and
320 mm for body examination. These phantoms were
provided by joining unit cylinders 150 mm long. The
details of the phantoms were described by Mari et al [6)].

Detectors

A pencil-shaped ionization chamber (CT-30; Oyogiken,
Japan) of active length 300 mm was connected to a

-

dosemeter (AE-132; Ovyogiken, Japan) and wused to
measure dose. The dosemeter was calibrated the
{National Institute of Advanced Industrial Science and
Technology, Japan for the appropriate radiation qualities.

Clinical scan conditions

We compared the doses of the 256-slice CT and the
16-slice CT for clinical scan conditions. These conditions
were mainly derived from those recommended by the
manufacture for the 16-slice CT. The X-ray tube current
was set that the effective mAs should be the same for both
CTs, as given by {current) x (rotation time)/(helical pitch)
for the 16-slice CT and by {(current) x (rotation time) for
the 256-slice CT. For the 256-slice CT, slice collimation
was 224 mm x 0.5 mm for the head, 128 mmx 1.0 mm
for the pelvis, and 256 mm x 0.5 mm for others. For the
16-slice CT, the slice collimation was set to
16 mmx 1.0 mm for pelvis and 16 mmx0.5mm for
others, helical pitch was 0.69 for the head, and 0.94 for
others, because the scan conditions were chosen to obtain
the same spatial resolution as for the 256-slice CT.

The whole scan ranges were 93.9 mm for chest,
187.8 mm for abdomen, and 281.7 mun for pelvis. These
scan ranges, except chest examination, were beyond the
detector width of the 256-slice CT in the longitudinal
direction, therefore they were set as multiples of 93.9 mm,
the maximum longitudinal FOV of the 256-slice CT
(Appendix 1). For the head examination, because the
recommended value for the 16-slice CT was shorter than
the maximum FOV of 256-slice CT, the FOV was adjusted
to narrow the collimator width for the 256-slice CT. The
clinical scan conditions thus obtained are summarized in
Table 1.

Dose measurements

The dose for both CT systems was measured with the
300 mm long pencil-shaped ionization chamber and
300 mm long phantoms (169 mm and 320 mm diameter)
in one rotation scan. The measurement range in the
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Table 1. Scan conditions for 256-slice CT and 16-slice CT-scanners

Examination Scanner Voltage Current Rotation  Scan Beam collimation FOV  Scan range Scan mode Helical pitch
(kV) (mA) time (s)  time () {mm)
Head 256-shice CT 120 326 1.0 1.0 224 % 0.5 mm 240 90.0 Axial N/A
16-slice CT 300 0.75 17.0 16X 0.5 mm Helical 0.69
Chest 256-stice CT 120 160 1.0 1.0 256 x 0.5 mm 320 93.9 Axial N/A
16-stice CT 300 0.5 8.3 16 x 0.5 mm Helical 0.94
Abdomen 256-stice CT 120 213 1.0 Isx2 256 x 0.5 mm 320 187.8 Axial N/A
t6-stice CT 400 0.5 14.5 16 x 0.5 mm Helical 0.94
Pelvis 256-stice CT 120 213 1.0 tsx 3 128 x 1.0 mm 320 2817 Axial N/A
16-slice CT 400 0.5 11.4 16 x 1.0 mm Helical 0.94

FOV, field of view.

longitudinal direction was 300 mm (z= + 150 mm). The
phantom was placed on the patient table and its centre was
aligned at the isocentre. The ionization chamber was
inserted into either the central or one of the peripheral
cavitics of the phantom {(other cavitics were filled with
PMMA rods). The exposure (expressed as roentgens) was
obtained with the ionization chamber dosemeter and
converted to the values of absorbed dose to air measured
in PMMA with the f-factor 0.898 ¢cGy R™'.

Dose assessment

The dose was assessed using the dose profile integral
(DPI) over 300 mm (z=+ 150 mm) (Appendix 2}, which
was given by the output of the pencil ionization chamber
of 300 mm length [6].

The weighted average of DPI for at the centre and
peripheries of the phantoms is given by

DPI,, = »i«DPﬁI‘,, + %DPEP M
if we assume a linear decrease (or increase) of DPI in the
radial direction, where DPI, is the DPI at the center and
DPI, the average DPI on the peripheries.

Clinical image quality

We imaged four healthy male volunteers (mean age 30.0
years+ 7.6 (standard deviation) (8D); age range 23-53
years) using the 256-glice CT. The study was approved by
the Institutional Review Board, and written informed
consent was obtained from all subjects before starting. A
non-enhanced examination with a step-and-shoot approval
was carried out as follows: (i) head, (i) chest, (i)
abdomen, and (iv) pelvis for one subject at each
anatomical site. The subjects held their breath at end-
inhale for the chest examination and end-exhale for the
abdomen and pelvis examinations during scanning. Scan
conditions were the same as the clinical conditions

{Table 1) except the scan ranges, which were 102.4 mm
for head (one scan), 375.6 mm for chest (four contiguous
scans), 93.9 mm for abdomen and pelvis (one scan). The
matrix size was 512x512x111—-512%x 512 %205, and the
convolution kernel was the standard head kernel (FC43)
for the head examination and the standard body kernel
(FC10) for the others.

Image quality was evaluated by three board-certified
radiologists who had more than 10 vears experience in
clinical diagnosis. They compared quality of the images
taken with the prototype scanner to their quality standard
formed by experience. It took about 1.5 h to read the
images obtained in multiple planes in all four cases.

Results

For both CTs, DPI, DPL, and DPI, in axial scan
are  sumumarized in  Table 2. These values are
normalized to 100 mAs. For the 256-slice CT, DPI,, is
1966 mGy-mm/100 mAs for the head phantom and
1109 mGy -mm/100 mAs for the body phantom. For the
16-slice CT, DPI, is 181.6 mGy -mny/100 mAs with 8 mm
beam width for the head phantom, 884 mGy-mm/
100 mAs with 8 mm beam width and 155.9 mGy-mm/
100 mAs with 16 mm beam width for the body phantom.

In Table 3 DPI,, values are calculated for the clinical
protocols. Values for the 256-slice CT are smaller than
those for the 16-slice CT in all examinations. We note that

Table 3. Dose profile integral weighted average (DPI,) for
clinical protocols for 256-slice CT and 16-slice CT

Examination  DPI,, (mGy-mm)  DPI,, percentage
(]
256slice CT_ 16lice T 77
Head 6410 12127 52.9
Chest 1775 2462 72.1
Abdomen 4725 5773 81.9
Pelvis 7088 7981 88.8

Table 2. Dose profile integral (DPI) for the 256-slice CT and 16-slice CT

CT scanner  Phantomr  Beam width (mm)  DPI, (mGy mm/100 mAs)  DPI, (mGy mm/100 mAs} DPI, (mGy mm/100 mAs)
256-slice CT  Head 112 1829 2034 1966

Body 128 781 1273 1109
16-slice CT Head 8 174.2 185.3 181.6

Body 8 67.7 98.7 88.4

Body 16 117.6 175.0 155.9
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especially in the head examination, the DPI, for the
256-slice CT is approximately 47% smaller than that for
the 16-slice CT.

With regard to the clinical image quality, Figure 2
shows normal anatomical images from the 256-slice CT.
Auditory ossicles are observed clearly in the sagittal
section with the same image quality as the state-of-the-art
CT-scanner (Figure 2a). For the chest examination, 3D
visualization of the lung from four contiguous axial scans
is shown in Figure 2b. For the abdomen examination, the
coronal image has an image quality as good as that of
conventional CT (Figure 2¢). For the pelvis examination,
three contiguous coronal images are shown in Figure 2d.
These images also show the same image quality as
conventional CT.

Discussion

In the present study, we compared doses in the 256-slice
CT and the l6-slice CT for clinical conditions. The results
showed that the dose for the 256-slice CT was smaller
than that of the 16-slice CT in all examinations (Table 3).
The percentages of DPI,, for the 256-slice CT to that for
the 16-slice CT were 52.9%, 72.1%, 81.9% and 88.8% in the
examinations of head, chest, abdomen and pelvis,
respectively.

The dose for the 256-slice CT was less than that of the
16-stice CT in all examinations for the following reason. In

(b}

S Mori, M Endo, K Nishizawa et al

a MDCT-scanner the actual beam width is set as the
nominal beam width (slice thickness x slice number) plus a
certain margin, where the margin is added to cover
penumbra and mechanical errors. X-ray photons incident
on a to a marginal portion do not contribute to image
formation, but they do contribute to increased dose. If the
nominal beam width becomes large, the contribution of
this portion becomes smaller. Thus, the 256-slice CT with
larger beam width provides smaller DPI,, values than the
16-slice CT. For the 16-slice CT the pelvis examination
with 16 mm nominal beam width is more effective than the
others with 8§ mm beam width. In general, helical scans
with pitch less than one caused overlap regions. Therefore
in the present study, we set the effective mAs value to be
the same to obtain the same signal-to-noise ratio in both
CT systems.

Not with standing the dose for the 256-slice CT being
smaller than that of the 16-slice CT, the 256-slice CT
provides sufficient image quality for diagnosis (Figure 2)
[7]. In these clinical conditions, the 256-slice CT achieved a
0.5-0.8 mm isotropic resolution and large volumes of data
were taken in a one-rotation scan (8], Therefore coronal
and sagittal images were obtained at sufficient spatial
resolution without secondary reconstruction.

Regarding the limit of dose, the effective dose [9] for the[2]
MDCT was approximately 15 mSv for routine chest
examinations and 30 mSv for routine abdomen or pelvis
examinations [10]. If these values are taken as upper limits

()

Figure 2. Clinical images. (&) The 0.5 mm isotropic normal anatomy images of auditory ossicles in sagittal section. (b} 3D visualiza-
tion of the chest with four contiguous scans. (¢} Normal anatomy images of abdomen (0.63 mm reconstruction increment). {(d)
Coronal image (0.63 mm reconstruction increment) of pelvis with three contiguous scans.
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Comparison of patient dose in multislice CT
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Figaure Al. Reconstruction geometry of cone-beam CT. An
X-ray source and a 2D detector rotate around the z-axis. The
volume that can be reconstructed with the Feldkamp algorithm
is shown by the shaded region and is a double conical region
within a cylinder of radius Ry, which is determined by the
detector size in the x-direction and shows the maximum field
of view in the transverse plane. R and H show diameter and
height, respectively, of a cylindrical reconstructed volume as it
varied with an object. ¥ x T show the nominal beam width
where N is the number of slice and 7 is the slice collimation,

Table Al. Calculated weighted CT dose index (CTDI,,), dose~-
length product (DLP) and effective dose F for the 256-slice CT

DPI, CTDIL, (mGy) DLP E (mSv)
(mGy-mm) (mGy-cm)
Chest 1775 13.87 130.2 2.21
Abdomen 2363 18.46 173.3 2.60
Pelvis 2363 18.46 173.3 3.29

and X-ray conditions are the same as those in Table 1, the
acceptable scan time in volumetric cine imaging might be
estimated in the following way. From Appendix 2, the
estimated effective dose for a 1s scan was 2.21 mSv,
2.60 mSv and 3.29 mSv for chest, abdomen and pelvis,
respectively. Therefore, the acceptable scan time should be
65 (= 15 [m8v})/2.21 [mSv]), 11 s (=30 [m8v)/2.60 [mSv])
and 9 s (= 30 [mSv}/3.20 [mSv]) for chest, abdomen, and
pelvis, respectively. As these scan times may not be
sufficient for a dynamic study in some cases, further efforts
are necessary to develop dose reduction methods such as
automatic dose control [11-13], as well as to justify
increasing the dose in dynamic studics consistent with risk-
benefit. Resohition of these issues, will allow full use of
volumetric cine images which will significantly increase the
amount of diagnostic information available to radiologists.
In particalar, we expect new applications such as
computed tomographic angiography {CTA) of coronary
arteries or perfusion studies of the whole brain.

Appendix 1. Field of view for the 256-slice CT

In the 256-slice CT, the reconstructed images with the
Feldkamp algorithm is the region that is passed through
during scanning by the tetra-angular pyramid whose apex
and base are the X-ray source and the 2D detector,
respectively (Figure Al). The reconstructed region is a
double conical shape within a maximum FOV (R.,) n
the transverse plane that is determined by the detector size
in the transverse direction. Reconstruction is not made in
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the entire Ry, except at the midplane and depends on
a reconstructed FOV (R). In the case of the
256 mmx0.5mm (= NxT) beam collimation, the
length of the reconstruction region (H) is 102.4 mm for
R= 240 mm and 93.9 mm for R= 320 mm. As seen in this
example, the reconstructed region is generally smaller than
the nominal beam width in cone beam CT.

Appendix 2. Effective dose estimation

CT dose index (CTDI), dose-fength product (DLP), and
effective dose (E) are usually used for CT dosimetry [2],
and they are derived from DPI described in the present
report.

CTDI is given as follows.

1 (2 .
CTDI= F j i d(z)dz [mGy] (A1)
where N is the number of slices, T (mm) is the nominal
slice thickness, and dfz) is the dose profile for an axial
scan, [ indicates the integration range. The International
Electrotechnical Comission (IEC) recommended an inte-
gration range of 100 mm. However we used the integration
range of 300 mm for the reason described.
DPI is given with these notations as follows.

142

DPI = J d(z)dz [mGy mm| (A2)

—~1/2
From Equations (Al) and (A2),

1 :
STDI = —— A3
CTDI= —=DPI (A3)

Weighted CTDI (CTDI,) is defined with CTDIs measured
at the centre and peripheries of the phantoms as follows.

1
3
CTDI, and CTDI, represent the CTDI measured at the
centre and the average CTDIs measured on the periphery
of the phantom, respectively, CTDI,, is given by DPI, as
follows.

)
CTDI,= > CTDIc + 5 CTDI, mGy] (Ad)

1
CIDI, = WDPI,F [ImGy] (AS)
Dose-fength product (DLP} for a complete examination
is given as:

DLP=CTDI, x L [mGy cm] (A6)

where L (cm} is the scan range in the longitudinal
direction.

Estimation of effective dose (E) may be derived from
values of DLP for an examination using appropriately
normalized coefficients:

E=Ep;p - DLP [mSv] (AT)

Eprp 18 the region-specific normalized effective dose
(mSv mGy~ ' em™") 91

From these equations CTDI,, DLP and £ can be
calculated from measured DPL,,. Table Al gives calculated
DPIL,, CTDI,, DLP and E with one second scan of the
256-slice CT in the clinical conditions for chest, abdomen
and pelvis examinations, respectively.
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