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Fig. 6. FITC angiography. FITC angiograms were evaluated on day 14. A: in an anir;l'a'l of the Wild grdup; B: in an animal of the iNOS-
KO group; C: in an animal of the Wild + AG group. Clear angiogenesis was visualized in the iNOS-KO group compared with

the control group and aminoguanidine-treated group.
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This generator consists of the following components: a constant high-voltage power supply, a filament power supply, a
turbomolecular pump, and an X-ray tube. The X-ray tube is a demountable diode which is connected to the turbomolecular
pump and consists of the following major devices: a molybdenum rod target, a tungsten hairpin cathode (filament), a focusing
(Wehnelt) electrode, a polyethylene terephthalate X-ray window 0.25 mm in thickness, and a stainless-steel tube body. In the
X-ray tube, the positive high voltage is applied to the anode (target) electrode, and the cathode is connected to the tube body
ground potential). In this experiment, the tube voltage applied was from 22 to 36 kV, and the tube current was regulated to
within 100 uA by the filament temperature. The exposure time is controlled in order to obtain optimum X-ray intensity. The
electron beams from the cathode are converged to the target by the focusing electrode, and clean K-series characteristic X-rays
are produced through the focusing electrode without using a filter. The X-ray intensity was 26.6 uGy/s at 1.0 m from the X-ray
source with a tube voltage of 30 kV and a tube current of 100 tA, and quasi-monochromatic radiography was performed using
a computed radiography system. [DOI: 10.1143/JJAP.45.2845]

KEYWORDS: demountable X-ray tube, electron-impact source, quasi-monochromatic X-rays, K-series characteristic X-rays,

Sommerfeld's theory

1. Introduction

A great deal of effort has been devoted to the research and
development of X-ray lasers in past years, and several
different generators have been developed. Using tera-watt
pulse lasers as pumping sources, a transient collisional
excitation method has been proposed.” Subsequently,
capillary discharge soft X-ray laser generators>* have been
developed and demonstrated. However, it is difficult to
produce high-photon-energy X-ray lasers with energies
10keV or beyond.

Recently, we have developed several different flash X-ray
generators>™® corresponding to specific radiographic objec-
tives, and the plasma X-ray source has been growing with
increases in the electrostatic energy in the condenser. By
forming weakly ionized linear plasma using rod targets, we
confirmed irradiation of clean K-series characteristic X-rays
such as hard X-ray lasers from the plasma axial direction
using a table-top flash X-ray generator.'®'® This super
fluorescence has been employed to perform cone-beam
monochromatic radiography such as iodine K-edge and
gadolinium K-edge angiographies. Furthermore, because
higher harmonic hard X-rays have been produced from the
copper plasma, we have to confirm the irradiations of higher
harmonics with charges in the target element.

Without forming plasmas, demountable flash X-ray tubes
can be employed to perform fundamental study on produc-
ing monochromatic X-rays,' and have succeeded in
producing clean K-series characteristic X-rays. However,
monochromatic fiash radiography has had difficulties in
controlling X-ray duration, and in performing magnification

radiography including phase-contrast effect.

At present, brilliant monochromatic parallel X-ray beams
from synchrotron radiation are used in various fields
including medical imaging,'>'" and large-scale X-ray free
electron laser sources'® are constructing as a new-generation
radiation source for producing monochromatic coherent
X-rays. In contrast, small-scale steady-state monochromatic
parallel and cone beams can be employed to perform
medical imaging including phase-contrast radiography and
K-edge angiography'® in hospitals.

In this paper, we developed an X-ray generator used
to perform a preliminary experiment for generating clean
K-series characteristic X-rays by angle dependence of the
bremsstrahlung X-rays.

2. Generator

Figure 1 shows a block diagram of a compact character-
istic (quasi-monochromatic) X-ray generator. This generator
consists of the following components: a constant high-
voltage power supply (SLI150, Speliman), a DC filament
power supply, a turbomolecular pump, and an X-ray tube.
The structure of the X-ray tube is illustrated in Fig. 2. The
X-ray tube is a demountable diode which is connected to the
turbomolecular pump with a pressure of approximately
0.5mPa and consists of the following major devices: a
molybdenum rod target of 3.0 mm in diameter, a tungsten
hairpin cathode (filament), a focusing (Wehnelt) electrode, a
polyethylene terephthalate X-ray window 0.25 mm in thick-
ness, and a stainless-steel tube body. In the X-ray tube, the
positive high voltage is applied to the anode (target)
electrode, and the cathode is connected to the tube body
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Fig. 1.

Block diagram including the main transmission line of the compact X-ray generator with a quasi-monochromatic diode.

Stainless-steel chamber

Delrin insulator

Coaxial cable

Focusing electrode

Mylar X-ray
window
_ Vacuum
Brass anode
i
Rid il
Lo ket
B #58 Molybdenum
to pump target

Fig. 2.

(ground potential). In this experiment, the tube voltage
applied was from 22 to 36kV, and the tube current was
regulated to within 100 gA by the filament temperature. The
exposture time is controlled in order to obtain optimum X-ray
intensity. The electron beams from the cathode are con-
verged to the target by the focusing electrode. and X-rays are
produced through the focusing electrode. Because brems-
strahlung rays are not emitted in the opposite direction to
that of electron trajectory in Sommerfeld's theory®” (Fig. 3),
clean molybdenum K-series X-rays can be produced without
using a filter.

3. Characteristics
3.1 X-ray intensiry

X-ray intensity was measured by a Victoreen 660
ionization chamber at 1.0m from the X-ray source
(Fig. 4). At a constant tube current of 100pA, the X-ray

Schematic drawing of the quasi-monochromatic X-ray tube.

intensity increased when the tube voltage was increased. In
this measurement. the intensity with a tube voltage of 30 kV
and a current of 0.10 mA was 26.6 pGy/s at 1.0m from the
source.

3.2 X-ray source

In order to measure images of the X-ray source, we
employed a pinhole camera with a hole diameter of 100 um
in conjunction with a computed radiography (CR) system-"
(Fig. 5). When the tube voltage was increased, the spot
diameter slightly increased and had a maximum value of
approximately 2.5 mm.

3.3 X-rayv spectra

X-ray spectra were measured using a transmission-type
spectrometer with a lithium fluoride curved crystal 0.5 mm
in thickness. The X-ray intensities of the spectra were
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Fig. 4. X-ray intensity at [.O0m from the X-ray source according to
changes in the tube voltage with a tube current of 100 uA.

detected by an imaging plate of the CR system (Konica
Minolta, Regius 150) with a wide dynamic range, and
relative X-ray intensity was calculated from Dicom original
digital data corresponding to X-ray intensity; the data was
scanned by Dicom viewer in the film-less CR system.
Subsequently, the relative X-ray intensity as a function of
the data was calibrated using a conventional X-ray gener-
ator, and we conﬁrméd that the intensity was proportional to
the exposure time. Figure 6 shows measured spectra from
the molybdenum target. We observed clean K lines, while
bremsstrahlung rays were hardly detected. The characteristic
X-ray intensity substantially increased with increases in the
tube voltage. ‘

4. Radiography

The quasi-monochromatic radiography was performed by
the CR system at 1.0 m from the X-ray source with the filter,

Chara&eristic
X-rays

K-photon irradiation from the X-ray tube.

V: Tube voltage

V=25 kV V =30 kV

3.0 mm

Fig. 5. Images of the characteristic X-ray source obtained using a pinhole
camera with changes in the tube voltage.

and the tube voltage was 30kV.
Firstly, rough measurements of image resolution were
made using wires. Figure 7 shows radiograms of tungsten

- wires coiled around pipes made of poly(methyl methacry-

late) (PMMA). Although the image contrast increased with
increases in the wire diameter, a 50 um-diameter wire could
be observed.

A radiogram of a vertebra is shown in Fig. 8, and the fine
structure of the vertebra was observed. Next, angiography
was performed using iodine microspheres of 1Sum in
diameter. Figures 9 and 10 show angiograms of a rabbit
heart and thigh, respectively, and we could obtained high
contrast images of coronary arteries and fine blood vessels.

5. Conclusions and Qutlook

In summary, we developed a new quasi-monochromatic
X-ray generator with a molybdenum-target tube and suc-
ceeded in producing clean molybdenum K lines. The
characteristic X-ray intensity increased with increases in
the tube voltage, and monochromatic Ka rays were left by a
zirconium filter.
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Fig. 6. X-ray spectra from the molybdenum target with (a) an ordinate scale and (b) a logarithmic scale. The spectra were measured
using a transmission type spectrometer with a lithium fluoride curved crystal.

100 pm wire 50 pm wire

25 mm

Fig. 7. Radiograms of tungsten wires of 50 and 100 um in diameter coiled
around pipes made of polymethyt methacrylate.

In this preliminary experiment, although the maximum
tube voltage and current were 36kV and 0.10mA. the 50 mm
voltage and current could be increased to 100kV and *
1.0 mA, respectively. Under the pulsed operation, the current  Fig. 8. Radiogram of a vertebra. Fine structure of the vertebra were
can be increased to approximately 1 A without considering visible.
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100 um wire

20 mm

€ >

Fig. 9. Angiograms of a rabbit heart. Coronary arteries were visible.

30 mm

Fig. 10. Angiogram of a rabbit thigh. Fine blood vessels of approximately
100um were visible.

the target evaporation. Subsequently, the generator produced
maximum number of characteristic photons was approxi-
mately 1 x 10% photons/(cm?-s) at 1.0 m from the source,
and the photon count rate can be increased easily by
increasing the current.

In the present research, the molybdenum K-series char-
acteristic X-rays are useful for mammography, and the
photon energies of characteristic X-rays can be selected by
the target element. In particular, enhanced K-edge angiog-
raphy can be performed using a cerium target because
cerium Ko rays (34.6keV) are absorbed easily by iodine-
based contrast media with an iodine K-edge of 33.2keV.

Using this angiography, coronary arteries and fine blood
vessels formed in regenerative medicine may be observed
with high contrasts. Furthermore, a flat panel detector is
useful to observe blood flows for cases of cardiovascular
disease.
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In the plasma flash X-ray generator, a 200 nF condenser is charged up to 50kV by a power supply, and flash X-rays are
produced by the discharging. The X-ray tube is a demountable triode with a trigger electrode, and the turbomolecular pump
evacuates air from the tube with a pressure of approximately 1 mPa. Target evaporation leads to the formation of weakly
ionized linear plasma, consisting of copper ions and electrons, around the fine target, and intense Ka lines are left using a 10-
um-thick nickel filter. At a charging voltage of 50kV, the maximum tube voltage was almost equal to the charging voltage of
the main condenser, and the peak current was about 16 kA. The K-series characteristic X-rays were clean and intense, and
higher harmonic X-rays were observed. The X-ray pulse widths were approximately 300 ns, and the time-integrated X-ray
intensity had a value of approximately 1.5mGy per pulse at 1.0m from the X-ray source with a charging voltage of

S0kV. {DOI: 10.1143/1JAP.45.5301]

KEYWORDS: linear plasma, X-ray spectra, K-series characteristic X-rays, bremsstrahlung X-rays, higher harmonic X-rays

1. Introduction

In order to produce X-ray lasers, several different methods
have been developed, and a discharge capillary'-? is very
useful to increase the laser pulse energy with increases in the
capillary length. However. it is difficult to increase the laser
photon energy to 10keV or beyond.

Using monochrocollimators, synchrotrons produce mono-
chromatic parallel beams, which are fairly similar to
monochromatic parallel laser beams, and the beams have
been applied to various research project including phase-
contrast radiography*” and enhanced K-edge angiogra-
phy.®7 Because there are no X-ray resonators in the high-
photon-energy region, new methods for increasing coher-
ence will be desired in the future.

To apply flash X-ray generators to biomedicine, several
different generators®'3 have been developed, and plasma
X-ray generators''"' are useful for producing clean
characteristic X-rays in the low-photon-energy region of
less than 10keV. By forming weakly ionized linear plasma
using rod targets, intense K-series characteristic X-rays are
observed from the axial direction of the linear plasmas .of
nickel and copper, since the bremsstrahlung X-rays are
absorbed effectively by the linear plasma. We are therefore
very interested in the X-ray spectra produced by increasing
the charging voltage in the high photon energy region
beyond Kf energies.

In this paper, we describe a recent table-top plasma flash
X-ray generator utilizing a rod target triode, used to perform
a preliminary experiment for generating clean K-series
characteristic X-rays and their higher harmonic hard X-rays
by forming a linear copper plasma cloud around a fine
target.

2. Generator

Figure | shows a block diagram of the high-intensity
plasma flash X-ray generator. This generator consists of
the following essential components: a high-voltage power
supply, a high-voltage condenser with a capacity of
approximately 200nF, a turbomolecular pump, a krytron
pulse generator as a trigger device. and a flash X-ray tube.
The high-voltage main condenser is charged to S0kV by the
power supply, and electric charges in the condenser are
discharged to the tube after triggering the cathode electrode
with the trigger device. The plasma flash X-rays are then
produced.

The X-ray tube is a demountable cold-cathode triode that
is connected to the turbomolecular pump with a pressure of
approximately 1 mPa. This tube consists of the following
major parts: a hollow cylindrical carbon cathode with a bore
diameter of 10.0 mm, a brass focusing electrode. a trigger
electrode made from copper wire, a stainless steel vacuum
chamber, a nylon insulator, a poly(ethylene terephthalate)
(Mylar) X-ray window 0.25mm in thickness, and a rod-
shaped copper target 3.0mm in diameter with a tip angle of
60°. The distance between the target and cathode electrodes
is approximately 20 mm, and the trigger electrode is set in
the cathode electrode. As electron beams from the cathode
electrode are roughly converged to the target by the focusing
electrode, evaporation leads to the formation of a weakly
ionized linear plasma.'™ consisting of copper ions and
electrons. around the fine target.

In the linear plasma, bremsstrahlung photons with
energies higher than the K-absorption edge are effectively
absorbed and are converted into fluorescent X-rays. The
plasma then transmits the fluorescent rays easily, and
bremsstrahlung rays with energies lower than the K-edge
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Fig. 1.

are also absorbed by the plasma. In addition, because
bremsstrahlung rays are not emitted in the opposite direction
to that of electron trajectory, intense characteristic X-rays
are generated from the plasma-axial direction.

3. Characteristics

3.1 Tube voltage and current

Tube voltage and current were measured by a high-
voltage divider with an input impedance of 1 G$2 and a
current transformer, respectively. The withstand voltage of
the divider is approximately 60kV, and the measurable
current of the transformer ranges from 1A to [00KA.
Figure 2 shows the time relation between the tube voltage
and current. At the indicated charging voltages, they roughly
displayed damped oscillations. When the charging voltage
was increased, both the maximum tube voltage and current
increased. At a charging voltage of 50kV, the maximum
tube voltage was almost equal to the charging voltage of
the main condenser, and the maximum tube current was
approximately 16KkA.

3.2 X-ray output

X-ray output pulse was detected using a combination of a
plastic scintillator and a photomultiplier (Fig. 3). The X-ray
pulse height substantially increased with corresponding
increases in the charging voltage. The rise time increased
with increasing the voltage because the K-series character-
istic X-rays were produced with tube voltages beyond the
critical excitation voltage of 8.9kV. The X-ray pulse widths
were about 300ns. and the time-integrated X-ray intensity
per pulse measured by a thermoluminescence dosimeter
(Kyokko TLD Reader 1500 having MSO-S elements without
energy compensation) had a value of approximately 1.5 mGy

Vacuum j-:hamber

N
X-ray '

Focusing electrode

" Graphite cathode
" Mylar window

Trigger
electrode

Block diagram including the electric circuit of the plasma- flash X-ray generator.

at 1.0m from the X-ray source with a charging voltage of
50kV. The TLD reader has a wide measurable range of from
1 uSv to 100 Sv.

3.3 X-ray source

In order to roughly observe images of the plasma X-ray
source in the detector plane, we employed a pinhole camera
with a hole diameter of 100pum without using a filter
(Fig. 4). When the charging voltage was increased, the
plasma X-ray source grew, and both spot dimension and
intensity increased. Because the X-ray intensity is the
highest at the center of the spot. both the dimension and
intensity decreased according to both increases in the
thickness of a filter for absorbing X-rays and decreases in
the pinhole diameter.

3.4 X-ray spectra

X-ray spectra from the plasma source were measured by a
transmission-type spectrometer with a lithium fluoride
curved crystal 0.5 mm in thickness. The spectra were taken
by a computed radiography (CR) system'?’ (Konica Minolta,
Regius 150) with a wide dynamic range beyond five figures
for measuring X-ray intensity. and relative X-ray intensity
was calculated from Dicom digital data. Subsequently. the
relative X-ray intensity as a function of the data was
calibrated using a conventional X-ray generator, and we
confirmed that the intensity was proportional to the exposure
time. Figure 5° shows measured spectra from the copper
target at the indicated conditions. In fact, we observed clean
K lines, and Ko lines were left by absorbing KA lines using a
10-um-thick nickel filter. When the charging voltage was
increased, the characteristic .X-ray intensity substantially
increased. In particular, we confirmed the irradiation of

5302
-468-



Jpn. J. Appl. Phvs.. Vol. 45. No. 6A (2006)

E. SATO ¢1 al.

Charging voltage=35.0 kV

9 -
= 2z
= Voltage ' 3
> = Cugrent -

L <
= = o B
o = ,/’ =
o F N\ - 0 =
20 - < £
E g -
& Gt
& %]
= <
~ =

"Time (500 ns/div.)
(a)

Charging voltage=50.0 kV

= Voltage —_
E L e By T 1Y ,“\‘ .E:
= A T
: / \ Curren 4 5
5 SYEA [l 1=
S Y L 0 S’
g i ] =
20 = f ~
= ot =
4 3
[-*] [-%]
2 =2
= =]
Time (500 ns/div.)

()

Fig. 2.

V.: Charging voltage

V=350 kV

/ V.|=425 kV]

X-ray output (arb. units)
<o

\ V.=50.p kV

0 ! }
Time (500 ns/div.)
Fig. 3. X-ray outputs at the indicated conditions.

the second and fourth harmonic X-rays of the fundamental
K-series characteristic X-rays from copper target. The X-ray
intensities of the harmonics increased with increases in the
charging voltage, and the harmonic bremsstrahlung rays
survived due to the X-ray resonation in the plasma.
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Tube voltages and currents with a charging voltage of (a) 35.0, (b) 42.5, and (b) 50.0kV.

4. Radiography

The plasma radiography was performed by the CR system
using the filter. The charging voltage and the distance
between the X-ray source and imaging plate were 50kV and
1.2m, respectively. First, rough measurements of spatial
resolution were made using wires. Figure 6 shows radio-
grams of tungsten wires coiled around pipes made of
poly(methyl methacrylate) (PMMA). Although the image
contrast decreased somewhat with decreases in the wire
diameter, due to blurring of the image caused by the
sampling pitch of 87.5um, a 50-um-diameter wire could be
observed.

Figure 7 shows a radiogram of plastic bullets falling into a
polypropylene beaker from a plastic test tube. Because the
X-ray duration was about 0.5 s, the stop-motion image of
bullets could be obtained. Next. a radiogram of a vertebra is
shown in Fig. 8, and fine structures in the vertebra were
observed. Finally, Fig. 9 shows an angiogram of a rabbit ear:
iodine-based microspheres of 15 pum in diameter were used,
and fine blood vessels of about 100 um were visible.

5. Conclusions and Outlook

We obtained fairly intense and clean K lines from a
weakly 1onized linear copper plasma. and Ka lines were left
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Fig. 9. Angiogram of a rabbit ear.

by the nickel filter. Both the characteristic and the harmonic
X-ray intensities substantially increased with increasing the
charging voltage.

In cases where weakly ionized linear plasma is employed,
intense and clean K-series characteristic X-rays can be
obtained. However, it is not easy to produce high-photon-
energy K-series characteristic X-rays because the linear
plasma transmits high-photon-energy bremsstrahlung X-
rays; the effective thickness of a monochromatic metal filter
increases with increases in the atomic number. Therefore,
high-photon-energy plasma flash X-ray generators utilizing
the angle dependence of bremsstrahlung X-rays are very
useful to produce K photons of molybdenum, silver, cerium,

tantalum, and tungsten. In particular, Ko rays of tantalum

and tungsten are useful for performing enhanced K-edge
angiography using gadolinium contrast media, and cerium K
rays can be employed to perform iodine K-edge angiog-
raphy.

In this research, we obtained sufficient characteristic
X-ray intensity per pulse for CR radiography. and the
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generator produced number of characteristic K photons was 6)
approximately | x 108 photons/cm® at 1.0m per pulse. In 7
addition. we are very interested in producing steady-state
clean K rays and their higher harmonic hard X-rays using a 8)
similar tube.
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A microfocus X-ray tube is useful for performing magnification radiography, and its X-ray generator (L9631, Hamamatsu
Photonics) consists of a personal computer for controlling the tube voltage and current, and a main unit with a high-voltage
circuit and a fixed-anode X-ray tube. The maximum tube voltage, current, and electric power were 110kV, 800 A, and SOW,
respectively. The focal-spot size was proportional to the electric power of the tube, and the size was approximately 20 pm with
a power of 20 W. Using a 3-mm-thick aluminum filter, the X-ray intensity was 7.75uGy/s at 1.0m from the source with a tube
voltage of 60kV and a current of 100 uA. Because the peak photon energy was approximately 38 keV using the filter with a
wbe voltage of 60kV, the bremsstrahlung X-rays were absorbed effectively by iodine-based contrast media at an iodine K-
edge of 33.2keV. Enhanced. angiography was performed by fourfold magnification imaging with a computed radiography
system using iodine-based microspheres 15 um in diameter. In the angiography of nonliving animals, we observed fine blood

vessels of approximately 100 pm with high contrast.

(DOI: 10.1143/JJAP.45.8005]
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1. Introduction-

To perform high-speed medical radiography, several
various flash X-ray generators using cold-cathode tubes
have been developed.!™ In particular, quasi-monochromatic
flash X-ray generators®'? have been designed to perform
preliminary experiments for producing clean K-series X-
rays, and higher-harmonic hard X-rays have been observed
in a weakly ionized linear plasma of copper and nickel.
However;in monochromatic flash radiography, difficulties in
increasing X-ray duration and in performing X-ray com-
puted tomography (CT) have been encountered.-

Synchrotrons are capable of producing high-dose-rate
monochromatic parallel X-ray beams using silicon crystals,
and the beams have been applied to phase-contrast radiog-
raphy!5? and enhanced K-edge angiography.!*! In an-
giography, monochromatic X-rays with photon energies
ranging from 33.3 to 35keV have been employed because
the rays are absorbed effectively by iodine-based contrast
media with an iodine K-edge of 33.2keV.

Without using synchrotrons, phase-contrast radiography
for edge enhancement can be performed using a microfocus

- X-ray tube, and the enhancement has been achieved in
mammography!® with a computed radiography (CR) sys-
tem'” using a 100-um-focus tube. Subsequently, we devel-
oped a cerium X-ray generator'®!® to perform enhanced
K-edge angiography using cone beams, and succeeded in
observing fine blood vessels and coronary arteries with high
contrast using cerium Ke-rays of 34.6keV.

Although - the magnification radiography is used to
improve the spatial resolution in angiography utilizing a
digital imaging system, it is difficult to design a small focus
cerium tube for angiography. Therefore, narrow-photon-

15)

energy bremsstrahlung X-rays?®?? with a peak energy of

approximately 35keV from a tungsten tube are used to
perform high-contrast angiography.

In this research, we employed a microfocus tungsten tube,
and performed enhanced magnification angiography by
controlling bremsstrahlung X-ray spectra using an aluminum
filter.

2. Principle of Enhanced Magnification Angiography

Figure 1 shows the mass attenuation coefficients of iodine
at the selected energies; the coefficient curve is discontin-
uous at the iodine K-absorption edge of 33.2keV. The
effective bremsstrahlung X-rays for K-edge angiography are
shown above the K-edge. Using a 3.0-mm-thick aluminum
filter for absorbing soft X-rays, the peak photon energy of
the bremsstrahlung rays increases to approximately 38keV.
In angiography, iodine contrast media in blood vessels easily
absorb the rays,” and soft bremsstrahlung rays are absorbed
effectively by objects (muscles). Therefore, blood vessels
are observed with high contrast. Subsequently, spatial
resolution is improved by fourfold magnification imaging
using a microfocus X-ray tube in conjunction with a CR
system (Regius 150, Konica Minolta) at a sampling pitch of
87.5 um.

3. ‘Experimental Methods

The microfocus X-ray generator (L9631, Hamamatsu
Photonics) consists of a personal computer and a system
unit. The unit includes all the hardware in the X-ray
generator, such as, a high-voltage circuit and a fixed anode
X-ray tube: Tube voltage, current, and exposure time can be
controlled by the computer. The maximum tube voltage,
current, and electric power were 110kV, 800 pnA, and S0 W,
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Fig. 1. Mass attenuation coefficients of iodine and bremsstrahlung X-rays
for enhanced K-edge angiography.

respectively. The focal-spot size was proportional to the
electric power of the tube, and its size was approximately
20 pm in diameter with a power of 20 W. In this experiment,
the tube voltage applied ranged from 45 to 70kV, and the
tube current was regulated to within 170 pA. The exposure
time is controlled to obtain optimum X-ray intensity for

" angiography, and narrow-photon-energy bremsstrahlung X-
rays are produced using the aluminum filter.

4. Results

4.1 X-ray intensity

X-ray intensity was measured using a Victoreen 660
ionization chamber, with a volume of 400 cm?, at'1.0 m from
the X-ray source using the filter (Fig. 2). At a constant tube
current of 100uA, X-ray intensity increased when tube
voltage was increased. At a tube voltage of 60 kV, the X-ray
intensity with the filter was 7.75 uGy/s.

4.2 X-ray spectra

To measure X-ray spectra using the filter, we employed a
cadmium telluride detector (CDTE2020X, Hamamatsu
Photonics) (Fig. 3). When tube voltage was increased,
bremsstrahlung X-ray intensity increased, and both max-
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Fig. 2. X-ray intensity (uGy/s) as a function of tube voltage (kV) with
tube current of 100 nA.
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Fig. 3. Bremsstrahlung X-ray spectra measured using cadmium telluride
detector with changes in tube voltage.

imum photon energy and spectrum peak energy increased.
To perform K-edge angiography, bremsstrahlung X-rays
of approximately 35keV are used; the-high-energy brems-
strahlung X-rays decrease image contrast. When - this filter
was used, because bremsstrahlung X-rays with energies
higher than 60keV were not absorbed easily, the tube
voltage for angiography was determined to be 60kV by
considering the filtering effect of radiographic objects.

4.3 Enhanced magnification angiography

The enhanced angiography was performed by fourfold
magnification imaging using the CR system and the filter at
a tube voltage of 60kV, and the ‘distance between the X-ray
source and the imaging plate was 1.0m (Fig. 4). First, the
spatial resolutions of cohesion and magnification radiogra-
phies were realized using a lead test chart at an exposure
time of 30s. In the magnification radiography, 50-um-thick
lines (10 line pairs) were clearly visible (Fig. 5). Figure 6
shows radiograms of tungsten wires in a 25-mm-diameter
rod made of poly(methyl methacrylate) (PMMA) at an
exposure time of 30s. Although image contrast- decreased
slightly with decreasing wire diameter owing to the blurring
of the image caused by the sampling pitch of 87.5 um, a 20-
um-diameter-wire could be observed. :

8006
-474-



Jpn. J. Appl. Phys., Vol. 45, No. 10A (2006)

T. ENOMOTO et al.

Imaging plate

Cone beam
X-ray source

0.75m

Fig. 4. Fourfold magnification imaging using imag-
ing plate in conjunction with microfocus tube.
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Fig. 5. Radiogram of test chart for measuring spatial resolution.

Figures 7 and 8 show angiograms of a 19-mm-thick rabbit
heart specimen and a 41-mm-thick thigh specimen, respec-
tively. The exposure time was 30s, and-these -images were
obtained using iodine microspheres of 15 pm diameter. The
microspheres are very useful for making the phantoms of
nonliving animals used for angiography. The iodine plastic

20-prm-diameter wire ;" " So#um-diérheter wire

- 25 mm

Radiograms of tungsten wires in PMMA rod.

Fig. 7. Angiogram of extracted rabbit heart using
iodine microspheres.

spheres contained 37% iodine by weight, and the coronary
arteries and-fine blood vessels were visible.

Figure 9 shows angiograms of a dog heart specimen of 65
mm thickness using iodine spheres with an exposure time of
60s. Although the image contrast decreased slightly with
increasing thickness of the PMMA plate facing the X-ray
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source, the coronary arteries of approximately 100um
diameter were observed using a 100-mm-thick plate.

5. Conclusions

We employed a microfocus X-ray generator - w1th a.l::_:;
tungsten target tube to perform enhanced magmﬁcatlon
angiography using narrow-photon-energy bxemsstrahlung .

X-rays at a peak photon energy of approximately 38 keV,

which can be absorbed easily by iodine-based contrast -
media. Although bremsstrahlung X-ray intensity 'sub's't'a'n'-"
tially increased with increasing tube voltage, the;._‘pnmal"ﬂ
tube voltage for increasing image contrast was deterrnmed to”

be 60kV.

Because the sampling pitch of the CR system is’ 87 5 um '
we obtained spatial resolutions of approximately - 50um‘_
using fourfold magnification imaging achieved w1th a:20- -

pm-focus tube. To observe fine blood vessels of less than
100 um diameter, the spatial resolution of the CR system
should be improved to 43.8um (Regius 190, Konica
Minolta), and iodine density should be incréased.

In this research, we controlled bremsstrahlung X-rays to
the optimum spectral distribution for realizing enhanced
angiography using iodine-based contrast media. On the other
hand, gadolinium-based contrast media with a K-edge
energy . of 50.2keV have been employed to perform
angiography in MRI, and the gadolinium density used has
been increasing. In view of this situation, tungsten Ko rays
(58.9keV) are useful for enhancing K-edge angiography,
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Fig. 8. Angiograms of rabbijt thigh.’

because the Ko rays are absorbed effectively by gadolinium
media. As compared with angiography using iodine media,
the absorbed dose can be decreased con51delably using
gadohmum ‘media.

. At:a tube: vcltage of 60 kV. and
photon number was- appxox1mately

urren:Aof 170 uA, the
X 107 photons/(cm )

- at 1.0m fxom the source, and photon count rate can be

been 1ncreasmg, and a kllowatt range tube s’ reahzable
Therefore, real-time magmﬁcanon 1ad100raph 'wxll become
" possible usmg a fiat panel detector with a- p ellsxzc of less

than 100 }Lm

This work was supported by Grants-in- A1d for Sc1ent1ﬁc
Research (13470154, 13877114, and 16591222) and Ad-
vanced Medical Scientific Research from MECSST, Health
and Labor Sciences Research Grants (RAMT-nano-001,
RHGTEFB-genome-005 and RHGTEFB-saisei-003), and
grants from the Keiryo Research Foundation, Promotion
and Mutual Aid Corporation. for Private Schools of - Japan,
Japan - Science and Technology Agency (JST), and New
Energy and Industrial Technology Development Organiza-
tion (NEDO, Industrial Technology Research Grant Program
in "03). .

8008
-476-



Jpn. J. Appl. Phys., Vol. 45, No. 10A (2006)

T. ENOMOTO er al.

1)

2)

3)

4)

5)

6)

7

8)

9

10)

11)

using 100-mm-thick PMMA plate

Fig. 9. Angiograms of extracted dog heart.

100-yum-diameter wire

20 mm

E. Sato, S. Kimura, S. Kawasaki, H. Isobe, K. Takahashi, Y.
Tamakawa and T. Yanagisawa: Rev. Sci. Instrum. 61 (1990) 2343.
K. Takahashi, E. Sato, M. Sagae, T. Oizumi, Y. Tamakawa and T.
Yanagisawa: Jpn. J. Appl. Phys. 33 (1994) 4146.

E. Sato, K. Takahashi, M. Sagae, S. Kimura, T. Oizumi, Y. Hayasi, Y.
Tamakawa and T. Yanagisawa: Med. Biol. Eng. Comput. 32 (1994)
289. '

E. Sato, M. Sagae, K. Takahashi, A. Shikoda, T. Oizumi, Y. Hayasi,
Y. Tamakawa and T. Yanagisawa: Med. Biol. Eng. Comput. 32 (1994)
295.

E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T.
Ichimaru, K. Takayama and H. Ido: Rev. Sci. Instrum. 74 (2003) 5236.
E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T.
Ichimaru, S. Sato, K. Takayama and H. Ido: J. Electron Spectrosc.
Relat. Phenom. 137-140 (2004) 713.

E. Sato, E. Tanaka, H. Mori, T. Kawai, S. Sato and K. Takayama: Opt.
Eng. 44 (2005) 049002.

E. Sato, M. Sagae, E. Tanaka, Y. Hayasi, R. Germer, H. Mori, T.
Kawai, T. Ichimaru, S. Sato, K. Takayama and H. Ido: Jpun. J. Appl.
Phys. 43 (2004) 7324.

E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K.
Takayama and H. Ido: Med. Phys. 32 (2005) 49.

E. Sato, Y. Hayasi, K. Kimura, E. Tanaka, H. Mori, T. Kawai, T.
Inoue, A. Ogawa, S. Sato, K. Takayama, J. Onagawa and H. Ido: Jpn.
J. Appl. Phys. 44 (2005) 8716.

A. Momose, T. Takeda, Y. Itai and K. Hirano: Nat. Med. 2 (1996) 473.

12)

13)

14)

15)

16)
17)

18)

19)

20)

21)

~
=

)

8009

-477-

M. Ando, A. Maksimenko, H. Sugiyama, W. Pattanasiriwisawa, K.
Hyodo and C. Uyama: Jpn. J. Appl. Phys. 41 (2002) L1016.

H. Mori, K. Hyodo, E. Tanaka, M. U. Mohammed, A. Yamakawa, Y.
Shinozaki, H. Nakazawa, Y. Tanaka, T. Sekka, Y. Iwata, S. Honda, K.
Umetani, H. Ueki, T. Yokoyama, K. Tanioka, M. Kubota, H. Hosaka,
N. Ishizawa and M. Ando: Radiology 201 (1996) 173.

K. Hyodo, M. Ando, Y. Oku, S. Yamamoto, T. Takeda, Y. Itai, S.
Ohtsuka, Y. Sugishita and J. Tada: J. Synchrotron Radiat. 5 (1998)
1123.

S. W. Wilkins, T. E. Gureyev, D. Gao, A. Pogany and A. W.
Stevenson: Nature 384 (1996) 335.

A. Ishisaka, H. Ohara and C. Honda: Opt. Rev. 7 (2000) 566.

E. Sato, K. Sato and Y. Tamakawa: Annu. Rep. Iwate Med. Univ.
School Liberal Arts Sci. 35 (2000) 13.

E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K.
Takayama and H. Ido: Med. Phys. 31 (2004) 3017.

E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Inoue, A. Ogawa, A.
Yamadera, S. Sato, F. Ito, K. Takayama, J. Onagawa and H. Ido: Jpn.
J. Appl. Phys. 44 (2005) 8204.

A. B. Crummy, C. A. Mistretta, M. G. Ort, F. Kelcz, J. R. Cameron
and M. P. Siedband: Radiology 8 (1973) 402.

R. A. Kruger, C. A. Mistretta, A. B. Crummy, J. F. Sackett, M. M.
Goodsit, S. J. Riederer, T. L. Houk, C. G. Shaw and D. Flemming:
Radiology 125 (1977) 234.

F. Kelcz and C. A. Mistretta: Med. Phys. 3 (1977) 159.



Available online at www.sciencedirect.com

sclence@nmec‘r"

Life Sciences 78 (2006) 882 — 887

Life Sciences

www.elsevier.com/locate/lifescie

Vagal stimulation suppresses ischemia-induced myocardial interstitial
norepinephrine release

p .. . . . b . . . . .
Toru Kawada **, Toji Yamazaki °, Tsuyoshi Akiyama ®, Meihua Li?, Hideto Ariumi 2,
. . . . . a
Hidezo Mori °, Kenji Sunagawa ©, Masaru Sugimachi
 Department of Cardiovascular Dynamics, Advanced Medical Engineering Center, National Cardiovascular Center Research Institute,
3-7-1 Fujishirodai, Suita, Osaka 565-8565, Japan

b Department of Cardiac Physiology, National Cardiovascular Center Research Institute, Osaka 565-8565, Japan
¢ Department of Cardiovascular Medicine, Graduate School of Medical Sciences, Kyusht University, Fukuoka 812-8582, Japan

Received 30 November 2004; accepted 31 May 2005

Abstract

Although electrical vagal stimulation exerts beneficial effects on the ischemic heart such as an antiarhythmic effect, whether it modulates
norepinephrine (NE) and acetylcholine (ACh) releases in the ischemic myocardium remains unknown. To clarify the neural modulation in the
ischemic region during vagal stimulation, we examined ischemia-induced NE and ACh releases in anesthetized and vagotomized cats. In a control
group (VX, n=8), occlusion of the left- anterior descending coronary artery increased myocardial interstitial NE level from 0.46=0.09 to
83.2417.6 nM at 30—45 min of ischemia (mean+SE). Vagal stimulation at 5§ Hz (VS, n=8) decreased heart rate by approximately 80 beats/min
during the ischemic period and suppressed the NE release to 24.4+ 10.6 nM ( £<0.05 from the VX group). Fixed-rate ventricular pacing (VSP,
n=8) abolished this vagally mediated suppression of ischemia-induced NE release. The vagal stimulation augmented ischemia-induced ACh
release at 0—15 min of ischemia (VX: 11.1£2.1 vs. VS: 20.7+3.9 nM, P<0.05). In the VSP group, the ACh release was not augmented. In
conclusion, vagal stimulation suppressed the ischemia-induced NE release and augmented the initia! increase in the ACh level. These modulations
of NE and ACh levels in the ischemic myocardium may contribute to the beneficial effects of vagal stimulation on the heart during acute

myocardial ischemia.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Acetylcholine; Coronary occlusion; Ventricular pacing

Introduction

Acute myocardial ischemia disrupts normal neural regula-
tion of the heart (Armour, 1999). During prolonged ischemia,
myocardial interstitial norepinephrine (NE) and acetylcholine
(ACh) levels are increased in the ischemic region via local
releasing mechanisms independent of efferent autonomic
activities (Schomig et al., 1987; Lameris et al., 2000; Kawada
et al., 2000, 2001). The excess NE release is thought to
aggravate ischemic injury to the myocardium (Schomig et al.,
1987). On the other hand, vagal stimulation exerts antiarrhyth-
mic effects in the early phase of acute myocardial ischemia
(Rosenshtraukh et al., 1994; Vanoli et al., 1991). A recent study

* Corresponding author. Tel.: +81 6 6833 5012x2427; fax: +81 6 6835 5403.
E-mail address: torukawa@res.ncve.go.jp (T. Kawada).

0024-3205/% - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/).1f5.2005.05.087

from our laboratory demonstrated that vagal stimulation
improved the survival rate of chronic heart failure after
myocardial infarction in rats (Li et al., 2004), suggesting a
long-term ameliorative effect of direct neural interventions
against certain heart diseases.

With respect to electrical stimulation of the vagus, whether
it alters myocardial interstitial NE and ACh levels in the
ischemic region during acute myocardial ischemia remains
unknown. To test the hypothesis that vagal stimulation
increases the ACh level and suppresses the NE level in the
ischemic region, we measured myocardial interstitial NE and
ACh levels during acute myocardial ischemia in anesthetized
cats using a cardiac microdialysis technique (Akiyama et al.,
1991, 1994; Yamazaki et al, 1997). Effects of vagal
stimulation were examined with or without fixed-rate ven-
tricular pacing.
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