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Fig. 2. Time course of dialysate epinephrine levels during coronary
occlusion. Values are means+SE. $P<0.05 vs. concurrent value of vehicle
group.

3.3. Dialysate EPI levels in the ischemic region

Coronary occlusion significantly increased dialysate EPI
levels (Fig. 2). In the vehicle group, dialysate EPI levels were
59.6+39.8 pg/ml in the control and increased after coronary
occlusion. During 60 min coronary occlusion, dialysate EPT
levels markedly increased and reached 15030+7418 pg/ml
(n=6) at 45-60 min of occlusion. After reperfusion,
dialysate EPI levels decreased to 7193£3722 pg/ml,
although their levels were higher than those in the control.
In the presence of SKF29661, dialysate EPI levels also
increased and reached 1493 £196 pg/ml (n=6) at 45-60 min
of occlusion. These increases in dialysate EPI levels after
30 min of coronary occlusion were significantly attenuated
by SKF29661.

3.4. Dialysate EPI levels in the ischemic region during local
desipramine administration

Although coronary occlusion increased dialysate EPI
levels, these levels were suppressed during local desipramine
administration compared to the vehicle group (Fig. 3).
During 60 min coronary occlusion, dialysate EPI levels
increased and reached 743+171 pg/ml (n=6) at 45-60 min
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Fig. 3. Influence of desipramine on dialysate EPI levels during myocardial
ischemia with and without SKF29661. DMI = desipramine, DMI+
SKF =desipramine+SKF29661. Values are means=SE.
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Fig. 4. Dialysate norepinephrine responses to 60 min coronary occlusion.
SKF = SKF29661, DMI = desipramine, DMI+SKF =desipramine +
SKF29661.Values are means+SE. *P<0.05 vs. value of vehicle group.
TP<0.05 vs. value of SKF group.

of occlusion. After reperfusion, dialysate EPI levels de-
creased to 400+ 181 pg/ml, although their levels were higher
than those in the control. In the presence of SKF29661,
dialysate EPI levels also increased and reached 725+ 154 pg/
ml (n=6) at 45-60 min of occlusion. These increases in
dialysate EPI levels were not attenuated by SKF29661.

3.5. Comparison of peak dialysate NE levels of the 4 groups

EPI is synthesized from NE, and so myocardial interstitial
NE levels might affect myocardial interstitial EPI levels. We
compared with myocardial interstitial NE levels at 45—
60 min of coronary occlusion in the vehicle group, the
SKF29661 group, the desipramine group and the desipra-
mine and SKF29661 group (Fig. 4) (n=6-6-6-0). In the latter
two groups (desipramine, desipramine+SKF29661), ische-
mia-induced peak dialysate NE levels were significantly
suppressed in comparison with that of the vehicle or
SKF29661 group. Calculated ratios of interstitial EPI/NE
were 1.5+0.4 and 12+£4% at NE infusion (250 ng) and 45—
60 min of occlusion, respectively.

4. Discussion

4.1. Changes in myocardial interstitial EPI levels during
local administration of NE through a dialysis probe

Local administration of NE dose dependently increased
dialysate EPI levels. The pretreatment with PNMT inhibitor
SKF29661 significantly suppressed these increases. There-
fore, the EPI levels in dialysate could serve as an index of
PNMT activity during local administration of NE. To our
knowledge, this is the first direct assessment of cardiac
PNMT activity in in vivo heart. These results indicate that
EPI can be regionally synthesized from NE with PNMT
activity in the heart. Regionally administered NE in
myocardial interstitium was taken up by cardiac sympathetic
nerve endings via the uptake, carrier or by extraneuronal
cells via uptake, carrier [19-21]. Several studies demon-
strated the existence of PNMT in the myocardium rather than
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sympathetic nerve endings [17,22]. In sympathetic denerva-
tion with 6-OHDA, the dialysate EPI response to NE
infusion was preserved. The dialysate EPI response was
suppressed by pretreatment with corticosterone (an NE
uptake, inhibitor). Our data were also consistent with those
studies. NE might be taken up by myocardial cell via uptake,
carrier and converted to EPI with PNMT. Recent study has
shown that gene expression of the PNMT is localized not in
cardiac ganglion, but in cardiomyocytes [23]. Therefore, our
data suggest that high NE level in myocardial interstitium
yields EPI synthesis by regional PNMT activity. NE that was
taken up by extraneuronal cells was metabolized mainly to
normetanephrine (NMN) or 3-methoxy-4-hydroxyphenyl-
glycol (MHPG) by catechol O-methyltransferase (COMT)
[19], but high NE was partly available for EPI synthesis with
PNMT. These elevated NE levels were similar to the levels
of myocardial ischemic regions in our previous studies
[6,24]. Therefore, EPI synthesis with PNMT may gain
relevance during myocardial ischemia.

4.2. Myocardial interstitial EPI levels during coronary
artery occlusion

Coronary occlusion-induced progressive increases in
dialysate EPI levels. These increases corresponded to increases
in dialysate NE levels. Our data suggest that the high NE level
evoked by myocardial ischemia yields EPI synthesis by
regional PNMT activity. During myocardial ischemia, calcu-
lated ratio of interstitial EPI/NE was eight-times higher than
that of NE infusion. In the ischemic heart, normal transport of
NE is impaired because of a reduced sodium gradient [5],
whereas another uptake system is operative by extraneuronal
cells via the uptake, carrier which is independent of the sodium
gradient [25]. Actually myocardial ischemia evoked increases
in myocardial interstitial NMN or MHPG via the uptake,
carrier [26]. The time course of dialysate EPI levels
corresponded to increases in dialysate NE and NMN levels.
Therefore, we consider that released NE is taken up by
extraneuronal cells and PNMT activity for EPI synthesis is
operative at high concentration of NE.

To confirm EPI synthesis via PNMT activity, we
examined ischemia-induced dialysate EPI levels in the
presence and absence of a PNMT inhibitor. PNMT inhibition
suppressed the increase in dialysate EPI (synthesis by
PNMT) and augmented the increase in dialysate NE
(substrate of PNMT) levels. Thus, in the ischemic period
as well as local administration of NE, PNMT activity plays
an important physiological role in NE gradation and EPI
synthesis. The PNMT activity in the ischemic left ventricle
augmented EPI production by excess of substrate. The
increased PNMT activity might reflect compensatory or
adaptation processes secondary to impairments of the
catecholamine uptake system and its degradation via
monoamine oxidase [6].

At the myocardial interstitial space, local w-conotoxin
GVIA treatment attenuated the EPI release in response to

cardiac sympathetic nerve stimulation [18]. Furthermore,
local tyramine administration caused an increase in dialysate
EPI level via a non-exocytotic mechanism. The previous
study demonstrated that EPI is released from vesicle and
axoplasma via exocytosis and carrier-mediated transport in
the cardiac sympathetic nerve endings. In the resting state,
myocardial interstitial EPI is extracted mainly from circu-
lating EPI and taken up via catecholamine transporter to
nerve endings. Therefore, in the sympathetic nerve endings
containing EPI, the non-exocytotic release via outward
transport would be involved in EPI release evoked by
myocardial ischemia.

Myocardial ischemia-induced increases in dialysate EPI
levels were suppressed by the pretreatment with desipramine.
Desipramine suppressed peak EPI levels by 5% of vehicle
group. Marked suppression of EPI release can be explained by
two possible mechanisms. First, desipramine inhibits both
directions of NE transport through uptake, carrier [5,27].
Ischemia-induced outward NE transport through uptake;
carrier is inhibited by desipramine, and so myocardial
interstitial NE levels are also attenuated [6]. In this way,
desipramine reduced the substrate of EPI via PNMT and EPI
synthesis in extraneuronal cells. Alternatively, EPI is released
via carrier-mediated outward transport of EPI from sympa-
thetic nerve endings. The present study could not clarify
whether EPI specific transporter or NE transporter is involved
in carrier-mediated outward transport of EPI. But desipramine
inhibits transports of both EPI and NE. Thus, both actions of
desipramine on NE and EPI caused a marked decrease in the
EPI release evoked by myocardial ischemia. Although
desipramine markedly suppressed the EPI release evoked by
myocardial ischemia, it is uncertain which factor is more
responsible for EPI release.

Finally, to elucidate which of these two mechanisms is
mainly involved in the EPI release evoked by myocardial
ischemia, we compared ischemia-induced EPI release
between desipramine alone and the combination of desipra-
mine and SKF29661 pretreatments. Myocardial ischemia-
induced EPI release did not differ between the two groups.
This result indicates that the EPI synthesis by PNMT might
not be involved in the EPI release evoked by myocardial
ischemia. In the presence of desipramine, myocardial
interstitial NE levels were markedly suppressed. These NE
levels might not be operative as the substrate of EPI whereas
only the markedly higher NE level in vehicle group might be
operative as the substrate of EPI and yield EPI synthesis via
PNMT activity. Thus, PNMT in the left ventricle is capable
of synthesizing EPI with markedly elevated NE in the
myocardial interstitial space. As well as COMT system [28],
cardiac PNMT plays an important physiological role in NE
degradation during high concentrations of myocardial
interstitial NE. Since EPI preferentially interacts with
betay-adrenergic receptors in heart [29]. Regional EPI
might promote exocytotic NE release by activating presyn-
aptic betay-adrenergic receptors. Future work should con-
centrate on these aspects of cardiac PNMT.
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4.3. Methodological considerations

In general, EPI is released from the adrenal medulla and
carried to the heart via the bloodstream [9]. In the present
study, we administered a PNMT inhibitor SKF29661
intraperitoneally to block EPI synthesis. SKF29661 may
inhibit EPI synthesis at the adrenal grand and reduce blood
EPI levels. In this way, administration of SKF29661 might
affect EPI uptake and the content of EPI at the cardiac
sympathetic nerve endings. There was no significant
difference in the control dialysate EPI level between vehicle
and SKF29661 group. Therefore, we believe that extraction
of EPI from plasma EPI does not change the quantitative
results obtained from the cardiac dialysis.

Animal studies demonstrated that two enzymes are involved
in EPI synthesis: PNMT and nonspecific N-methyltransferase
[30]. Nonspecific N-methyltransferase is less inhibited by the
PNMT inhibitor SKF29661. This nonspecific N-methyltrans-
ferase was reported to be present in the heart, but the
predominant cardiac enzyme is apparently PNMT. Actually
pretreatment with SKF29661 suppressed NE-induced EPIL
release by 10% of vehicle group. Therefore, it is thought
that nonspecific N-methyltransferase exerts little effect on
the EPI release evoked by NE administration or myocardial
ischemia.

In conclusion, there is a PNMT activity in the heart.
Under local administration of NE or ischemic conditions,
PNMT in the left ventricle is capable of synthesizing EPI
with markedly elevated NE in the myocardial interstitial
space. We consider two mechanisms to be involved in the
increment of EPI during myocardial ischemia, namely EPI
synthesis by cardiac PNMT in extraneuronal cells and the
non-exocytotic release from the sympathetic nerve endings.
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Visualization of Intracerebral Arteries by
ORIGINAL . . . .
researcH | Synchrotron Radiation Microangiography
K. Myojin BACKGROUND AND PURPOSE: Small cerebral vessels are a major site for vascular pathology leading to
A. Taguchi cerebral infarction and hemorrhage. However, such small cerebral vessels are difficult to visualize by
K. Umetani using conventional methods. The goal of our study was the development of methodology allowing
visualization of small cerebral arteries in rodents, suitable for experimental models.
K. Fukushima
N. Nishiura MATERIALS AND METHODS: Using barium sulfate as a contrast material, we obtained microangio-
graphic images of physiologic and pathologic changes consequent to cerebral infarction in mouse brain
T. Matsuyama by monochromatic synchrotron radiation (SR). To achieve high-resolution and high-contrast images, we
H. Kimura used a new x-ray camera with a pixel size of 4.5 um, and we set the energy level at 37.5 keV, just
D.M. Stern above the K absorption of barium.
Y. Imai RESULTS: Small intracerebral arteries (~30 um in diameter) were clearly visualized, as well as the
H. Mori cortical branches (60-70 um in diameter) at the brain surface. The limit of detection appeared to be
vessels ~10 pm in diameter. Compared with the noninfarcted side, the number of intracerebral
arteries was dramatically decreased in the middle cerebral artery area affected by stroke.
CONCLUSIONS: These results indicate the potential of SR for evaluating pathologic changes in small
cerebral arteries and for monitoring the impact of pro- and antiangiogenic therapeutic strategies.

Cerebrovascular disease is one of the major causes of death
and disability in developed countries, To evaluate cerebral
vasculature, conventional angiography and MR angiography
are commonly used in clinical practice. The development of
these imaging methods has allowed analysis of the pathologic
features of cerebrovascular lesions and has guided therapeutic
strategies. However, small cerebral vessels, including those
known to harbor causative lesions in cerebral infarction and
hemorrhage (due to lipohyalinotic changes and/or microan-
eurysm formation),' such as intracerebral arteries and perfo-
rators, are below the detection limit of conventional imaging
techniques. An important step in developing therapeutic strat-
egies effective against disease in small cerebral vessels is en-
hanced visualization of this vasculature, especially in experi-
mental models.

Recently, ex vivo and in vivo microangiography using
monochromatic synchrotron radiation (SR) has been sug-
gested as a tool capable of visualizing pathophysiologic
changes in small arteries. Using this system has made possible
the detection of microcirculation in the dermis,” tumors,” and
collateral microvessels in ischemic hind limbs.* Although flu-
orescence microscopy has also been used to image small arter-
ies,”” SR imaging has the advantage of visualizing microves-
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sels, even after they enter the parenchyma of an organ. In
contrast, fluorescence techniques do not allow adequate visu-
alization of small arteries once a vessel is deep within brain or
other parenchymal tissue. On the basis of these observations,
we have developed a microangiographic system using SR and
have investigated physiologic and pathologic features of ro-
dent cerebral microvasculature.

Materials and Methods
All procedures were performed in accordance with the National Car-
diovascular Center Animal Care and Use Committee.

Preparation of Contrast Medium

For high-contrast images of the microcirculation, contrast agents in-
cluded microspheres (Techpolymer I-2, Sekisui Plastics, Shiga, Japan)
and barium sulfate (BarytgenSol, Fushimi, Tokushima, Japan). How-
ever, because the diameter of microspheres was 15 pm, whereas that
of barium sulfate particles varied from 1--100 wm, the microcircula-
tion of cerebral arteries could not be visualized by using these contrast
media (not shown). To perfuse such microvessels (diameter <10
wm), we filtered barium sulfate (pore size 5 pm; Millex-SV, Millipore,
Bedford, Mass) and obtained particles <5 pm in diameter. Filtered
barium sulfate particles were then centrifuged (3000 G, 60 minutes)
and concentrated to 50% by weight following removal of the
supernatant.

Injection of Contrast Medium

Male severe combined immunodeficient (SCID) mice (6 weeks old;
weight, 25-30 g; Oriental Yeast, Tokyo, Japan) were anesthetized by
using inhaled diethyl ether and were perfused systemically with phos-
phate-buffered saline (PBS) containing heparin (40 U/mL) via the left
ventricle of the heart with a peristaltic pump (Iwaki, Asahi Techno
Glass, Chiba, Japan). Filtered barium sulfate particles (<5 pm in
diameter, prepared as described previously; 50% by weight) were in-
fused (0.7 mL), followed by isolation of the brain and fixation in
formalin.
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Fig 1. Schematic depiction of the monochromatic SR system. A, Hlustration of the
experimental arrangement for SR microangiography at BL28B2. B, Photon mass attenuation
coefficient of barium (blue fing) and liquid water {red line). Monochromatic x-ray energy is
adjusted to 37.5 keV, just above the barium K-edge energy to produce the highest contrast
image.

Microangiography and Image Analysis

Microangiographic images of mouse brain were obtained by using
monochromatic SR in the Japan Synchrotron Radiation Research In-
stitute (SPring-8, Hyogo, Japan).*® There are 3 large 3rd-generation
synchrotron radiation facilities in the world: the Advanced Photon
Source in Argonne (United States), the European Synchrotron Radi-
ation Facility in Grenoble (France), and SPring-8 (the latter was used
for the studies described herein). These facilities are open to scientists
in many fields, including material, chemical, and life sciences inves-
tigators. The experimental setup for x-ray imaging by using mono-
chromatic SR at the SPring-8 BL28B2 beamline is shown in Fig 1A.
The storage ring was operated at 8-GeV electron beam energy, and
beam current was 80—100 mA. The distance between the point source
in the bending magnet and the detector was ~45 m. A nearly parallel
x-ray beam was used for imaging without blurring because of the
small size of the x-ray source and the very long source-to-object dis-
tance. The single crystal monochromator selects a single energy of
synchrotron radiation. The shutter system is located between the
monochromator and the object. X-rays transmitted through the ob-
ject are detected by an x-ray direct-conversion-type detector incorpo-
rating the x-ray saticon pickup tube. Monochromatic x-ray energy
was adjusted to 37.5 keV, just above the barium K-edge energy, to
produce the highest contrast image of the barium (Fig 1B). X-ray flux
at the object position was around 1 X 10'® photons/mm? per second
in imaging experiments. The images were acquired as 1024 X 1024
pixels with 10-bit resolution after analog-to-digital conversion. The
FOV was 4.5 X 4.5 mm?, and pixel size was ~4.5 pm.>'®

850 Myojin | AINR 28 | May 2007 | www.ajnr.org

Mammographic Images

To compare spatial and contrast resolution, we obtained mammo-
graphic images, which are known for having the highest resolution in
clinical applications,'! of murine brains. Digital images were captured
at an energy level of 24 kV by using a molybdenum target and a
molybdenum filter with 90° cranial projection. Source-to-image dis-
tance was 65 cm.

Induction of Focal Cerebral Ischemia

Permanent focal cerebral infarction was induced by ligation and dis-
connection of the left MCA of male SCID mice (n = 5), as de-
scribed,’* " Briefly, under inhaled halothane (3%) anesthesia, ani-
mals were placed on their right sides and a skin incision was made at
the midpoint between the left orbit and the external auditory canal.
The temporalis muscle was incised, and the zygomatic arch was re-
moved to expose the squamous portion of the temporal bone. Using a
dental drill, we made a small hole above the distal portion, M1, of the
MCA, which could be seen through the exposure in the skull. The
dura mater was opened, and the left MCA was electrocauterized and
disconnected just distal to its crossing of the olfactory tract. Body
temperature was maintained at 36.5°-37°C by using a heat lamp dur-
ing the operation and for 2 hours after MCA occlusion. Cerebral
blood flow (CBF) in theleft MCA area was measured by laser-Doppler
flowmetry (Advance, Tokyo, Japan). The holding device of the laser
probe (ALF probe; Neuroscience, Osaka, Japan) (1.5 mm in diameter,
7.0 mm in length) was secured on the cranium at a site located above
the ischemic core of the left MCA area (approximately 1 mm anterior
and 5 mm distal to the bregma), and CBF was monitored during the
procedure and 24 hours after ligation of the MCA. Mice displaying a
decrease in CBF by ~75% immediately after the procedure and there-
after for an additional 24 hours were used for experiments.'> Nine
days after induction of cerebral ischemia, the cerebral microcircula-
tion was examined by SR imaging.

MR Imaging System

To confirm cerebral infarction consequent to ligation of the MCA, we
performed MR imaging on day 2 poststroke. MR imaging used a 2T
compact MR imaging system with a permanent magnet (MRmini
SA206, Dainippon Sumitomo Pharma, Osaka, Japan) by using a ra-
dio-frequency solenoid coil for signal-intensity detection. For each
imaging sequence, 15 coronal images were acquired with a section
thickness of 1 mm, gapped at 0.5 mm. T1-weighted spin-echo MR
images were acquired with a TR/TE of 500/9 ms, a FOV 0f 36.6 X 18.3
mm, an image acquisition matrix of 256 X 128, and NEX, 4. T2-
weighted spin-echo MR images were obtained with TR/TE, 3000/69,
256 X 128, and NEX, 2. Because the sequences to obtain diffusion-
weighted images by using this machine are still in development, we
evaluated the cerebral ischemia by T2-weighted images on day 2
poststroke.

Data Analysis
In all experiments, the mean % SE is reported.

Results

Visualization of Cerebral Arteries by SR Imaging

After euthanasia and systemic perfusion with PBS, barium sul-
fate particles were infused via the left ventricle of the heart. As
shown in Fig 2A, cerebral arteries on the brain surface were
filled with contrast medium, First, we investigated vascular
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images by mammography (Fig 2B). However, sufficient spatial
and contrast resolution was not obtained by mammographic
imaging to evaluate the angioarchitecture of small cerebral
vasculature. Peripheral branches of the MCA (75-100 um in
diameter) and small vessels emerging from peripheral
branches were barely visualized.

Next, we investigated the vascular profile by using SR (Fig
2C, normal view; -D, enlarged view). At the brain surface,
cortical arteries branching from the MCA and pial arteries,
~30 wm in diameter, were clearly visualized. Within the brain
parenchyma, penetrating intracerebral arteries, branching or-
thogonally from cortical or pial arteries, were also observed.
The interval between intracerebral arteries was 126.1 * 35.5
wm (r = 20), the diameter of the proximal side of the intra-
cerebral arteries was 29.5 * 3.1 um (n = 20), and each intra-
cerebral artery was observed to progressively narrow to a di-
ameter below the limit of resolution (10 pm). Vascular
diameters determined by SR imaging of intracerebral arteries
and small arterial branches were identical to those observed in
previous pathologic studies of murine brain.'® Using SR im-
aging, we could discern 2 types of intracerebral arteries: super-
ficial penetrating arteries perfusing only the cortical area and
penetrating arteries reaching the subcortical area and perfus-
ing the deep white matter. These vascular structures observed
in murine brain by SR imaging are similar to previous obser-
vations in human anatomic studies.'”® Compared with
mammographic images, SR imaging enabled visualization of
penetrating intracerebral arteries (diameter range of 10-30
pm), as well as small peripheral branches of MCA at the brain

Fig 2. Angiographic image of mouse cerebral artery. A, Macroimage of the right brain hemisphere. The cerebral arteries
{arrows), but not cerebral veins, are filled with the barium sulfate. B, Cerebral microangiogram (30° caudal projection] with
a mammographic soft x-ray machine. Mammography enables visualization of small cerebral arteries and penetrating
intracerebral arteries, but the image is not sufficient to evaluate pathologic changes. C and 0, Cerebral angiograms
ohtained by SR. Note that small cerebral vessels, including penetrating intracerebral arteries, are clearly visualized.
Microvascular structures, such as orthogonal branching of penetrating intracerebral arteries from the cortical artery, are
clearly observed by the enlarged SR imaging (0). £ Coronal section of a cerebral microangiogram. Two distinct penetrating
intracerebral arteries, superficial penetrating arteries and deep penetrating arteries (arrow), are clearly abserved by the SR
image. Scale bars: 1 mm (4 and B), 0.5 mm {C and &), and 250 wm (D).

surface, with remarkable clarity. Using a coronal view for ce-
rebral microangiograms, we also discerned 2 distinct penetrat-
ing arteries, superficial and deep (Fig 2E).

SR Images after Cerebral Infarction

To evaluate cerebral vasculature in the context of pathologic
changes, cerebral infarction was induced by ligation of the
MCA. The area of cerebral infarction was visualized by MR
imaging on day 2 after induction of stroke. As we have shown
previously by 2,3,5-triphenyltetrazolium staining,'* limited
cortical infarction was observed in the MCA area on T2-
weighted images (Fig 3A). In contrast, no hyper- or hypoin-
tense region was observed on T1-weighted images (Fig 3B),
indicating the absence of bleeding or parenchymal injury. Al-
though no morphologic (Fig 3C) or vascular structural (Fig
3D) changes were observed in the right hemisphere (non-
stroke side), by day 9 after MCA occlusion, tissue degradative
changes were observed in the cortical and shallow white mat-
ter of the left MCA area (stroke side, Fig 3E). To evaluate the
integrity of the microvasculature after stroke, we obtained SR
images. The number of penetrating intracerebral arteries dra-
matically decreased, though cortical branches at the brain sur-
face could still be visualized (Fig 3F). On the coronal view, the
disappearance of the intracerebral arteries on the ischemic side
was also clearly observed (Fig 3G).

Discussion

Cerebral artery disease in small vessels is a major cause of
cerebral infarction and hemorrhage. Although pathologic
changes in small arteries have been reported on the basis of
microscopic analysis, it has been difficult to assess the mor-
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phology of small cerebral vessels in situ through imaging stud-

ies. Herein, we demonstrate that small cerebral vessels can be

clearly visualized by microangiography by using SR.
Conventional angiography is commonly used to evaluate

956  Myojin | AJNR 28 | May 2007 | www.ajor.org

Fig 3. A and B, Brain images after cerebral infarction. Induction of cortical cerebral infarction
without hemorrhage is confirmed by MR T2-weighted images {4} and T1-weighted images (8} on day
2 after induction of stroke. C—G, Vascular structure 9 days after cerebral infarction. Compared with
the contralateral nonischemic hemisphere (0), remarkable atrophic changes are observed in the
ischemic hemisphere {F. With SR images, in contrast to the nonischemic side {0), degradative
changes in penetrating intracerebral arteries are observed on the ischemic side, though surface
branches of the MCA are still visualized (£ In coronal sections of cerebral SR microangiograms {G),
compared with the contralateral nonischemic hemisphere, penetrating intracerebral arteries are
scarcely visualized in the ipsilateral ischemic hemisphere {ie, the latter appeared as an apparently
“avascular area”). Scale bars: 1 mm (C and £), 500 um {0 and A, and 2 mm {G).

the vasculature. However, current angiographic methods, us-
ing conventional x-ray imaging, did not provide images of
arteries <200 pm in diameter.®*' Mammography, which has
the highest spatial resolution in clinical practice, also does not
have sufficient resolution to visualize small vessels with a di-
ameter of <50 um.'! Microangiographic techniques have
been developed by using fine-focus x-rays and sensitive films
to evaluate the microcirculation in the brain.*® These methods
enable visualization of human cortical perforating arteries and
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medullary long branches (100 um in diameter) by using 1-cm-
thick sections of brain.?® However, the limit of detection by
using these methods applied to thick sections has been re-
ported to be vessels of 50 um in diameter.”* Furthermore,
visualization of smaller arteries required thin sections cut with
a microtome.’® The latter method is not well-suited to the
evaluation of 3D cerebral vascular trees.

Compared with these conventional methods, the princi-
pal advantage of SR is the small size of the electron beam,
thereby providing a high-intensity x-ray point source, Us-
ing a nearly parallel beam of SR, along with a precise detec-
tion system (pixel size of 4.5 um), allowed us to obtain
high-quality angiographic images with excellent spatial res-
olution. Furthermore, setting SR at an energy level just
above the K absorption of barium produced the highest
contrast images. SR imaging provides a powerful tool to
reveal the morphology of small cerebral arteries such as
superficial and deep penetrating arteries, allowing analysis
of their physiologic and pathologic properties under a va-
riety of conditions (ie, borderzone in infarction®** and
microaneurysm formation).

Fluorescence microscopy is another tool potentially useful for
analysis of the microcirculation.”” Although fluorescence micros-
copy provides visualization of microcirculation at the brain sur-
face, the advantage of SR imaging is visualization of small vessels
that have penetrated into the brain parenchyma, such as the sub-
cortex. In addition, SR imaging allows performance of microan-
giography with an optimal projection. When the latter is com-
bined with a microinjector, sequential real-time images can be
obtained, providing the substrate for hemodynamic analysis.

In this article, we investigated SR imaging after stroke and
showed that the SR image reflects pathologic changes previ-
ously observed by using anatomic/microscopic analysis. On
day 9 after MCA occlusion, arteries on the surface of the cere-
brum were visualized by SR, though penetrating intracerebral
arteries were not detected. Previous studies have shown that
the integrity of the distal cortical artery is usually maintained
after occlusion of the proximal artery and that collateral flow is
established through expansion of previously existing and/or
formation of new vascular channels.”** Analysis with en-
hanced MR imaging has shown cerebral parenchymal en-
hancement in the stroke area by 1 week after cerebral infarc-
tion,”” indicative of blood flow in the peri-ischemic area. In
contrast, penetrating intracerebral arteries were dramatically
decreased in number in the ischemic hemisphere, though cor-
tical branches on the brain surface were maintained after MCA
occlusion. It has previously been shown that microvasculature
in the ischemic territory displays adhesion of polymorphonu-
clear leukocytes in postcapillary venules, followed by the dis-
ruption of the microvascular network.”® These previous find-
ings are consistent with the results of our vascular images
obtained by SR after ligation of the MCA.

Conclusion

Our study demonstrates, for the first time, the morphologic
features of small vascular networks in murine brain by mi-
croangiography by using SR imaging. Our approach provides
a powerful tool for evaluating potential angiogenic/antiangio-
genic therapeutic strategies, as well as pathologic examination
of the cerebral microarterial tree.
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Abstract. In a flash x-ray generator, a 150-nF condenser is charged up
to 80 kV by a power supply, and flash x-rays are produced by the dis-
charge. The x-ray tube is a demountable diode, and the turbomolecular
pump evacuates air from the tube with a pressure of approximately 1
mPa. Since the electric circuit of the high-voltage pulse generator em-
ploys a cable transmission line, the high-voltage pulse generator pro-
duces twice the potential of the condenser charging voltage. Because
bremsstrahlung rays are not emitted in the opposite direction of that of
electron trajectory, clean molybdenum K-series characteristic x-rays can
be produced without using a filter. When the charging voltage is in-
creased, the K-series characteristic x-ray intensities of molybdenum in-
crease. The K lines are clean and intense, and hardly any bremsstrah-
fung rays are detected. The x-ray pulse widths are approximately 100 ns,
and the time-integrated x-ray intensity has a value of approximately
500 Gy per pulse at 1.0 m from the x-ray source, with a charging volt-

age of 80 kV. © 2007 Society of Photo-Optical Instrumentation Engineers.
[DOL: 10.1117/1.2541668]

Subject terms: flash x-ray; energy-selective radiography; characteristic x-rays;
quasi-monochromatic x-rays; bremsstrahlung x-ray distribution.
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1 Introduction

In recent years, there have been several investigations deal-
ing with the production of monochromatic x-rays in radiol-
ogy and cardiology. Particularly, monochromatic parallel
beams using synchrotrons have been employed to perform
enhanced K-edge angiographyl’2 and x-ray phase
imaging.3‘ In angiography, parallel beams with photon en-
ergies of approximately 35 keV have been employed, since
these beams are absorbed effectively by an iodine-based
contrast medium. Subsequently, in cases where phase im-
aging is employed, the spatial resolution can be improved,
and the number of tissues that can be observed using x-rays
increases.

We have developed several different soft flash x-ray
generators” ' with photon energy of less than 150 keV cor-
responding to specific radiographic objectives, and a major
goal in our research is the development of an intense and
clean monochromatic x-ray generator that can impact ap-
plications with medical radiography. Recently, we have
succeeded in producing intense K-series characteristic
x-rays from the axial direction of linearly evaporating
targets.'* !¢ In metal vapor, bremsstrahlung spectra with
photon energies of higher than the K-absorption edge are
effectively absorbed and are converted into fluorescent
x-rays. The vapor then transmits the fluorescent rays easily.
However, the bremsstrahlung x-rays are produced using a
molybdenum target,12 since high-photon-energy brems-
strahlung x-rays are not absorbed effectively in the linear
vapor.

To produce clean characteristic x-rays of molybdenum,
silver, cerium, ytterbium, and tungsten, we have developed
a compact and weak flash x-ray generator,17 and succeeded
in producing clean molybdenum K-series characteristic
x-rays of approximately 1 X 107 photons/cm? at 1.0 m per
pulse using the angle dependence of bremsstrahlung x-rays,
since bremsstrahlung rays are not emitted in the opposite
direction to that of clectron trajectory. Therefore, the K
photons should be maximized by increasing both the tube
voltage and current, and monochromatic Ka rays are se-
lected using a zirconium filter.'® Furthermore, both the
bremsstrahlung and characteristic x-rays are produced in a
metal vapor, and the vapor transmits K-series characteristic
x-rays easily. Thus, we are very interested in the x-ray char-
acteristics of a diode with an evaporating target formed by
increasing the electrostatic energy in a high-voltage con-
denser.

In this work, we developed a new flash x-ray generator
utilizing a ring-cathode molybdenum diode, used to per-
form a preliminary experiment for generating intense and
clean K-series characteristic x-rays from an evaporated mo-
lybdenum target tip utilizing the angular dependence of the
bremsstrahlung x-ray distribution.

2 Generator
2.1 High-Voltage Circuit

Figure 1 shows a block diagram of an intense flash x-ray
generator. The generator consists of the following essential
components: a high-voltage power supply, a high-voltage
condenser with a capacity of approximately 150 nF, an air
gap switch, a turbomolecular pump, a thyratron pulse gen-
erator as a trigger device, and a flash x-ray tube. In this
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Xerays
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Power supply 5

Fig. 1 Block diagram of the intense characteristic flash x-ray gen-
erator with a ring-cathode molybdenum diode.

generator, a four-cable transmission line is employed to in-
crease maximum tube voltage using high-voltage reflection
and to decrease the impedance of the generator. The high-
voltage main condenser is charged up to 80 kV by the
power supply, and electric charges in the condenser are
discharged to the tube through the four cables after closing
the gap switch with the trigger device (Fig. 2).

2.2 X-Ray Tube

The x-ray tube is a demountable cold-cathode diode that is
connected to the turbomolecular pump with a pressure of
approximately 1 mPa (Fig. 3). This tube consists of the
following major parts: a ring-shaped graphite cathode with
an inside diameter of 4.5 mm, a stainless-steel vacuum
chamber, a nylon insulator, a polyethylene terephthalate
(Mylar) x-ray window 0.25 mm in thickness, and a rod-
shaped molybdenum target 3.0 mm in diameter. The dis-
tance between the target and cathode electrodes can be
regulated from the outside of the tube, and is set to 1.5 mm.
As electron beams from the cathode electrode are roughly
converged to the target by the electric field in the tube, the
vapor x-ray source forms at the solid target tip. Because
bremsstrahlung rays are not emitted in the opposite direc-
tion to that of the electron trajectory (Fig. 4), clean molyb-
denum K-series characteristic x-rays can be produced with-
out using a molybdenum filter.

Trigger input

Anode
i

4 coaxial cables ; Larget

i

:,-f C:}thude

[ -
Characteristic
K-Tays

G800 kV

Fig. 2 Circuit diagram of the flash x-ray generator utilizing a coaxial
transmission line.
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Fig. 3 Schematic drawing of the flash x-ray tube with a rod-shaped
molybdenum target and a ring graphite cathode.

3 Characteristics
3.1 Tube Voltage and Current

In this generator, it was difficult to measure the tube volt-
age and current, since the tube voltages were high and there
was no space to set a current transformer for measuring the
tube current. The voltage and current roughly display
damped oscillations. When the charging voltage is in-
creased, both the maximum tube voltage and current in-
crease. At a charging voltage of 80 kV, the estimated maxi-
mum values of the tube voltage and current are
approximately 160 kV (two times the charging voltage) and
40 kA, respectively.

3.2 X-Ray Output

The x-ray output pulse was detected using a combination of
a plastic scintillator and photomultiplier (Fig. 5). Due to
photoelectric transfer characteristics, the pulse height was
not proportional to the x-ray intensity. The x-ray pulse
height increased with corresponding increases in the charg-

wwwwwww

!
v

-

" Electron beam
Molghdenum vapor

Chdracteristic
X-rays

Fig. 4 Irradiation of characteristic x-rays using the angle depen-
dence of bremsstrahlung x-ray intensity distribution. Bremsstrahlung
rays are not emitted in the opposite direction of that of electron
trajectory.
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Fig. 5 X-ray outputs detected using a combination of a plastic scin-
tillator and photomuitiplier.

ing voltage. The x-ray pulse widths were approximately
100 ns, and the time-integrated x-ray intensity measured by
a thermoluminescence dosimeter (Kyokko TLD Reader
1500 having MSO-S elements without energy compensa-
tion) had a value of approximately 500 uGy per pulse at
1.0 m from the x-ray source, with a charging voltage of
80 kV.

3.3 X-Ray Source

To observe the characteristic x-ray source, we employed a
100-um-diam pinhole camera and an x-ray film (Polaroid
XR-7) (Fig. 6). When the charging voltage was increased,
both spot dimension and intensity increased. Because the
maximum diameter was larger than the target diameter of
3.0 mm, the vapor x-ray source formed at the solid target

tip.

3.4 X-Ray Spectra

X-ray spectra were measured by a transmission-type spec-
trometer with a lithium fluoride curved crystal 0.5 mm in
thickness. The spectra were taken by a computed radiogra-
phy (CR) system (Konica Regius 150)'° with a wide dy-
namic range, and relative x-ray intensity was calculated
from Dicom digital data. Using this spectrometer, it is easy

to measure low intensity bremsstrahlung x-rays.lmo Figure

V.. Charging voltage
Target diameter = 3.0 mm

V=80 kV

V=60 kY V=70 kV

Fig. 6 Images of the characteristic x-ray source measured using a
pinhole camera with changes in the charging voltage.
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Fig. 7 X-ray spectra from the molybdenum target. The spectra were measured using a transmission-
type spectrometer with a lithium fluoride curved crystal.

7 shows measured spectra from the molybdenum target. We
observed clean K-series lines, while bremsstrahlung rays
were hardly detected at all. The characteristic x-ray inten-
sity substantially increased with increases in the charging
voltage.

4 Flash Radiography

The quasi-monochromatic flash radiography was performed
by the CR system at 1.2 m from the x-ray source, and the
distance between the radiographic object and the imaging
plate of the CR was 0 m. First, rough measurements of
spatial resolution were made using wires. Figure 8 shows
radiograms of tungsten wires coiled around a pipe made of
polymethyl methacrylate with a charging voltage (V,) of
70 kV. Although the image contrast increased with in-
creases in the wire diameter, a 50-um-diam wire could be
observed.

Figure 9 shows a radiogram of a vertebra with a V, of
70 kV; fine structures in the vertebra were observed. Next,
the image of water spouted from an injector is shown in
Fig. 10. This image was taken with the slight addition of an
iodine-based contrast medium with a V, of 80 kV. Because
the x-ray duration was about 100 ns, the stop-motion image
of water could be obtained. Figures 11 and 12 show angio-

100 pum wire

50 pm wire

30 mm

Fig. 8 Radiograms of tungsten wires of 50 and 100 um in diameter
coiled around a pipe made of polymethyl methacrylate. A
50-um-diam wire could be observed.
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grams of a rabbit heart (V,.=70kV)} and thigh (V,
=80 kV), respectively. In angiography, iodine-based micro-
spheres 15 pum in diameter were used, and fine blood ves-
sels of about 100 um were visible.

5 Discussion and Conclusions

Concerning spectrum measurement, we obtain fairly clean
molybdenum Kea (17.4 keV) and KB (19.6 keV) lines
without filtering, because the metal vapor at the target tip
has a strong monochromatic effect. ! Therefore, we are
very interested in the measurement of the characteristic
rays from nickel, copper, silver, cerium, and tungsten tar-
gets; the target element should be selected corresponding to
the radiographic objectives. In a medical application,
K-series characteristic x-rays of cerium are absorbed effec-

50 mm

2 P

Fig. 9 Radiogram of vertebra. Fine structures of the vertebra were
visible.
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40 mm
R

Fig. 10 Radiogram of water spouted from an injector. The stop-
motion image of water was obtained by monochromatic flash
radiography.

tively by an iodine-based contrast medium with a K-edge
of 33.2 keV, and enhanced K-edge angiography can be per-
formed.

In this research, the generator-produced instantaneous
number of K photons is  approximately 2
X 108 photons/cm? per pulse at 1.0 m from the source.
Subsequently, the intensity can be increased by increasing
the electrostatic energy in the condenser, and monochro-
matic Ko lines are selected using a zirconium filter with a
K-edge of 17.9 keV.

Compared with a triode, the photon energy of K-series
characteristic x-rays can be increased, and the pulse widths
are shorter. In addition, because sufficient x-ray intensities
for CR radiography have been obtained with high dose
rates, we plan to design a high-speed photon-counting ra-
diography system to decrease noise from radiograms.

100 pm tungsten wire

30 mm

Fig. 11 Angiogram of rabbit heart. Fine blood vessels approxi-
mately 100 um in diameter were visible.
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50 mm

100 pin wire

Fig. 12 Angiograms of rabbit thigh. We could see fine blood vessels
approximately 100 pm.

Using this x-ray generator, demonstrations of various
monochromatic high-speed radiography will be accom-
plished easily, since the target element can be changed eas-
ily. In addition, steady-state quasi-monochromatic x-ray
generators for medical radiography will be developed soon
using angular dependence of the bremsstrahlung x-ray in-
tensity distribution. In cases where monochromatic cone
beams are employed (because the irradiation field can be
increased easily as compared with monochromatic parallel
beams using a synchrotron), high-photon-energy enhanced
K-edge angiography using a gadolinium-based contrast me-
dium with a K edge of 50.2 keV can be performed, and the
absorbed dose during angiography can be decreased easily.
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ABSTRACT

Novel monochromatic x-ray generators and their applications to high-speed radiography are described. The five
generators are as follows: a weakly ionized linear plasma x-ray generator, a monochromatic compact flash x-ray
generator, a super-fluorescent plasma generator, a cerium x-ray generator using a 3.0-mm-thick aluminum filter, and a
100-pm-focus x-ray generator utilizing the filter. Using the linear plasma generator with a copper target, we observed
clean K lines and their harmonics, and soft flash radiography was performed with pulse widths of approximately 500
ns. The compact monochromatic flash x-ray generator produced clean molybdenum K lines easily, and high-speed
radiography was performed with pulse widths of approximately 100 ns. Using a steady-state cerium x-ray generator,
we performed real-time angiography utilizing an image intensifier and a high-sensitive camera (MLX) made by NAC
Image Technology Inc. with a capture time of 1 ms. Finally, real-time magnification radiography was performed by
twofold magnification imaging using a 100-um-focus x-ray generator and the high-sensitive camera.

Keywords: flash radiography, high-speed radiography, high-sped angiography, real-time radiography, enhanced
K-edge angiography, high-sensitive CCD camera, image intensifier
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1. INTRODUCTION

Conventional flash x-ray generators utilizing high-voltage condensers have been used in high-speed radiography,' and
single generators have been employed to perform delayed radiography using a trigger delay device. Subsequently,
plural flash x-ray generators can be combined to a muiti-tube (anode) flash x-ray system to perform extremely
high-repetition-rate radiography and multx direction radiography at desired times. Subsequently, we have developed
several different flash x-ray generators™* with photon energies of lower than 150 keV, and these generators have been
employed to soft radiography mcludmg biomedical applications.

Stroboscopic x-ray generators®® have been developed to primarily perform single and multi-shot radiography using an
x-ray film or a computed radiography (CR) system,’ therefore high-speed real-time radxography can be achieved with
a high-speed camera. Although we have developed three stroboscopic generators, major advantages are as follows:
maximum repetition rate of approximately 100 kHz, variable x-ray duration, and low noises. Using a special
high-voltage pulse generator, the maximum rate can be increased to 1 MHz or beyond

Recently, we have developed three monochromatic flash x-ray generators'®'® in order to produce clean K-series
characteristic x-rays. The major goal of these developments is to produce slightly coherent clean K lines by x-ray
amplification of spontaneous emission of radiation and by increasing the flux of K lines in the plasma. In view of this
situation, we have confirmed the irradiation of clean K lines and their harmonics from weakly ionized linear plasmas
of nickel and copper.

To perform iodine K-edge anglography using cone beams, we have developed a steady-state cerium x-ray
generator %2 and have succeeded in observing fine blood vessels and coronary arteries with high contrasts using
cerium K lines. Recently, because an extremely high-sensitive CCD camera (MLX) with variable capture times has
been developed by NAC Image Technology Inc,, stop~mot10n images can be easily obtained.

Magnification radiography® is useful in order to improve the spatial resolution in digital radiography, and narrow
~photon-energy bremsstrahlung x-rays with a peak energy of approximately 35 keV from a microfocus tungsten tube
are useful for performing high-contrast high-resolution angiography. In magnification radiography, scattering beams
from radiographic objects can be reduced without using a grid, and stop-motion images can be taken using the CCD
camera.

In this paper, we introduce novel monochromatic x-ray generators, their distinctive radiographic characteristics, and
applications to high-speed radiographies including enhanced K-edge angiography.

2. WEAKLY IONIZED LINEAR PLASMA X-RAY GENERATOR

2.1 Generator

Figure 1 shows a block diagram of a 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 200 nF, 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 50 kV 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 polyethylene terephthalate (Mylar) x-ray window 0.25 mm in thickness, and a
rod-shaped copper target 3.0 mm 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 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.

Proc. of SPIE Vol. 6279 627906-2

- b3b -



Weakly komized plasma

T T AT R I— [ERTTTPINS
Neray

Copper target
AY

1 -\ .
i Focusing eleetrade
Yacuum fhamber

Graphite cathode
T Myt window

Trigger
electrode

High-vollage
power supply

.

Fig. 1. Block diagram of the weakly ionized linear plasma x-ray
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Fig. 2. X-ray spectra from weakly ionized linear copper plasma.

2.2 Characteristies
In the flash x-ray generators, the tube voltage and current were measured by a high-voltage divider and a current
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transformer, respectively. The tube voltage and current displayed damped oscillations. At a charging voltage of 50 kV,
the maximum tube voltage was almost equal to the charging voltage of the main condenser, and the peak current was
about 16 kA.

The x-ray pulse widths were approximately 300 ns, and the time-integrated x-ray intensity had a value of
approximately 1.5 mGy per pulse at 1.0 m from the x-ray source with a charging voltage of 50 kV.

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 the CR system (Konica Regius 150), and relative x-ray
intensity was calculated from Dicom digital data. Figure 2 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 KB lines using a
10-pm-thick nickel filter. The characteristic x-ray intensity substantially increased with corresponding increases in the
charging voltage, and higher harmonic hard x-rays were observed.

2.3 High-speed 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 50 kV and 1.2 m, respectively.

First, rough measurements of spatial resolution were made using wires. Radiograms of tungsten wires coiled around
pipes made of polymethyl methacrylate (PMMA) are shown in Fig. 3. Although the image contrast decreased
somewhat with decreases in the wire diameter, due to blurring of the image caused by the sampling pitch of 87.5 um, a
50-um-diameter wire could be observed. Figure 4 shows a radiogram of plastic bullets falling into a polypropylene
beaker from a plastic test tube. Because the x-ray duration was about 500 ns, the stop-motion image of bullets could be
obtained.

160 pm wire 50 1tm wire
25 mm 40 mm
Fig. 3. Radiograms of tungsten wires coiled around pipes Fig. 4. Radiogram of plastic bullets falling into a
made of polymethy! methacrylate (PMMA). polypropylene beaker from a plastic test tube.

3. COMPACT MONOCHROMATIC FLASH X-RAY GENERATOR

3.1 Generator

Figure 5 shows a block diagram of a compact monochromatic flash x-ray generator. This generator consists of the
following components: a constant high-voltage power supply, a surge Marx generator with a capacity during main
discharge of 425 pF, a thyratron trigger device of the surge generator, a turbomolecular pump, and a flash x-ray tube.
Since the electric circuit of the high-voltage pulse generator employs a polarity-inversion two-stage Marx line, the
surge generator produces twice the potential of the condenser charging voltage. When two condensers inside of the
surge generator are charged from —50 to =70 kV, the ideal output voltage ranges from 100 to 140 kV.
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