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Table 1. Changes in HR and MAP in coronary artery occlusion
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120 min Coronary Occlusion

C 5 15 30 45 60 75 90 105
HR, beats/min 268%7 264+8 242+ 8% 250%3# 253 +4% 252+4* 250+4* 251 ¥ 3% 248 +4*
MAP, mmHg 84+4 74+ 5% 69 5% 71£5% 68%5% 67x5% 66+ 4* 65+4* 64+5%
60 min Occlusion - 60 min Reperfusion
C 5 15 30 45 RS R15 R30 R45
HR, beats/min 274+9 261x6* 255%7% 254+6* 261x7* 256%5* 263+ 10* 264+ 12% 263+9%
MAP, mmHg 78+4 67x3* 65%2% 67+2% 65*2% 61%2% 60+3%% 61x2* 58+2%

Values are mean = SE. Data were obtained during control (C), after 5, 15, 30, 45, 60, 75, 90, and 105 min of coronary artery occlusion, and after 5, 15, 30,

and 45 min of reperfusion (R). *P < 0.05 vs. control. +P < 0.05 vs. 45 min occlusion.

coronary occlusion was detected as a whole, the Newman-Keuls test
was applied to determine which mean values differed significantly
from each other (40). Statistical significance was defined as P < 0.05.
Values are means * SE.

RESULTS
Time Course of HR and MAP

Table 1 shows the time courses of HR and MAP during
coronary occlusion and reperfusion. Coronary occlusion de-
creased HR and MAP. Reperfusion did not alter HR but
temporarily decreased MAP.

Time Course of Dialysate Lactate, Glycerol, and Myoglobin
Levels During Myocardial Ischemia

Coronary occlusion significantly altered dialysate myoglo-
bin levels (Fig. 2). Dialysate myoglobin levels increased sig-
nificantly from 168 * 32 ng/ml in the control to 570 * 107
ng/ml at 0—15 min of occlusion. During 60 min of coronary
occlusion, dialysate myoglobin levels progressively increased
and reached 2,583 * 208 ng/ml at 45-60 min of occlusion. A
significant increase in blood myoglobin occurred at 45-60 min
of coronary occlusion. Dialysate lactate levels were 1.00 *
0.21 mmol/1 in the control and increased after coronary occlu-
sion (Fig. 3). During 60 min of coronary occlusion, dialysate
lactate levels markedly increased and reached 3.34 % 0.50
mmol/l at 45-60 min of occlusion. During 60 min of coronary
occlusion, dialysate glycerol levels also increased and reached
232 * 33 pmol/l at 45-60 min of occlusion.
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Fig. 2. Time courses of dialysate and blood myoglobin levels during 60 min
of ischemia. Values are means = SE. *P < 0.05 vs. control.

Time Course of Dialysate Myoglobin Levels During 60 min
of Reperfusion Following 60 and 120 Minutes of Ischemia

There were no significant differences in the control dialysate -
myoglobin levels between the two groups (Fig. 4). During
ischemia, the dialysate myoglobin levels progressively in-
creased and reached 4,054 * 659 ng/ml at 105-120 min of
coronary occlusion. During 60 min of coronary occlusion,
there were no statistically significant differences in the dialy-
sate myoglobin levels between the two groups. After release of
the occluder, the dialysate myoglobin levels markedly in-
creased to 12,569 = 2,347 ng/ml at 0-15 min of reperfusion.
The dialysate myoglobin levels at 0—-15 min. of reperfusion
were fivefold higher than those at 60~75 min of 120 min of
coronary occlusion. Furthermore, these values were higher
than peak levels during 120 min of coronary occlusion. The
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Fig. 3. Time courses of dialysate lactate (top) and glycerol (bottom) levels
during 60 min of ischemia. Values are means = SE. ¥P < 0.05 vs. control.
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Fig. 4. Time courses of dialysate myoglobin levels during
120 min of ischemia«(rop) and 60 min of ischemia followed
by 60 min of reperfusion (r, bottom). Values are means *
SE. *P < 0.05 vs. control. *P < 0.05 vs. 45~60 min of
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dialysate myoglobin levels gradually decreased and reached
4,391 = 879 ng/ml at 45-60 of reperfusion. At 0-15 min of
reperfusion, dialysate lactate and glycerol levels were 3.27 *
0.61 mmol/l and 242 * 37.7 wmol/l, respectively. Dialysate
lactate and glycerol levels remained unchanged at 0—15 min of
reperfusion.

Time Course of Dialysate Myoglobin Levels During Local
Administration of NaCN

Local administration of NaCN increased the dialysate myo-
globin levels (Fig. 5). This increase was statistically significant
compared with the control level at all collection periods during
NaCN administration, except at 0~15 min. The maximum
myoglobin level was comparable to that observed during 60
min of ischemia.

DISCUSSION

Using the dialysis technique in the in vivo rabbit heart, we
observed myocardial interstitial myoglobin levels during myo-
cardial ischemia and reperfusion. Our data demonstrated myo-
globin release in the early stage of cardiac ischemia and its
enhancement by reperfusion. We discuss here the time course

13045

r45-60 min

of myocardial myoglobin release during coronary occlusion
and after reperfusion.

We show for the first time that myoglobin release increases
within 15 min of ischemia and continues to increase during 60
min of ischemia. However, significant changes in the blood
myoglobin level occurred at 45-60 min of coronary occlusion.
Our data suggest a contrast between blood and dialysate
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Fig. 5. Time course of dialysate myoglobin levels during local administration
of sodium cyanide (30 mM). Values are means + SE. *P < 0.05 vs. control.
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myoglobin levels during ischemia. The delay of the first
appearance of myoglobin in the bloodstream is mainly due to
the slow transport of myoglobin from the interstitial space into
the bloodstream (20). Therefore, myoglobin concentration
measured by cardiac microdialysis provides information re-
garding early release of cytosol protein into the interstitial
space. Within the 15-min time resolution, this increase in
myoglobin release was accompanied by increases in interstitial
lactate. Dead space volume between the dialysis fiber and the
sample microtube was identical for lactate, glycerol, and myo-
globin. The currently accepted concept (20) is that leakage of
anaerobic metabolites precedes macromolecular protein release
during ischemia. Anaerobic metabolites accumulate and leak
from the ischemic region within minutes via diffusion or
transport (6, 12, 41). In contrast to low-molecular-weight
metabolites, macromolecular proteins could be released into
the interstitial space without cytosol accumulation of myoglo-
bin, probably via bleb or altered permeability. Although sam-
pling periods of 15 min are too long to enable us to distinguish
the rate of release of lactate vs. myoglobin, our data at least
suggest that cellular metabolic derangement is involved in
membrane disruption for myoglobin release.

Myocardial injury caused by ischemia-reperfusion is asso-
ciated with membrane phospholipid degradation, which is
thought to underlie disruption of the cell membrane (27).
Glycerol is an end product of membrane phospholipid degra-

dation and has been used to study membrane phospholipid -

degradation after cerebral ischemia and seizures (12). In the
present study, dialysate glycerol was examined as a potential
marker for membrane phospholipid degradation in myocardial
ischemia and reperfusion. We observed increases in dialysate
glycerol levels during 15-60 min of ischemia but not during
reperfusion. In general, phospholipid degradation is accentu-
ated during reperfusion (27). Therefore, dialysate glycerol is
not suitable as an index of membrane phospholipid degrada-
tion, and the release of glycerol from membrane phospholipid
degradation might be too small to allow detection in blood-
perfused heart.

Early change of cytosol myoglobin was detected by immu-
nofiuorescence after occlusion of the coronary artery (16, 25).
Histochemical studies demonstrated that intracellular diffusion
of cytosol myoglobin into the nuclei and mitochondria was
evident as early as 0.5 h after coronary artery occlusion (17,
25). Our data demonstrate early loss of cytosol myoglobin into
the interstitial space. Release of cytosol protein is caused by
membrane damage via alteration of permeability or bleb for-
mation. Blebs appeared on the cell surfaces, and the cell began
to swell within 10-20 min of ATP depletion in a glia cell line
or hepatocytes (13, 24). Furthermore, NMR spectroscopy sug-
gested that sarcolemmal membranes are gradually permeabil-
ized to large molecules by ischemia (3). These alterations of
sarcolemmal membranes might be involved in early release of
myoglobin during the myocardial ischemia. Our method offers
extremely fast and sensitive analysis of membrane injury in
myocardial ischemia that is not evident by histological or blood
analysis. Quantitative assessment of interstitial myoglobin lev-
els could be performed independently of reperfusion cell injury
and could be helpful in devising various myocardial préserva-
tion treatments. )

We show that reperfusion markedly accelerates myoglobin
release in the ischemic region. The interstitial myoglobin levels

MYOCARDIAL ISCHEMIA AND INTERSTITIAL MYOGLOBIN LEVELS

at 0-15 min of reperfusion were fivefold higher than those at
60-75 min of 120 min of coronary occlusion. During the
reperfusion period, interstitial accumulated myoglobin might
be washed out into the bloodstream (37). Therefore, the
amount of released myoglobin at reperfusion could be mark-
edly greater than the changes in interstitial myoglobin concen-
trations at reperfusion. Release of cytosolic protein resulted
from a disruption of a sarcolemmal bleb or an enhancement of
membrane permeability (5, 29, 35). Either condition may gain
relevance during the reperfusion period. Thus the release of
myoglobin during the reperfusion seems to serve as an index of
disrupted sarcolemmal membrane.

Although the exact mechanisms of accelerated myoglobin
release cannot be determined from the present study, our data
suggest that substances induced during reperfusion differ from
those induced during ischemia. Reperfusion enhanced myoglo-
bin release but did not accelerate lactate or glycerol release in
the interstitial space, whereas ischemia accompanied ‘macro-
molecular myoglobin release as well as anaerobic metabolite
release. Furthermore, in the previous studies, neither catechol-
amine nor acetylcholine release was accelerated by reperfusion
in ischemic cardiac sympathetic and parasympathetic nerve
endings (2, 14). During reperfusion, surviving myocardial cells
and nerve terminals quickly recover aerobic metabolism and
take up these accumulated substances, whereas myocardial
cells have no capability of myoglobin uptake via the sarcolem-
mal membrane, leading to continued myoglobin release via the
disrupted membrane. Reperfusion may enhance membrane
permeability (5). Further disruption of membrane blebs may
cause rupture of the membrane (29, 35). Alternatively, in
isolated perfused rats, leakage of cytoplasmic enzymes during
reoxygenation is accelerated by cardiac revived beating, be-
cause the cell membrane becomes fragile during the preceding
anoxia (36). In either condition, reperfusion-induced break-
down of membrane phospholipids contributes to an alteration
of permeability or bleb formation (27). Disruption of the
membrane phospholipid bilayer is likely to play a role in
myoglobin release from the cyotosome into the interstitial
spaces.

In the present study, we demonstrate that loss of cytosol
myoglobin occurs during myocardial ischemia and reperfusion
and might be involved in the outcome and pathophysiology of
the ischemic heart. Loss of cytosol myoglobin may precede, at
least in part, histological evidence of necrosis and occur in the
remaining viable myocardium that is not necrotic (11). In
vertebrate heart, myoglobin is involved in the transport of
oxygen from the sarcolemma to the mitochondria (42). Recent
studies from myoglobin knockout mice indicate that myoglo-
bin contributes to the scavenging of bioactive nitric oxide (NO)
or oxygen radicals during ischemia-reperfusion (9, 10). NO
production and/or oxidant injury occur during the reperfusion
period. In hearts lacking myoglobin, changes in NO and
oxidative stress have a much larger impact on the maintenance
of vascular tone and cardiac function (44). Similarly, in myo-
globin knockout mice, loss of cytosol myoglobin may be
involved in the delayed restoration of cardiac contractility in
the postischemic region.

There are several limitations to the present study. First, with
application of the dialysis technique to the heart, we had to
perform this experiment as an acute surgical preparation. Probe
implantation and/or surgical preparation might affect the con-
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centration of myocardial interstitial myoglobin. To examine
the effect of probe implantation and/or surgery, we performed
the prehrnmary experiment -on brief occlusion (3 min). Three
minutes of coronary occlusion did not alter dialysate myoglo-
bin levels. Furthermore, to confirm whether the dialysate myo-
globin level reflects myocardial damage evoked by ischemia or
hypoxia, we tested the effect of local NaCN administration on
dialysate myoglobin levels: with NaCN, we found increases in
dialysate myoglobin levels similar to the increase evoked by
myocardial ischemia. Therefore, we believe that dialysate
myoglobin levels reflect the release of myoglobin evoked by
ischemia as well as by chemical hypoxia. The absolute myo-
globin level might be affected by implantation and/or surgical
preparation. However, it is possible to estimate myoglobin
release from relative changes in myoglobin levels.

Second, in the present study, myocardial interstitial myoglo-
bin levels during coronary occlusion and reperfusion were
determined regionally. We implanted the dialysis probe in the
midwall of the left ventricle. When the dialysis probe was
implanted in the subendocardial zone, it is likely that suben-
docardial ischemia was much more severe than in the midwall,
where the sampling was performed. Actually, subendocardial
lactate was significantly greater than epicardial lactate during
severe ischemia in the anesthetized dogs (6). Further studies
are warranted concerning the influence of the ischemic area
(subendocardial or marginal zone) on its myocardial interstitial
myoglobin levels.

In summary, this microdialysis study in an ischemic animal
model shows that coronary occlusion induced myoglobin re-
lease in minutes. Micromolecular metabolite (lactate) and mac-
romolecular protein (myoglobin) increased during the first 15
min of ischemia. Reperfusion markedly enhanced myoglobin
release without increases in lactate or glycerol levels. Elevation
of myoglobin release represents an increase in sarcolemmal
permeability or bleb formation during ischemia and reperfu-
sion. Massive disruption of myocardial membrane occurs im-
mediately after ischemia and is markedly accelerated by reper-
fusion. The dialysis technique permits more concise in vivo
monitoring of myocardial membrane disruption during ische-
mia and reperfusion separately.
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Nagaya, Noritoshi, Hidezo Mori, Shinsuke Murakami, Kenji Kangawa, and
Soichiro Kitamura. Adrenomedullin: angiogenesis and gene therapy. Am J Physiol Regul
Integr Comp Physiol 288: R1432-R1437, 2005; doi:10.1152/ajpregu.00662.2004.—Ad-
renomedullin (AM) is a potent, long-lasting vasodilator peptide that was originally
isolated from human pheochromocytoma. AM signaling is of particular significance
in endothelial cell biology since the peptide protects cells from apoptosis, promotes
angiogenesis, and affects vascular tone and permeability. The angiogenic effect of
AM is mediated by activation of Akt, mitogen-activated protein kinase/extracellular
signal-regulated kinase 1/2, and focal adhesion. kinase in endothelial cells. Both
AM and its receptor, calcitonin receptor-like receptor, are upregulated through a
hypoxia-inducible factor- 1-dependent pathway under hypoxic conditions. Thus AM
signaling plays an important role in the regulation of angiogenesis in hypoxic
conditions. Recently, we have developed a nonviral vector, gelatin. Positively
charged gelatin holds negatively charged plasmid DNA in its lattice structure.
DNA-gelatin complexes can delay gene degradation, leading to efficient gene
transfer. Administration of AM DNA-gelatin complexes induces potent angiogenic
effects in a rabbit model of hindlimb ischemia. Thus gelatin-mediated AM gene
transfer may be a new therapeutic strategy for the treatment of tissue ischemia.
Endothelial progenitor cells (EPCs) play an important role in endothelial regener-
ation. Interestingly, EPCs phagocytose ionically linked DNA-gelatin complexes in
coculture, which allows nonviral gene transfer into EPCs. AM gene transfer into
EPCs inhibits cell apoptosis and induces proliferation and migration, suggesting
that AM gene transfer strengthens the therapeutic potential of EPCs. Intravenous
administration of AM gene-modified EPCs regenerate pulmonary endothelium,
resulting in improvement of pulmonary hypertension. These results suggest that in
vivo and in vitro transfer of AM gene using gelatin may be applicable for

intractable cardiovascular disease.

regeneration; endothelium; ischemia; pulmonary hypertension

ADRENOMEDULLIN (AM) IS A POTENT, long-lasting vasodilator
peptide that was originally isolated from human pheochromo-
cytoma (36). The peptide consists of 52 amino acids with an
intramolecular disulfide bond, sharing slight homology with
calcitonin gene-related peptide and amylin. Immunoreactive
AM is detected in plasma and a variety of tissues including,
blood vessels, heart, and lungs (19). Particularly, AM shows a
variety of effects on the vasculature that include vasodilatation
(23), regulation of permeability (16), inhibition of endothelial
apoptosis (31), and promotion of angiogenesis (1, 35, 60). In
addition, AM has protective effects against vascular injury,
including oxidative stress (33, 69, 84). It is becoming clear that
either activation or disruption of AM signaling might contrib-
ute to many pathological conditions, including hypertension
(22), congestive heart failure (55), pulmonary hypertension
(29), neoplastic growth (39), and inflammatory disease (59).
To date, the major biological acitivities of AM in vitro and in
vivo are 1) vasodilation, 2) diuresis and natriuresis, 3) positive
inotropic effect, 4) inhibition of endothelial cell apoptosis, )
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induction of angiogenesis, 6) inhibition of cardiomyocyte apop-
tosis, 7) suppression of aldosterone production, §) anti-inflam-
matory activity, and 9) antioxidant activity. We and others
have demonstrated that intravenous administration of AM
decreases systemic and pulmonary arterial pressure and in-
duces diuresis and natriuresis (47, 52, 65), suggesting that AM
is involved in the regulation of vascular tone and body fluid.
Subsequent studies have demonstrated beneficial hemody-
namic effects and direct cardioprotective effects of AM infu-
sion in the treatment of congestive heart failure (57, 61-64).

Until recently, only vascular endothelial growth factor
(VEGF) (80), fibroblast growth factor (68), platelet-derived
growth factor (37), and angiopoietin (74) were known to have
profound angiogenic effects. More recently, however, the an-
giogenic potential of AM has attracted investigators’ attention
(35, 41, 59, 81). A previous study has shown that vascular
abnormalities are present in homozygous AM knockout mice
(70), suggesting that AM is essential for vascular morphogen-
esis. AM activates the PI3K/Akt-dependent pathway in vascu-
lar endothelial cells (58), which is considered to regulate
multiple critical steps in angiogenesis, including endothelial
cell survival, proliferation, migration, and capillary-like struc-
ture formation (27). These findings raise the possibility that
AM plays a role in modulating angiogenesis and neovascular-

http://www.ajpregu.org

_85_



Invited Review

ADRENOMEDULLIN: ANGIOGENESIS AND GENE THERAPY

ization. This review focused on the angiogenic effects of AM
and the therapeutic potential of AM gene transfer for the
treatment of intractable cardiovascular disease.

ENDOGENOUS AM PRODUCTION IN ISCHEMIC CONDITIONS

Hypoxia (14, 53) and cytokine production (73) in ischemic
heart disease or septic shock, as well as shear stress (7) in
hypertension and heart failure induce AM secretion by vascular
cells (Fig: 1). We have shown that plasma AM level is
increased in patients with acute-myocardial infarction (40, 49),
peripheral arterial occlusive disease (75), and congestive heart
failure (28, 55). Tissue levels of AM peptide and mRNA are
also markedly increased in ischemic myocardium (18, 50) and
failing heart (8, 56, 78, 82). These findings suggest that
expression of AM is upregulated under tissue ischemia and
inflammation, both of which are associated with neovascular-
ization. An in vitro study has demonstrated that AM is upregu-
lated through a hypoxia-inducible factor-1 (HIF-1)-dependent
pathway under hypoxic conditions (14). Thus hypoxia/HIF-1 is
. one of the most potent regulators of AM production (Fig. 1). A
recent study has demonstrated that heterozygous AM knockout
mice [AM(+/—)] show significantly less blood flow recovery
with less collateral capillary development than their wild-type
“mice (20). Administration of AM promotes blood flow recov-
ery and capillary formation in AM(+/—) mice. These findings
suggest that endogenous AM may play an important role in the
regulation of angiogenesis under ischemic conditions. Consid-
ering the angiogenic potency of AM, increased endogenous
AM represents a compensatory mechanism as an angiogenic
factor promoting neovascularization under hypoxic conditions.

ANGIOGENIC EFFECTS OF AM AND ITS
SIGNALING PATHWAY

AM signaling is of particular significance in endothelial cell
biology since the peptide protects cells from apoptosis (31),
promotes angiogenesis (35, 60), and affects vascular tone (23).
Angiogenesis is a multistep process that involves migration
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and proliferation of endothelial cells, functional maturation of
the newly assembled vessels, and remodeling of the extracel-
lular matrix (26). Akt, mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase 1/2 (ERK1/2),
and focal adhesion kinase (p125FAK) play an important role in
angiogenesis in endothelial cells. Kim et al. (35) demonstrated
that AM activated Akt, MAPK/ERK1/2, and p125FAK-in
human umbilical vein endothelial cells (HUVECs), and pro-
duced increases in their DNA synthesis and migration. AM
induced tube formation in HUVECsS, and its effect was inhib-
ited by ‘pretreatment with a phosphatidylinositol 3’-kinase
(PI3K) inhibitor or mitogen-activated protein kinase/extracel-
lular signal-regulated kinase kinase (MEK)1/2 inhibitor. These
findings suggest that AM exerts angiogenic activities through
activation of Akt, MAPK, and pl125FAK in endothelial cells
(Fig. 1). In vivo, overexpression of AM augments collateral
flow in ischemic tissues partly through activation of endothelial
nitric oxide synthase (eNOS) (1). Earlier studies have shown
that the vasodilatory effects of AM are mediated by cAMP/
protein kinase in smooth muscle cells (SMCs) (23) and by the
eNOS/NO pathway in endothelial cells (17). Thus AM-induced
angiogenesis and vasodilation may synergistically improve
blood perfusion in ischemic tissues.

Recently, a seven-transmembrane G-protein-coupled recep-
tor, calcitonin receptor-like receptor (CRLR), and receptor
activity modifying proteins (RAMPs) have been recognized as
integral components of the AM signaling system (38, 43).
CRLR has demonstrated the expression of the transcript pre-
dominantly in microvascular endothelial cells. This finding
supports the view that CRLR is potentially a major mediator of
the effects of AM on the vasculature. The effect of AM on .
CRLR is modified by RAMP2 and RAMP3. The angiogenic
effect of AM is mediated by CRLR/RAMP2 and CRLR/
RAMP3 receptors (Fig. 1). VEGF and AM act synergistically
to induce angiogenic-related effects on endothelial celis in
vitro (11). However, blocking antibodies to VEGF cannot
significantly inhibit AM-induced capillary tube formation by
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Shear stress

Fig. 1. Signaling pathway of adrenomedullin (AM) in vas-
cular endothelial cells and smooth muscle cells. Both AM
and calcitonin-receptor-like receptor (CRLR) are upregu-
lated through a, hypoxia-inducible factor-1 (HIF-1)-depen-
dent pathway under hypoxic conditions. AM binds to
CRLR modified by receptor-activity-modifying protein 2
(RAMP?2) and RAMP3. AM induces angiogenesis through
activation of Akt, MAPK, and p125FAK in endothelial
cells. AM also induces SMC migration and vasodilation.
These activities synergistically improve tissue ischemia.
MEK, mitogen-activated protein kinase/extracellular sig-
l nal-regulated kinase kinase; ERK, extracellular signal-reg-

' ulated kinase; PI3K, phosphatidylinositol 3-kinase;
p125FAK, focal adhesion kinase; PLC, phospholipase C;
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HUVECs, indicating that AM does not function indirectly
through upregulation of VEGF. Interestingly, AM and CRLR
are both upregulated under hypoxic conditions in microvascu-
lar endothelial cells, although expression of RAMPs is not
activated by hypoxia in microvascular cells (54). The activity
of the CRLR promoter under hypoxic conditions is regulated at
least in part through hypoxia-responsive regulatory element
binding transcription factor HIF-1. Thus the simultaneous
transcriptional upregulation of CRLR and its ligand AM in
endothelial cells might play a significant role in the vascular
responses to hypoxia and ischemia by creating a potent sur-
vival loop.

SMCs are essential for the generation of functional and
mature blood vessels (26). We demonstrated. in vivo that
" intramuscular administration of AM increased the number of
aSMA-positive cells involved in the formation of vascular
structures (25). In vitro, AM enhanced SMC migration, which
was inhibited by wortmannin, a PI3K inhibitor. Recent studies
using homozygous AM knockout mice have suggested that
AM is essential for vascular morphogenesis (6, 21, 70). Taking
these findings together, it is possible that AM contributes to
vessel maturation through enhancement of SMC migration via
a PI3K/Akt-dependent pathway (Fig. 1). This feature of AM-
induced angiogenesis is different from VEGF-induced angio-
genesis, which is not associated with vessel muturation.

In tumor cells, inflammation and hypoxia increase AM
expression, and the elevated expression of AM is associated
with tumor neovascularization in xenografted endometrial tu-
mors and renal cell carcinoma (12, 86). AM also acts as a
tumor cell survival factor underlying human carcinogenesis.
Thus hypoxia-induced AM plays a part in tumor angiogenesis
in conjunction with VEGF, and facilitates tumor growth under
hypoxic conditions. As angiogenesis is an essential process in
tumor-host interactions for tumor growth, maintenance, and
metastasis, finding ways to regulate the action of AM may
provide a new avenue for developing anticancer therapy (16).

THERAPEUTIC ANGIOGENESIS .

A variety of studies have demonstrated that AM gene de-
livery serves as therapeutic tool to protect the cardiovascular
system, including the heart (9, 32, 85), kidney (83), and
vasculature (2, 84). In this section, we describe the angiogenic
potential of AM gene transfer using novel gene delivery
systems:

Nonviral gene transfer. Peripheral vascular disease is a
crucial health issue affecting an estimated 27 million people
(5). Despite recent advances in medical interventions, the
symptoms of some patients with critical limb ischemia fail to
be controlled. Although gene therapy has been shown to be an
effective approach for angiogenesis (10, 24, 72), it is still
unsatisfactory because of the biohazard of viral vectors, low
transfection efficiency, and premature tissue-targeting. There-
fore, highly efficient and safe gene transfer is desirable. Re-
cently, we developed a novel nonviral vector, gelatin hydrogel,
which allows highly efficient and long-lasting gene transfer
(13, 30, 81). Gelatin has been widely used as a carrier of
protein because of its capacity to delay protein degradation (76,
77). Plasmid DNA is known to be negatively charged. Thus we
used gelatin as a vector for gene therapy. Biodegradable gelatin
was prepared from pig skin. The gelatin was characterized by

ADRENOMEDULLIN: ANGIOGENESIS AND GENE THERAPY

a spheroid shape with a diameter of ~30 wm, water content of
95% and an isoelectric point of 9 after swelling in water (76,
77). After 2-h incubation, positively charged gelatin held
negatively charged plasmid DNA in its positively charged
lattice structure. DNA particles are released from the gelatin
through its degradation. As a result, DNA-gelatin complexes
can delay gene degradation, leading to efficient gene transfer
(13, 30, 44, 81).

We examined whether nonviral vector gelatin-mediated AM
gene transfer induces therapeutic angiogenesis in a rabbit
model of hindiimb ischemia (81). Seven days after intramus-
cular injection of AM DNA-gelatin complexes, there was
intense AM immunoreactivity surrounding the gelatin in the
skeletal muscles. AM production in the AM-gelatin group was
enhanced compared with that in the naked AM DNA group,
which received plasmid AM DNA alone. Unlike AM produc-
tion in the naked AM group, AM overexpression in the AM-
gelatin group lasted for longer than 2 wk. Importantly, AM
DNA-gelatin complexes induced more potent angiogenic ef-
fects in a rabbit model of hindlimb ischemia than naked AM
DNA, as evidenced by significant increases in histological
capillary density, calf blood pressure ratio, and laser Doppler
flow. These results suggest that the use of biodegradable
gelatin as a nonviral vector augments AM expression and
enhances AM-induced angiogenic effects. AM DNA-gelatin
complexes were distributed mainly in connective tissues. It is
interesting to speculate that the delay of gene degradation by
gelatin may have been responsible for the highly efficient gene
transfer. Thus gelatin-mediated AM gene transfer may be-a
new therapeutic strategy for the treatment of severe peripheral
vascular disease.

Cell-based gene transfer. Recently, transplantation of stem
cells or progenitor cells has been shown to regenerate a variety
of tissues. Endothelial progenitor cells (EPCs) have been
discovered in adult peripheral blood (4, 79). EPCs are mobi-
lized from bone marrow into the peripheral blood in response
to tissue ischemia or traumatic injury, migrate to sites of
injured endothelium, and differentiate into mature endothelial
cells in situ (15, 34). Transplantation of EPC induces thera-
peutic angiogenesis in the ischemic heart or limb (34, 42, 71).
However,- some patients are refractory to conventional cell
therapy because of insufficient cell number, poor survival, or
impaired differentiation. Thus a novel therapeutic strategy to
enhance the angiogenic properties of EPCs is desirable. Con-
sidering the variety of protective effects of AM on vascular
endothelial cells, we hypothesized that AM gene transfer into
EPCs would strengthen the therapeutic potential of EPCs.
Genetically modified EPCs may serve not only as a tissue-
engineering tool to reconstruct the vasculature but also as a
vehicle for gene delivery to injured endothelium.

Here, we present a new concept for cell-based gene delivery
into the vasculature, consisting of three processes (44). First,
positively charged gelatin is readily complexed with negatively
charged plasmid DNA. Second, EPCs phagocytose ionically
linked plasmid DNA-gelatin complexes in coculture, which
allows nonviral gene transfer into EPCs with high efficiency.
Third, intravenously administered gene-modified EPCs are
incorporated into injured vascular beds. This novel gene de-
livery system has great advantages over conventional gene
therapy; it is nonviral and noninvasive, and it provides highly
efficient gene targeting into the vasculature. These benefits
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may be achieved mainly by the capability of EPCs to phago-
cytose DNA-gelatin complexes and to migrate to sites of
injured endothelium. Genetically modified EPCs markedly
secreted AM into the culture medium, and AM overproduction
lasted for .more than 2 wk. The proliferative activity of AM
DNA-transduced EPCs exceeded that of nontransduced EPCs.
Furthermore, AM gene transfer inhibited apoptosis of EPCs in
vivo and in vitro. Thus ex vivo AM gene transfer strengthened
the therapeutic potential of EPCs. :

Primary pulmonary hypertension (PPH) is a rare, but life-
threatening disease characterized by progressive pulmonary
hypertension, ultimately producing right ventricular failure and
death.(67). Median survival in patients with PPH is considered
to be 2.8 years from the time of diagnosis. Thus novel and
effective therapy is needed for the treatment of pulmonary
hypertension. Because endothelial dysfunction may play a role
in the pathogenesis of pulmonary hypertension such as PPH
(3), pulmonary endothelial cells may be a therapeutic target for
the treatment of pulmonary hypertension. We have demon-
strated that administration of AM peptide decreases pulmonary
vascular resistance in patients with PPH (45, 46, 48, 51). Thus
we investigated the effects of AM gene-modified EPCs on
pulmonary hypertension in rats (44). AM gene-transduced
EPCs were similarly incorporated into the pulmonary vascula-
ture. Immunohistochemical analyses demonstrated that the
transplanted EPCs were of endothelial lineage and formed
vascular structures. Intravenous administration of AM-express-
ing EPCs significantly decreased pulmonary vascular resis-
tance compared with EPCs alone (—39%). Kaplan-Meier sur-
vival curves demonstrated that rats with pulmonary hyperten-
sion transplanted with AM-expressing EPCs had a significantly
higher survival rate than those given culture medium or EPCs
alone. These findings suggest that AM gene-modified EPCs
using gelatin may serve not only as a tissue-engineering tool to
reconstruct the pulmonary vasculature, but also as a vehicle for
gene delivery to injured pulmonary endothelium. This hybrid
cell-gene therapy may be applicable for intractable cardiovas-
cular disease, including ischemic heart disease. Thus genetic
manipulation of stem cells opens new avenues for regenerative
medicine.
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Abstract

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 electrode, a polyethylene terephthalate x-
ray window 0.25mm in thickness, and a stainless-steel tube body. In the x-ray tube, the positive high
voltage is applied to the anode (target) electrodé, 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 «A 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 x-rays are produced through the focusing electrode. Using a
lithium fluoride curved crystal, clean K-series characteristic x-rays were observed without using a filter.
However, bremsstrahlung x-rays were observed using a cadmium telturide detector.

Keywords: demountable x-ray tube, quasi-monochromatic x-rays, K-series characteristic x-rays,
Sommerfeld’s theory, curved crystal, cadmium telluride detector

1. Introduction
Most flash x-ray generators employ high-voltage condensers and cold-cathode x-ray tubes,"® and the
plasma x-ray source has been growing with increases in the electrostatic energy in the condenser. By
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Focusing electrode
“{i\n Brass anode

\ X-ray tube
AN

>

Fig. 1: Block diagram including the main transmission line of the compact x-ray generator
with a quasi-monochromatic diede.

forming weakly ionized linear plasma®® using a rod-target triode, we confirmed irradiation of clean K-
series characteristic x-rays such as hard x-ray lasers and their higher harmonic hard x-rays from the
plasma axial direction. Because the plasma ‘transmits high-photon-energy bremsstrahlung x-rays, it is
difficult to produce high-photon-energy characteristic x-rays. In view of this situation, we have
developed a super-fluorescent x-ray generator'™" by forming weakly ionized plasina at the target tip and
have succeeded in producing - comparatively clean K-series characteristic x-rays of molybdenum,
cerium, tantalum, and tungsten. In particular, the cerium target is useful for performing iodine K-edge
angiography, and gadolinium K-edge angiography can be performed using tantalum and tungsten
targets. ’
Steady-state K-series characteristic x-rays left by filters have been employed to perform mammography
using a molybdenum target and to perform K-edge angiography'"’ using a cerium target. In addition,
the rays are also useful for performing real-time radiography achieved with a flat panel detector.
Because the characteristic x-ray intensity decreases with increases in the filter thickness, the
development of a characteristic x-ray generator utilizing the angle dependence of bremsstrahlung x-
rays has been wished for.
In the spectrum measurements, we employ a cadmium telluride detector and a lithium fluoride curved
crystal. The detector is useful to measure the total spectra including sgatten‘ng beams. On the other
hand, the spectra from only the x-ray source can be measured using the crystal by selecting Bragg's
angle.
In this paper, we describe an x-ray generator developed and used to perform a preliminary experiment
for generating clean K-series characteristic x-rays by angle dependence of the bremsstrahlung x-rays
- and measurement of the x-ray spectra using two methods.
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X-ray Spectra from a Characteristic X-ray Generator with a Molybdenum Tube

Sta‘lnlesa-ste@ chamber
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to pump target

Fig. 2: Schematic drawing of the quasi-monochromatic x-ray tube.

2. Generator .

Figure 1 shows a block diagram of a compact characteristic (quasi-monochromatic) x-ray generator.
This generator consists of the following components: a constant high-voltage power supply (SL150,
Spellman Inc.), 2 DC filament power supply, a turbomolecular pump, and an x-ray tube. The structure
of the x-ray tube is illustrated in Flg 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 plate target, a tungsten hairpin cathode (filament), a focusing élecﬁrode, 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 36kV, and the tube current was regulated to within 100 A 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 x-rays are produced through the i
focusing electrode. Because bremsstrahlung rays are 3
not emitted in the opposite direction to that of §30 /
electron trajectory, clean molybdenum K-series x- T
rays can be produced without using a filter. § z
e
g
3. Characteristics ® s
8.1 X-ray intensity
X-ray intensity was measured by a Victoreen 660 1020 25 30 35 0
ionization chamber at 1.0m from the x-ray source Tube voltage (kV)
(Fig. 3). At a constant tube current of 100 xA, the x- Fig. 3 X-ray intensity at 1.0 m from the x-ray source
ray intensity increased when the tube voltage was according to changes in the tube voltage.
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Fig. 4: X-ray spectra from the molybdenum target measured using a transmission type spectrometer
with a lithium fluoride curved crystal.

increased. In this measurement, the intensity with a tubé voltage of 30kV and a current of 100 A was
24.2 uGy/s at 1.0 m from the source.

3.2 X-ray spectra

First, x-ray spectra were measured using a transmission-type spectrometer with a lithium fluoride
curved crystal 0.5mm in thickness. The x-ray intensities of the spectra were 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 cofresponding to x-ray intensity. Figure4
shows measured spectra from the molybdenum target. We observed clean K lines, while brexvlsstraJﬂllng

Tuabe voltage=25 kV Tube vnltlg#ﬂo kv Tabe voltage=35 kV
300 Ja 1200
Kbk
12 12
5 b 600 = 1000
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£ g a0 g
g 3 g @
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Fig. 5: X-ray spectra from the molybdenum target measured using a cadmium telluride detector.
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25 mm

+ —p-

Fig. 6: Radiograms of tungsten wires of 50 and 100 xm in diameter coiled around pipes made
of polymethyl methacrylate. A 50-um-diarmeter wire could be observed.

100 12m wire

20 mm

<

50 mm Fig. 8: Angiograms of a rabbit heart.
Coronary arferies were visible.

Fig. 7: Radiogram of a vertebra. Fine structure
of the vertebra were visible.

rays were hardly detected. The characteristic x-ray intensity substantially increased with increases in
the tube voltage.

The measured spectra using a cadmium telluride detector are shown in Fig.5. Using the detector, we
observed low intensity continuous x-rays. When the tube voltage was increased, both the characteristic

X-ray intensity and the maximum photon energy increased.

4. Radiography )

The monochromatic radiography was performed by the CR system at 1.0 m from the x-ray source with
the filter, and the tube voltage was 30 kV,

First, rough measurements of image resolution were made using wires. Figure 6 shows radiograms of
tungsten wires coiled around pipes made of polymethyl methacrylate (PMMA). Although the image
contrast increased with increases in the wire diameter, a 50-gm-diameter wire could be observed.

A radiogram of a vertebra is shown in Fig. 7, and the fine structure of the vertebra was observed. Next,
angiography was performed using iodine microspheres of 15 um in diameter. Figure § shows an
angiogram of a rabbit heart, and we obtained high contrast images of coronary arteries and fine blood

vessels.
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8. Conclusions and Outlook

In summary, we developed a new characteristic x-ray generator with a molybdenum-target tube and
measured clean molybdenum X lines using the crystal spectrometer. However, continuous x-rays were
detected using the detector. In both measurernents, the characteristic x-ray intensity increased with
increases in the tube voltage, and monochromatic Ko lines were left by a zirconium filter. Because we
could measure bremsstrahlung x-rays" from a transmission-type molybdenum target using the crystal,
the bremsstrahlung intensity was low as compared with that obtained using conventional molybdenum
tubes.

In this preliminary experiment, although the maximum tube voltage and current were 36kV-and 100 A,
the voltage and cwrrent could be increased to 100kV and 1.0mA, respectively. Under the puised
operation, the current can be increased to approximately 1A without considering the target
evaporation. Subsequently; the generator produced maximum number of characteristic photons was
approximately 1 X 10° photons/(cm®-s) at 1.0m from the source, and the photon count rate can be
increased easily by increasing the current.

Using this x-ray generator, because it is not easy to produce high-photon-energy K-series characteristic
X-rays, we are very interested in increasing the energy by changing the electrode configuration between
the target, cathode, and focusing electrodes.

Acknowledgments

This work was supported by Grants-in-Aid for Scientific Research (134701564, 13877114, 16591181, and
16591222) and Advanced Medical Scientific Research from MECSST, Health and Labor Sciences
Research Grants (RAMT-nano-001, RHGTEFB-genome-005 and RHGTEFB-saisei-003), Grants from the
Keiryo Research Foundation, The Promotion and Mutual Aid Corporation for Private Schools of Japan,
Japan Science and Technology Agency (JST), and The New Energy and Industrial Technology
Development Organization (NEDO, Industrial Technology Research Grant Program in '03).

References

1. R. Germer, “X-ray flash techniques,” J. Phys. E- Sci. Instrum., 12, 336-350, 1979.

2. E. Sato, S. Kimura, 8. Kawasaki, H. Isobe, K. Takahashi, Y. Tamakawa and T. Yanagisawa,
“Repetitive flash x-ray generator utilizing a simple diode with a new type of energy-selective
function,” Rev. Sci. nstrum., 61, 2343-2348, 1990.

3. A Shikoda, E. Sato, M. Sagae, T. Oizumi, Y. Tamakawa and T Ya.riagisawa, “Repetitive flash x-ray
generator having a high-durability diode driven by a two-cable-type line pulser,” Rewv. Sci.
Instrum., 66, 850-856, 1994.

4. E. Sato, K. Takahashi, M. Sagae, S. Kimura, T. Qizumi, Y. Hayasi, Y. Tamakawa and T. Yanagisawa,
“Sub-kilohertz flash x-ray generator utilizing a glass-enclosed cold-cathode triode,” Med. & Biol.
Eng. & Comput., 32, 289-294, 1994,

5. K. Takahashi, E. Sato, M. Sagae, T. Oizumi, Y. Tamakawa and T. Yanagisawa, “Fundamental study on
a long-duration flash x-ray generator with a surface-discharge tricde,” Jpn. J. Appl. Phys., 33, pp.
4146-4151, 1994,

6. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, 1. Mori, T. Kawai, T. Ichimaru, K. Takayama and H. Ido,

_96_



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

X-ray Spectra from 2 Characteristic X-ray Generator with 2 Molybdenum Tube 7

“Quasi-monochromatic flash x-ray generator utilizing weakly ionized linear copper plasma,” Rev.
Sci. Instrum., 74, 5236-5240, 2003.

. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, H. Obara, T. Ichimaru, K. Takayama and

H. Ido, “Irradiation of intense characteristic x-rays from weakly ionized linear molybdenum
plasma,” Jpn. J. Med. Phys., 23, 123-131, 20083.

. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and

H. Ido, “Sharp characteristic x-ray irradiation from weakly ionized linear plasma,” J. Electron
Spectrosc. Related Phenom., 187-140, 713-720, 2004.

E. Sato, E. Tanaka, H. Mori, T. Kawai, S. Sato and K. Takayama, “Clean monochromatic x-ray
irradiation from weakly ionized linear copper plasma,” Opt. Eng., 44, 049002-1-6, 2005.

E. Sato, M. Sagae, E. Tanaka, Y. Hayasi, R. Germer, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K.
Takayama and H. Ido, “Quasi-monochromatic flash x-ray generator utilizing a disk-cathode
molybdenurm tube,” Jpn. J. Appl. Phys., 43, 7324-7328, 2004.

E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and H. Ido, “Compact
monochromatic flash x-ray generator utilizing a disk-cathode molybdenum tube,” Med. Phys., 32,
49-54, 2005.

E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Inoue, A. Ogawa, S. Sato, K. Takayama and H. Ido, “High-
speed K-edge angiography achieved with tantalum K-series characteristic x rays,” SPIE, 5745, 810-
817, 2005.

E. Sato, Y. Hayasi, R. Germer, K. Kimura, E. Tanaka, H. Mori, T. Kawaj, T. Inoue, A. Qgawa, S. Sato,
K. Takayama and H. Ido, “Enhanced K-edge plasma angiography achieved with tungsten Ka rays
utilizing gadolinium-based contrast media,” SPIE, §920, 592012-1-8, 2005.

E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayma and
H. Ido, “Portable x-ray generator utilizing a cerium-target radiation tube for angiography,” J.
Electron Spectrosc. Related Phenom., 137-140, 699-704, 2004. i
E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and H. Ido, “Demonstration
of enhanced K-edge angiography using a cerium target x-ray generator,” Med. Phys, 31, 3017-
3021, 2004.

E. Sato, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, H. Ojima, K. Takayama and
H. Ido, “Quasi-monochromatic cerium flash angiography,” SPIE, 6680, 146-152, 2005.

E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Inoue, A. Ogawa, A. Yamadera, S. Sato. F. Ito, K. Takayama
and H. Ido, “Variations in cerium x-ray spectra and enhanced K-edge angiography,” Jon. J. Appl.
Phys, 44, 8204-8209, 2005.

E. Sato, K. Satoi and Y. Tamakawa, “Film-less computed radiography system for high-speed
imaging,” Ann. Rep. Jwate Med. Univ. Sch. Lib. Arts and Sci., 85, 13-23, 2000.

M. Sagae, E. Sato, E. Tanaka, Y. Hayasi, R. Germer, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K.
Takay'afna and H. Ido, “Quasi-monochromatic x-ray generator utilizing graphite cathode diode with
transmission-type molybdenum target,” Jpn. J. Appl. Phys., 44, 446-449, 2005.

_97_



Annual Report of Iwate Medical University
School of Liberal Arts and Sciences
No. 40{2005), 9-15.

Measurement of Cerium X-ray Spectra Using a Cerium Oxide
Powder Filter and Enhanced K-edge Angiography

Eiichi Sato®, Etsuro Tanaka’, Hidezo Mori®, Toshiaki Kawai‘, Takashi Inoue®,
Akira Ogawa’, Kiyomi Takahashi’, Shigehiro Sato’ and Kazuyoshi Takayama®

(Received October 31, 2005)

Abstract

The cerium-target x-ray tube is useful in order to perform cone-beam K-edge angiography because K-
series characteristic x-rays from the cerium target are absorbed effectively by iodine-based contrast
media. The x-ray generator consists of a main controller and a unit with a high-voltage circuit and a
fixed anode x-ray tube. The tube is a glass-enclosed diode with a cerium target and a 0.5-mm-thick
beryllium window. The maximum tube voltage and current were 70kV and 0.40mA, respectively, and
the focal-spot sizes were approximately 1X 1mm. Cerium K-series characteristic x-rays were left usihg a
cerium oxide powder filter, and the x-ray intensity was 14.3Gy/s at 1.0 m from the source with a tube
voltage of 60kV, a current of 0.40 mA, and an exposure time of 1.0s. Angiography was performed with
a computed radiography system using iodine-based microspheres 15 um in diameter. In angiography of
non-living animals, we observed fine blood vessels of approximately 100 /Jm with high contrasts.

Keywords: x-ray tube, cerium target, cerium oxide filter, powder filter, characteristic x-rays, K-edge
angiography

1. Introduction

Flash x-ray generators are useful for performing high-speed radiography,’ and several different
generators with maximum photon energies of 150 keV*® have been applied to biomedical radiography.
By forming weakly ionized linear plasma®*® using a cold-cathode triode, we have succeeded in producing
K-series characteristic x-rays of nickel and copper. Subsequently, we have develaped super-fluorescent
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X-ray tube unit

Controller

Fig. 1: Block diagram of the compact x-ray generator with a cerium-target radiation tube,
which is used specially for K-edge angiography using iodine-based contrast media.

x-ray generator'™® to produce comparatively clean high-photon-energy characteristic x-rays of cerium
and tungsten. ]

To produce steady state x-rays, synchrotrons generate high-dose-rate bremsstrahlung x-rays, and
monochromatic parallel bearns are formed using single crystals. In particular, x-rays of approximately
35keV have been applied to perform enhanced K-edge angiography'" and phase-contrast radio-
graphy,™" including dark-field imaging using an analyzer érystal. Using these imaging, although the
spatial resolution has been ifnproved, it is difficult to increase the irradiation field due to the parallelity.
Recently, we have developed a steady-state x-ray generator utilizing a cerium-target tube™ and have
demonstrated enhanced K-edge angiography utilizing a barium sulfate filter. In this research, Ka lines
(34.6 keV) were left by absorbing K8 lines (39.2 keV), and bremsstrahlung x-rays with photon energies
- lower than the barium K-edge (87.4keV) were also observed. However, because cerium K@ lines are
also absorbed effectively by iodine, both Ka and K@ lines should be selected to perform angiography.
In the present research, we measured the x-ray spectra from a cerium-target tube using a new cadmium
telluride detector, and performed a preliminary study on cone-beam K-edge angiography achieved with
cerium characteristic x-rays using a cerium oxide powder filter.

2. Generator

Figure 1 shows the block diagram of the x-ray generator, which consists of a main controller and an x-
ray tube unit with a Cockcroft-Walton circuit and a cerium-target tube. The tube voltage, the current,
and the exposure time can be controlled by the controller. The main circuit for producing x-rays is
illustrated in Fig. 2, and employed the Cockcroft-Walton circuit in order to decrease the dimensions of
the tube unit. In the x-ray tube, the negative high-voltage is applied to the cathode electrode, and the
anode (target) is connected to the tube unit case (ground potential) to cool the anode and the target
effectively. The filament heating current is supplied by an AC power supply in the controller in
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