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Figure 5 Cardiac structure and function after transplantation of monolayered MSCs. (a~¢) Hemodynamic parameters obtained by catheterization. LVEDP, left
ventricle end-diastolic pressure. (d—f) Echocardiographic findings. AWT, anterior wall thickness; LVDD, left ventricle end-diastolic dimension; FS, fractionai
shortening. (g) Plasma atrial natriuretic peptide (ANP) level. Baseline represents measurements 4 weeks after coronary ligation; "after treatment’ represents
measurements taken 4 weeks after transplantation (8 weeks after coronary ligation). Data are mean + s.e.m. *P < 0.05 versus sham group; tP < 0.05
versus untreated group; P < 0.05.versus DFB group; $P < 0.05 versus baseline. (h) Survival of rats with chronic heart failure with or without monolayered
MSC transplantation. The Kapian-Meier survival curve demonstrates an 8-week survival rate of 65% for the MSC group versus 45% for the untreated group.
Survival rate after transplantation was significantly higher in the MSC group than in the untreated group (100% versus 71% 4-week survival rate after

transplantation, log-rank test, P < 0.05).

conditions at 37 °C and becomes reversibly hydrophilic below 32 °C. Therefore,
culttured cells that adhere to the dish surface spontaneously detach from the
grafted surface without enzymatic digestion.

Preparation of monolayered cell grafts. We suspended MSCs at the third or
fourth passage from adipose tissue or DFBs at the second passage by
trypsinization, and plated the cell suspension containing 3 ml of complete
medium onto a 60-mm temperature-responsive dish at 5 x 10° cells per dish
(MSCs) or 8 x 10° cells per dish (DFBs) and cultured cells at 37 °C. After 3 d of
culture, confluently cultured MSCs or DFBs on the temperature-responsive
dishes were incubated at 20 °C. By 40 min, both MSCs and DFBs detached
spontaneously and floated up into the medium as monolayered cell grafts.

Immediately after detachment, we gently aspirated the monolayered cell grafts -

using a 1,000 pl pipette tip and transferred them onto an elastic plastic sheet.

Statistical analysis. Numerical values are expressed as mean * s.e.m. There are
four groups of continuous variables in this study. Therefore, for multiple
comparisons of more than two groups, we performed one-way analysis of
variance (ANOVA). If the ANOVA was significant, we used the Newman-Keul
procedure as a post hoc test. For repeated measurement such as echocardio-
graphic parameters, we performed two-way repeated ANOVA with the
Newman-Keul test. Comparisons of parameters between two groups were made
by unpaired Student t-test. A value of P < 0.05 was considered significant.

Note: Supplementary information is available on the Nature Medicine website.
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Abstract

Acute ischemia has been reported to impair sympathetic outflow distal to the ischemic area in various organs, whereas relatively little is known
about this phenomenon in skeletal muscle. We examined how acute ischemia affects norepinephrine (NE) release at skeletal muscle sympathetic nerve
endings. We implanted a dialysis probe into the adductor muscle in anesthetized rabbits and measured dialysate NE levels as an index of skeletal muscle
interstitial NE levels. Regionalischemia was introduced by microsphere injection and ligation of the common iliac artery. The time courses of dialysate
NE levels were examined during prolonged ischemia. Ischemia induced a decrease in the dialysate NE level (from 19 £4 10 2.0 £ 0 pg/ml,
mean + S.E.), and then a progressive increase in the dialysate NE level. The increment in the dialysate NE level was examined with local
administration of desipramine (DMI, a membrane NE transport inhibitor). w-conotoxin GVIA (CTX, an N-type Ca>* channel blocker). or TMB-8 (an
intracellular Ca®* antagonist). At 4 h ischemia, the increment in the dialysate NE level (vehicle group, 143 + 30 pg/ml) was suppressed by TMB-8
(25 £ 5 pg/ml) but not by DMI (128 £ 10 pg/mly or CTX (122 % 18 pg/ml). At 6 h ischemia, the increment in the dialysate NE level was not
suppressed by the pretreatment. Ischemia induced biphasic responses in the skeletal muscle. Initial reduction of NE release may be mediated by an
impairment of axonal conduction and/or NE release function, while in the later phase, the skeletal muscle ischemia-induced NE release was partly
attributable to exocytosis via intracellular Ca?* overload rather than opening of calcium channels or carrier mediated outward transport of NE.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Catecholamine; Interstitial space; Microdialysis; Rabbit; Striate muscle

1. Introduction

Acute ischemia has been reported to be associated with
impairment of the sympathetic tract (Schomig et al., 1984;
Toyohara et al., 1986; Fujii et al., 2003). Awell-known example
is myocardial ischemia associated with impairment of the
regional cardiac sympathetic nerve endings (Schémig et al.,
1984; Ciuffo et al., 1985). Outward norepinephrine (NE)
transport through uptake, carrier has been proposed as one of
the main mechanisms responsible for ischemia-induced NE
efflux from sympathetic nerve endings (Schomig et al., 1984,
Akiyama and Yamazaki, 2001). However, little is known about
the sympathetic impairment evoked by skeletal muscle
ischemia. Histochemical and electrophysiological studies

* Corresponding author. Tel.: +81 6 6833 5012; fax: +81 6 6872 8092.
E-mail address: yamazaki@ri.ncve.go.jp (T. Yamazaki).

0197-0186/$ — see front matter ) 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuint.2006.03.004

(Barker and Saito, 1981; Hill et al., 1996) have identified
sympathetic innervation in skeletal muscle, which exerted
actions on the regulation of regional blood flow and glucose
metabolism (Thompson and Mohrman, 1983; Fagius and
Berne, 1994). During and after exercise, muscle sympathetic
nerve activity has been reported to be modulated by ischemia-
induced metaboreceptor stimulation (Comett et al., 2000; Cui
et al., 2001). Furthermore, skeletal muscle may be exposed to
prolonged severe ischemia (Welsh and Lindinger, 1993).
Severe skeletal muscle ischemia occurs with trauma, vascular
diseases, and compartment syndrome. It is so far unknown
whether severe muscle ischemia induces excessive NE release
from muscle sympathetic nerve endings.

In view of energy metabolism, cardiac ischemia is
characterized by rapid deterioration of cardiac function, which
has been linked to a fall in intracellular pH, increased levels of
inorganic phosphate and reduction in free energy changes of
ATP-hydrolysis (Mair, 1999). In contrast to cardiac muscle,
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energy requirements in skeletal muscle are dependent on exercise
and are reduced in the resting state since only resting tone is
maintained (Idstrém et al., 1990; Lindsay et al., 1990). Typically,
prolonged skeletal muscle ischemia imposes a metabolic stress
that results in a depletion of glycogen, high-energy phosphagen,
and adenine nucleotides (Welsh and Lindinger, 1993). Thus, a
differential time course of energy metabolism occurs in the
skeletal muscle and cardiac myocardium. No studies have
systematically characterized the impairment of sympathetic
nerves in the skeletal muscle ischemia.

Recently, we reported that microdialysis technique with
high-performance liquid chromatography is a sensitive and
versatile method for monitoring interstitial NE concentrations
in myocardial ischemic regions (Akiyama et al., 1991, 1993).
Moreover, we applied microdialysis technique to skeletal
muscle and have reported that skeletal muscle dialysate NE
serves as an index of muscle sympathetic nerve activity
(Tokunaga et al., 2003a). Using this method, we investigated
how acute skeletal muscle ischemia affects NE release from
skeletal muscle sympathetic nerve endings and the mechanism
of skeletal muscle ischemia-induced NE release with regional
pharmacological intervention. ’

2. Methods
2.1. Animal model

The investigation conformed with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996). Forty-two male Japanese white rabbits
weighing 2.2-3.8 kg were used for the model of skeletal muscle ischemia. The
animals were anesthetized with pentobarbital sodium (30-35 mg/kg) and
ventilated with room air mixed with oxygen. The level of anesthesia was
maintained with a continuous intravenous infusion of pentobarbital sodium (1-
2 mg/kg/h). Body temperature was maintained with a heated pad and lamp. An
electrocardiogram, heart rate (HR), and mean arterial blood pressure (MAP)
were simultaneously monitored with a data recorder. After a longitudinal skin
incision was made in the left groin, the dialysis probes were implanted in the left
adductor muscle with a fine guiding needle.

2.2. Dialysis technigue and NE measurements

With the dialysis technique, dialysate NE levels were measured as an index of
skeletal muscle interstitial NE levels. For skeletal muscle dialysis, we designed a
transverse dialysis probe. The dialysis fiber (13 mm length, 0.31 mm o.d. and
0.2 mm i.d.; PAN-1200, 50,000 molecular mass cut-off, Asahi Chemical, Tokyo,
Japan) was glued at both ends into a polyethylene tube (25 cm length, 0.5 mm o.d.
and 0.2 mm i.d.) (Akiyama et al., 1991). The dialysis probe was perfused with
Ringer solution using a microinjection pump (CMA 102, Camergie Medicin,
Stockhoim, Sweden). Similar to previous studies (Tokunagaet al., 2003a, 2003b),
we chose a perfusion speed of 10 wl/min for skeletal muscle. Sampling periods
were set at 15 min for skeletal muscle. Dialysate NE levels were measured by
high-performance liquid chromatography with electrochemical detection (ECD-
300, Eicom, Kyoto, Japan) after removing interfering compounds in the dialysate
by an alumina procedure (Anton and Sayer, 1962; Akiyamaetal., 1991). Dialysate
dihydroxyphenylglycol (DHPG) levels were measured by separate high-perfor-
mance liquid chromatography with electrochemical detection (Akiyama and
Yamazaki, 2001).

2.3. Experimental protocols

Acute skeletal muscle ischemia was induced by injection of non-radioactive
iodine-labeled microspheres (15 wm in diameter, 3 x 107/kg, Sekisui Plastic,

Osaka, Japan) through the left common iliac artery, as previously described
(Tanaka et al.. 2000). After the injection of microspheres, the common iliac
artery was ligated.

2.3.1. Protocol 1: time courses of dialysare NE levels during acute ischemia

To examine the time courses of dialysate NE levels during acute skeletal
muscle ischemia, we measured dialysate NE levels over 60-min periods of
skeletal muscle ischemia (n = 6). We collected four consecutive 15-min-dia-
lysate samples. Furthermore, we measured dialysate NE samples over a period
of 6 h of skeletal muscle ischemia with 2 h interval in separate rabbits. To
examine intraneuronal NE kinetics in the skeletal muscle, the measurement of
dialysate DHPG level was added during 6 h of skeletal muscle ischemia (n = 6).

2.3.2. Protocol 2: imvolvement of NE uptake, transport, Ca’* channels and
cytosol Ca®* in dialysate NE levels during acute ischemia

To examine the mechanism underlying the increment of NE release during the
prolonged ischemia, dialysate NE levels were measured with regiona! pharma-
cological intervention. Neurotransmitter release from sympathetic nerve endings
can be caused by a variety of different mechanisms (Schémig et al., 1987; Kawada
et al., 2000; Akiyama and Yamazaki, 2001). In the present studies, we examined
the roles of membrane NE transport, N-type Ca>* channels and cytosol Ca>* in the
time courses of dialysate NE levels during proionged ischemia. To examine the
involvement of membrane NE transport in the ischemia-induced NE release, we
locally administered an uptake, carrier blocker, desipramine (100 j.M) through a
dialysis probe and observed the responses of dialysate NE (Akiyama and
Yamazaki, 2001) (n = 6). The same protocol was performed with addition of a
voltage-dependent N-type Ca?* channel blocker, w-conotoxin GVIA (10 wM)
{n = 6) or intracellular Ca®* antagonist, 8-(N,N-diethytamino)-octyl-3,4.5-tri-
methoxybenzoate hydrochloride (TMB-8, | mM) (n=6) through a dialysis
probe. From data on protocol 1, we observed increases in dialysate NE levels
after 2 h of skeletal muscle ischemia. Therefore, the time course of dialysate NE
for skeletal muscle ischemia was examined over a period of 6 h with a 2 h-interval
(n = 6). The effectiveness of w-conotoxin GVIA (10 uM) (1 = 6) or TMB-8
(I mM) (n = 6) was tested before the experiment in separate rabbits. We admi-
nistered high potassium (KC, 100 mM) locally through the dialysis probe, and the
dialysate NE response was obtained in the presence and absence of w-conotoxin
GVIA or TMB-8. High-K increased dialysate NE from 11.7+28 to
84.7 £ 20.8 pg/ml (11 =6). This KCl-induced increment in dialysate NE was
atienuated by the addition of w-conotoxin GVIA or TMB-8 (Fig. 1). .

2.3.3. Protocol 3: time courses of dialysare laciate levels during the hind limb
ischemia

To confirm whether this perturbation induces tissue ischemia, we examined
the time course of dialysate lactate levels as an index of tissue ischemia. The
dialysate lactate levels were measured by kinetic enzymatic analysis with CMA
600 (Carnegie Medicin). In the skeletal muscle ischemia, four consecutive 15-
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Fig. 1. Effects of pharmacological intervention on dialysate norepinephrine
(NE) responses to high K* (KCl, 100 mM). Both TMB-8 (1 mM) and w-
conotoxin (10 wM) suppressed dialysate responses to high K*. Values are
means £ S.E. (n = 6).
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min dialysate samples were collected during the initial 60-min and subsequently
three consecutive samples were collected over a period of 6 h with a 2 h-interval
(n=6).

2.4. Satistical analysis

Al data are presented as mean £ S.E. values. Hemodynamic and dialysate
daia responses to acute ischemia were statistically analyzed by analysis of
variance with repeated measures. When a statistically significant effect of
ischemia was detected as a whole, the Dunneil's test was applied to determine
which mean values differed significantly from the control level. When a
statistically significant effect of the treatment was detected, Newman-Keuls
test was applied to determine which treatment differed significantly from the
vehicle.

3. Results

Table I summarizes changes in HR and MAP. MAP and HR
increased during 6 h-hind limb ischemia. Changes in MAP at
2 h and HR at 6 h-hind limb ischemia were significant.

'3.1. Time courses of dialysate NE levels during short and
prolonged ischemia

Skeletal muscle dialysate NE levels decreased from
19 £ 4 pg/ml at control to 9 £ 4 pg/ml at 30 min of ischemia
and reached 2 &+ 0 pg/m! at 60 min of ischemia (Fig. 2). The
decrease in dialysate NE level was maintained' after 2 h of
ischemia. Then skeletal muscle dialysate NE levels markedly
increased to 143 + 30 pg/ml at 4 h of ischemia. The dialysate
NE levels continued to increase progressively and reached
289 445 pg/ml at 6 h of ischemia. Skeletal muscle dialysate
DHPG levels decreased from 38 & 2 pg/ml at control to
5+ 1 pg/ml at 2 h of ischemia and reached 7 & 1 pg/ml at 6 h
of ischemia.

3.2. Involvement .of NE uptake, transport, Ca** channels
and cytosol Ca®* in dialysate NE levels during prolonged
ischemia

Dialysate NE increases at 4 and 6 h-skeletal muscle
ischemia were not suppressed by treatment with desipramine
(Fig. 3). Dialysate NE increases at 4 and 6 h-skeletal muscle
ischemia’ were not suppressed by treatment with w-conotoxin
GVIA. Treatment with TMB-8 significantly suppressed the
dialysate NE increase at 4 h-skeletal muscle ischemia. But at
6 h-skeletal muscle ischemia, there was no significant
difference in dialysate NE levels among treatments.

Table |
Changes in heart rate (HR) and mean arterial pressure (MAP) in 6 h-hindlimb
ischemia

Contro! 2h 4h- 6h
HR (beats/min) 283+ 10 292+ 4 293 £ 8 302+ 8"
MAP (mmHg) 104 £ 6 1a£3° 11 +4 108 + 4

Values are means + S.E. from six rabbits. Data were obtained during control,
after 2. 4, and 6 h of hind limb ischemia.
* P <0.05 vs. control.
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Fig. 2. (Upper panel) Time course of dialysate norepinephrine (NE) levels
during 60 min-hind limb ischemia. Values are means % S.E. (n = 6). "P < 0.05
vs. control value. (Lower panel) Time courses of dialysate NE and dihydrox-
yphenylglycol (DHPG) levels during 6 h-hind limb ischemia. Values are mean-
s+ S.E. (n=6). "P < 0.05 vs. control value.

3.3. Time course of dialysate lactate levels during hind
limb ischemia

Skeletal muscle dialysate lactate levels increased from
0.6 £ 0.07 nmol/l at control to 1.73 £ 0.17 nmol/l at 45—60 min

400 ¢
3 vehicle
desipramine
- .

300} w-conotoxin GVIA

T™MB-8

200

100+

dialysateNE levels (pg/m!)

hind limb ischemia

Fig.3. Effects of pharmacological intervention on dialysate norepinephrine (NE)
levels evoked by 6 h-hind limb ischemia. Desipramine (100 uM), w-conotoxin
(10 wM), or TMB-8 (ImM) was locally administered through the probe. Values
are means + S.E. (n=6). "P < 0.05 vs. concurrent value of vehicle group.
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Fig. 4. Time course of dialysate lactate levels during 6 h-hind limb ischemia.
Values are means & S.E. (n = 6). P < 0.05 vs. control value.

of ischemia (Fig. 4). These step-wise increases were continued
for 6 h of the hind limb ischemia.

4. Discussion

Using dialysis techniques in the in vivo rabbit skeletal
muscle, we examined interstitial levels of NE in the contro! and
ischemic period, and observed the biphasic response of
dialysate NE in ischemic skeletal muscle. Ischemia induced
an initial reduction followed by a progressive increment in
dialysate NE levels. Here we discuss changes in interstitial NE
and possible mechanisms underlying sympathetic nerve
impairment.

Within 2 h of acute skeletal muscle ischemia, unlike acute
myocardial ischemia, skeletal muscle interstitial NE levels
continued to decline progressively, decreasing to one-tenth of
control at 60 min of ischemia. A previous study demonstrated
that skeletal muscle ischemia modulated the baroreflex control
of regional muscle sympathetic activity (Comett et al., 2000).
At 75 min of acute skeletal muscle ischemia, hemodynamic
responses to carotid occlusion were preserved while the
interstitial NE response to carotid occlusion was blunted in the
ischemic region (Tokunaga et al., 2003b). These results indicate
that the systemic response to barorefiex remained intact while
the skeletal muscle sympathetic response was impaired in
ischemic regions. Earlier studies reported that acute limb
ischemia reduced the conduction of motor nerves such as
sciatic nerve (Fern and Harrison, 1994), and induced axonal
degeneration histologically (Makitie and Teravainen, 1977,
Nukada and Dyek, 1987). Axonal conduction in the ischemic
muscle sympathetic nerve may be impaired as well as in
sensory and motor nerves. In addition to diminished axonal
conductance, the interstitial NE response to high K™ but not
tyramine was suppressed during the 75 min of acute skeletal
muscle ischemia, although NE content at muscle sympathetic
nerve endings was preserved during the ischemia (Tokunaga
et al., 2003b). This result indicates that exocytotic NE releasing
function in muscle sympathetic nerve endings might be
suppressed during 75 min of acute skeletal muscle ischemia.

Therefore, initial reduction of NE release may be mediated by
an impairment of axonal conduction and/or NE releasing
function.

After 2 h of acute skeletal muscle ischemia, skeletal muscle
interstitial NE levels significantly increased and finally reached
20-fold that of control. This amount of NE release is higher than
that evoked by baroreflex or high K*. This level is similar to that
evoked by the Na*-K* ATPase inhibitor, ouabain (Tokunaga
et al., 2003a). The amount of NE release evoked by ischemia
may be dependent on the density of sympathetic innervation,
Dispersed organ systems such as skeletal muscle have a thin
and diffuse sympathetic innervation. This is the first report to
describe that marked NE release is induced from muscle
sympathetic nerve endings in the ischemic region after 2 h of
skeletal muscle ischemia. Numerous histological changes of
skeletal muscle have been reported after ischemia and
reperfusion injury (Patterson and Klenerman, 1979; Turchanyi
et al., 2005). However, there is no histochemical evidence of the
impaired sympathetic nerves in the skeletal muscle ischemia.

In the case of skeletal muscle ischemia, w-conotoxin GVIA
did not suppress NE efflux. N-type Ca®* channels are not
involved in this NE efflux. Desipramine did not alter NE efflux
during skeletal muscle ischemia. Desipramine inhibits carrier-
mediated NE transport in both directions. Considering that
desipramine did not alter interstitial NE levels, the amounts of
NE release and uptake via normal transport can be surmised to
be negligible. Second, the increase in skeletal muscle
interstitial NE levels was not associated with an increase in
skeletal muscle interstitial DHPG levels, indicating that
skeletal ischemia fails to induce axoplasmic NE elevation
via alterations in monoamine activity, NE mobilization from
stored vesicle, and NE uptake. Further, desipramine did not
suppress NE efflux. These results exclude the possibility that
marked increases in skeletal muscle interstitial NE could be due
to carrier-mediated outward transport of NE for removal of
elevated axoplasmic NE concentration. The membrane NE
transporter exists in the skeletal muscle sympathetic nerve
endings (Cabassi et al., 2001; Tokunaga et al., 2003a), but was
not involved in outward transport of NE. Thus, we consider that
a w-conotoxin GVIA insensitive and desipramine-resistant NE
release mechanism exists after 2 h of acute skeletal muscle
ischemia.

TMB-8 significantly suppressed the marked NE release at
4 h of skeletal muscle ischemia. TMB-8 is well known to
inhibit Ca®* release from intracellular Ca®* stores. TMB-8
inhibits caffeine-induced catecholamine release from perfused
adrenal gland in the absence of extracellular Ca®* (Yamada
et al., 1988). Studies using chromaffin cells, brain slices and
synaptosomes have suggested that metabolic inhibition induces
intracellular Ca®* overload (Milusheva et al., 1992), and a rise
in the intracellular Ca®* causes exocytotic catecholamine
release without membrane depolarization (Dry et al., 1991; Du
et al., 1997). Moreover, an in vitro study with adrenergic nerves
of guinea-pig vas deferens suggested that Ca®* release from
intracellular Ca®* stores is to some extent involved in the NE
release evoked by elevation of intracellular Na* (Katsmaax
et al., 1994). Under energy-depleted conditions, Ca>* overload
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in synaptosomes of noradrenergic neurons from the brain is an
important mechanism for the enhanced release of neurotrans-
mitter, with a reversal of Na*~Ca®* exchange possibly the key
pathway leading to intraneuronal Ca®* overload (Du et al.,
1997). We consider that Ca* release from intracellular Ca®*
stores is partly involved in the NE release at 4 h of skeletal
muscle ischemia.

At 6 h of skeletal ischemia, increment in dialysate NE level
was not suppressed by the pretreatments. This result suggests
that another mechanism may be involved in NE release, which
is insensitive to desipramine, w-conotoxin GVIA, and TMB-8.
Alternatively, the NE release may occur with development of
irreversible membrane damage and can no longer be inhibited
by pharmacological interventions. Future work should con-
centrate on these aspects of NE release during the later period.

4.1. Methodological considerations

The limitation of this experiment is related to the
methodology and the duration of the hind limb ischemia. In
a variety of these experimental models for organ ischemia, we
chose microsphere injection and iliac artery occlusion for the
short and prolonged hind limb ischemia model. A preliminary
experiment indicated that common iliac artery occlusion did
not yield severe ischemia or muscle necrosis in a chronic
ischemic model because collateral flow prevents skeletal
muscle ischemia. The combination of artery occlusion and
injection of microsphere was used for the hind limb ischemic
model. In the hind limb ischemia, however, we did not measure
skeletal muscle blood flow. To confirm whether this perturba-
tion induced reduction of blood flow and tissue ischemia, we
measured dialysate lactate levels in skeletal muscle as an index
of tissue ischemia. This perturbation induced increases in
dialysate lactate levels. In the present study, dialysate NE
responses were examined in prolonged 6 h ischemia. Temporal
changes in MAP and HR appeared but sustained significant
hemodynamic changes were not observed. This duration was
referred to the experiments on the tourniquet application and
release time (Sapega et al., 1985; Mitrev et al., 1996). Four to
6 h of ischemic periods has been thought to produce extensive
and reversible damage of skeletal muscle. Therefore, data on
pharmacological intervention were obtained within 6h of
skeletal muscle ischemia.

Ischemia induced biphasic NE responses in the skeletal
muscle. Initial reduction of NE release may be mediated by an
impairment of axonal conduction and/or NE releasing function,
while in the later phase, the skeletal muscle ischemia-induced
NE release was partly attributable to exocytosis via intracellular
Ca®* overload rather than opening of calcium channels or
carrier mediated outward transport of NE.
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Abstract

A preliminary experiment for producing narrow-photon-energy cone-beam X-rays using a silicon single crystal is
described. In order to produce low-photon-energy X-rays, a 100-pm-focus X-ray generator in conjunction witha (111)
plane silicon crystal is employed. The X-ray generator consists of a main controller and a unit with a high-voltage
circuit and a microfocus X-ray tube. The maximum tube voltage and current were 35kV and 0.50 mA, respectively, and
the X-ray intensity of the microfocus generator was 48.3 nGy/s at 1.0 m from the source with a tube voltage of 30kV
and a current of 0.50 mA. The effective photon energy is determined by Bragg’s angle, and the photon-energy width is
regulated by the angle delta. Using this generator in conjunction with a computed radiography system, quasi-
monochromatic radiography was performed using a cone beam with an effective energy of approximately 17keV.
© 2006 Elsevier Ltd. All rights reserved.

PACS: 87.59.—¢; 87.59.Bh; 87.64.Gb

Keywords: Narrow-photon-energy X-rays; Tunable photon energy; Silicon single crystal; Cone beam

1. Introduction

Since the birth of the synchrotron, monochromatic
*Corresponding author. parallel X-ray beams have been applied to X-ray phase-
E-mail address: dresato@iwate-med.ac.jp (E. Sato). contrast radiography (Davis et al., 1995; Momose et al.,

0969-806X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.radphyschem.2005.11.019 )
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1996; Ando et al., 2002) and enhanced K-edge angio-
graphy (Thompson et al., 1992; Mori et al., 1996; Hyodo
et al., 1998). The phase imaging is primarily based on the
X-ray refraction, and the angiography is performed
using X-rays with a photon energy of just beyond the
K-absorption edge of iodine.

In order to perform high-speed medical radiography,
although several different flash X-ray generators utiliz-
ing cold-cathode tubes have been developed (Sato et al.,
1990, 1994a, b; Shikoda et al., 1994; Takahashi et al.,
1994), quasi-monochromatic flash X-ray generators
(Sato et al.,, 2003a,b, 2004a,b, 2005a—c) are useful to
produce clean K-series characteristic X-rays without
using a filter. Therefore, we have performed a demon-
stration of cone-beam K-edge angiography utilizing a
cerium plasma generator, since K-series characteristic
X-rays from the cerium target are absorbed effectively
by iodine. In view of this situation, we have developed a
steady state X-ray generator utilizing a cerium-target
tube (Sato et al., 2004c), and have demonstrated
enhanced K-edge angiography utilizing cerium Ko lines.

Without using synchrotrons, X-ray phase-contrast
radiography for edge enhancement has been performed
using a microfocus X-ray tube (Wilkins et al., 1996), and
the digital imaging achieved with a 100-um-focus
molybdenum tube has been applied effectively to
perform mammography (Ishisaka et al., 2000).

In this paper, we present a tunable narrow-photon-
energy X-ray generator utilizing a single silicon crystal,

X-ray tube unit

and examine its suitability for energy-selective cone-
beam radiography.

2. Experimental setup

Fig. 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
100-pm-focus X-ray 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, positive and negative high
voltages are applied to the anode and cathode electro-
des, respectively. The filament heating current is
supplied by an AC power supply in the controller in
conjunction with an insulation transformer. The max-
imum tube voltage and current of the generator are

-105kV and 0.50 mA, respectively. In this experiment, the

tube voltage applied was from 18 to 34kV, and the tube
current was 0.50 mA (maximum current) by the filament
temperature. The exposure time is controlled in order to
obtain optimum X-ray intensity.

The narrow-photon-energy X-ray generator utilizing
a single silicon crystal of (1 1 1) plane is shown in Fig. 3.
The effective photon energy is determined by Bragg’s
angle, and the photon-energy width is regulated by the

Fig. 1. Block diagram of a compact 100-um focus X-ray generator with a tungsten-target radiation tube.
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Fig. 2. Main circuit of the X-ray generator.

Imaging plate

Silicon single crystal

Fig. 3. Experimental setup of the narrow-photon-energy X-ray generator utilizing a single silicon crystal.

angle delta. Using this generator in conjunction with a
computed radiography (CR) system (Sato et al., 2000),
quasi-monochromatic radiography was performed using
a cone beam with an effective energy of approximately
17keV.

3. Results

3.1. X-ray intensity

X-ray intensity was measured by a Victoreen 660
ionization chamber at 1.0m*from the X-ray source

(Fig. 4). At a constant tube current of 0.50 mA, the
X-ray intensity increased when the tube voltage was
increased. In this measurement, the inténsity with a tube
voltage of 30kV was 48.3 uGy/s at 1.0m from the
source.

3.2. Radiography

The radiography was performed by the CR system
(Konica Minolta Regius 150) with a sampling pitch of
87.5um, and the conditions for radiography were as in
Fig. 3. Fig. 5 shows the irradiation field diffracted by the
crystal with photon energies of approximately 17keV.
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Fig. 4. X-ray intensity (uGy/s) as a function of tube voltage
(kV) with a tube current of 0.50mA.

10 mm

Fig. 5. Irradiation field with photon energies of approximately
17 keV measured using the CR system with a tube voltage of
30kV.

100 pm lines

. 125 wm lines

166 um lines

Fig. 6. Radiogram of a lead test chart for measuring the spatial
resolution.

Because the width of the irradiation field was narrow
due to the angle, the distance between the crystal and the
imaging plate should be increased. Fig. 6 shows a
radiogram of a test chart for determining the spatial
resolution. In this radiography, 100-um-wide lead lines
(5 line pair) were observed. Subsequently, fine bone
structures were visible in radiograms of a vertebra
(Fig. 7), and fine blood vessels were observed in an
angiogram of a rabbit heart (Fig. 8).

4. Conclusion and outlook

In summary, we employed a 100-pm-fosus X-ray
generator with a tungsten-target tube and succeeded
in producing narrow-photon-energy bremsstrahlung
X-rays, which are refracted by a silicon single crystal
of (111) plane. The photon energy width is primarily
determined by the distance between the X-ray source
and the crystal plate, and the irradiation field increases
with increases in the distance between the crystal and the
imaging plate. Because we employed the microfocus
tube, phase-contrast effect was added in the radio-
graphy.

The microfocus generator produced maximum X-ray
intensity was approximately 50 uGy/s at 1.0m from the
source, but the intensity was decreased substantially
after the diffraction. Therefore, a high-current tungsten
tube with a large focus should be employed in cases
where the phase-contrast radiography is not employed.
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10 mm

< >

Fig. 7. Radiograms of a vertebra.

The magnification method is needed in phase-contrast
radiography, and the method increases the spatial
resolution of the digital radiography. Next, in conven-
tional cohesion radiography, the spatial resolution is
primarily determined by the sampling pitch of the CR
system of 87.5um. Therefore, to improve the spatial
resolution in cohesion radiography, the resolution of the
CR system should be improved to approximately 50 um
(Konica Minolta Regius 190). In addition, the spatial
resolution can be improved easily to approximately
50pum or less in cases where an X-ray film is employed.

In this experiment, although we employed the (111)
plane to perform soft radiography, other planes should
be employed to perform high-photon-energy radio-
graphy. In conjunction with an analyzer crystal, this
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100 pm wire

10 mm

Fig. 8. Angiogram of a rabbit heart.

narrow-photon-energy cone-beam radiography using a
microfocus X-ray tube could be useful for phase-
contrast radiography as an alternative to radiography
using synchrotrons.
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~ Abstract

The tungsten plasma flash X-ray generator is useful in order to perform high-speed enhanced K-edge angiography
using cone beams because K-series characteristic X-rays from the tungsten target are absorbed effectively by
gadolinium-based contrast media. In the flash X-ray generator, a 150 nF condenser is charged up to 80kV by a power
supply, and flash X-rays are produced by the discharging. 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 employs a cable transmission line, the high-voltage pulse generator produces twice the
potential of the condenser charging voltage. At a charging voltage of 80kV, the estimated maximum tube voltage and
current were approximately 160 kV and 40 kA, respectively. When the charging voltage was increased, the characteristic
X-ray intensities of tungsten K, lines increased. The K, lines were clean, and hardly any bremsstrahlung rays were
detected. The X-ray pulse widths were approximately 110ns, and the time-integrated X-ray intensity had a value of
approximately 0.35 mGy at 1.0m from the X-ray source with a charging voltage of 80kV. Angiography was performed
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using a film-less computed radiography (CR) system and gadolinium-based contrast media. In angiography of non-
living animals, we observed fine blood vessels of approximately 100 pm with high contrasts.

© 2006 Elsevier Ltd. All rights reserved.

PACS: 52.59.Mv; 52.80.Vp; 87.59.Dj; 87.64.Gb

Keywords: Angiography; Gadolinium-based contrast media; Characteristic X-rays; Quasi-monochromatic X-rays; Tungsten K, lines

1. Introduction

The sucéessful uses of monochromatic parallel beams
from synchrotron orbital radiation in recent years have
greatly increased the demand for phase-contrast radio-
graphy (Davis et al., 1995; Momose et al., 1996; Ando
et al, 2002) and enhanced K-edge angiography
(Thompson et al.,, 1992; Mori et al, 1996; Hyodo
et al, 1998). In particular, the parallel beams with
photon energies of approximately 35keV have been
employed to perform angiography, because the beams
are absorbed effectively by iodine-based contrast media
with a K-absorption edge of 33.2keV. Without using a
synchrotron, we have developed an X-ray generator
utilizing a cerium-target tube, and have performed cone-
beam K-edge angiography achieved with cerium K, rays
of 34.6keV (Sato et al., 2004a, b, ¢).

Gadolinium-based contrast media with a K-edge of
50.2keV have been employed to perform magnetic
resonance angiography (MRA), and the gadolinium
density has been increasing. In view of this situation,
ytterbium K, rays (52.0keV) are useful for enhanced

~K-edge angiography, because the K, rays are absorbed
effectively by gadolinium media. As compared with
angiography using iodine media, the absorbed dose can
be decreased considerably utilizing angiography
achieved with gadolinium media. However, because
ytterbium is a lanthanide series element and tends to

oxidize in the atmosphere, K, rays of tantalum

(57.1keV) and tungsten (58.9keV) are also useful to
perform angiography.

To produce high-dose-rate X-rays, several different
flash X-ray generators have been developed (Sato et al.,
1990, 1994a,b; Shikoda et al., 1994; Takahashi
et al., 1994), and plasma flash X-ray generators (Sato
et al.,, 2003a,b, 2004a,b,c, 2005a,b,c¢) have been
developed to perform a preliminary experiment for
producing hard X-ray lasers. In the plasma, the
bremsstrahlung X-rays are absorbed effectively and are
converted into fluorescent rays, and intense and clean
K-series characteristic X-rays of nickel and copper have
been produced from the axial direction of weakly
ionized linear plasma. However, it is difficult to increase
the photon energies of characteristic X-rays because the
plasma transmits high-photon-energy bremsstrahlung
X-rays. In view of this situation, we have developed a

compact flash X-ray generator (Sato et al., 2004a, b, c,
2005a,b,c) and have succeeded in producing clean
high-photon-energy characteristic X-rays utilizing the
angle dependence of bremsstrahlung X-rays, because
bremsstrahlung rays are not emitted in the opposite
direction to that of electron trajectory in Sommerfeld’s
theory.

In this article, we describe an intense quasi-mono-
chromatic plasma flash X-ray generator with a tungsten
target tube, and used it to perform a preliminary study
on angiography achieved with tungsten K, rays.

2. Principle of K-edge angiography

Fig. 1 shows the mass attenuation coefficients of
gadolinium at the selected energies; the coefficient curve
is discontinuous at the gadolinium K-edge. The average
photon energy of the tungsten K, lines is shown above
the gadolinium K-edge. The average photon energy is
589keV, and gadolinium contrast media with a
K-absorption edge of 50.2keV absorb the lines easily.
Therefore, blood vessels were observed with high
contrasts.

3 \ Tungsten Ko
2 £

(IANEY:
TN

0 20 40 60 80 100
Photon energy (keV)

Mass attenuation coefficient (m%/kg)

Fig. 1. Mass attenuation coefficients of gadolinium. The
average photon energy of tungsten K, lines is shown above
gadolinium K edge.
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Fig. 3. Schematic drawing of a flash X-ray tube with a rod-shaped tungsten target.

3. Generator
3.1. High-voliage circuit

Fig. 2 shows a block diagram of a high-intensity
plasma 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 turbomo-
lecular pump, a thyratron pulse generator as a trigger
device and a flash X-ray tube. In this generator, a
coaxial cable transmission line is employed in order to -
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Fig. 4. Irradiation of K-series characteristic X-rays of tungsten.
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Fig. 5. X-ray outputs detected using a combination of a plastic
scintillator and a photomultiplier.
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increase maximum tube voltage using high-voltage
reflection. The high-voltage main condenser is charged
up to 80kV 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.

3.2. 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 1mPa (Fig. 3). This tube
consists of the following major parts: a ring-shaped
graphite cathode with an inside diameter of 4.5mm, a
stainless-steel vacuum chamber, a nylon insulator, a
polyethylene terephthalate (Mylar) X-ray window
0.25mm in thickness and a rod-shaped tungsten target
3.0 mm in diameter. The distance between the target and
cathode electrodes can be regulated from the outside of
the tube, and is set to 1.5mm. As electron beams from
the cathode electrode are roughly converged to the
target by the electric field in the tube, evaporation leads
to the formation of weakly ionized plasma, consisting of
tungsten ions and electrons, around the target. Because
bremsstrahlung rays are not emitted in the opposite
direction to that of electron trajectory (Fig. 4), tungsten
K-series characteristic X-rays can be produced without
using a filter.

4. Characteristics
4.1. Tube voltage and current

In this generator, it was difficult to measure the tube
voltage and current since the tube voltages were high,

and there was no space to set a current transformer for
measuring the tube current. Currently, the voltage and

V,=80kV

I
»

<
<

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

curved crystal.
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Fig. 8. Radiograms of tungsten wires coiled around rods made of polymethyl methacrylate.

current roughly display damped oscillations. When the
charging voltage was increased, both the maximum tube
voltage and current increased. At a charging voltage of
80kV, the estimated maximum values of the tube
voltage and current were approximately 160kV (two
times the charging voltage) and 40 kA, respectively.

4.2. X-ray output

X-ray output pulse was detected using a combination
of a plastic scintillator and a photomultiplier (Fig. 5).
The X-ray pulse height substantially increased with
corresponding increases in the charging voltage. The
X-ray pulse widths were approximately 110ns, 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 0.35mGy at
1.0m from the X-ray source with a charging voltage
of 80kV.

4.3. X-ray source

In order to observe the plasma X-ray source, we
employed a 100-pm-diameter pinhole camera and an
X-ray film (Polaroid XR-7) (Fig. 6). When the charging
voltage was increased, the plasma X-ray source grew,
and both spot dimension and intensity increased.
Because the X-ray intensity is the highest at the center
of the spot, both the dimension and intensity decreased
according to both increases in the thickness of a filter for
absorbing X-rays and decreases in the pinhole diameter.

4.4. X-ray spectra

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 a computed
radiography (CR) system (Sato et al., 2000) (Konica
Minolta Regius 150) with a wide dynamic range, and
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Fig. 9. Radiogram of water falling into polypropylene beaker
from a glass test tube.
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Fig. 10. Angiography of a Teflon tube using a contrast medium
which contains approximately 65% gadodiamidehydrate.

50 mm

Fig. 11. Angiography of a rabbit ear using gadolinium oxide
powder.

relative X-ray intensity was calculated from Dicom
original digital data corresponding to X-ray intensity;
the data was scanned by Dicom viewer in the film-less
CR system. Subsequently, the relative X-ray intensity as
a function of the data was calibrated using a conven-
tional X-ray generator, and we confirmed that the
intensity was proportional to the exposure time. Fig. 7
shows measured spectra from the tungsten target. We
observed clean K, lines, while bremsstrahlung rays were
hardly detected. The K,, intensity substantially increased
with increases in the charging voltage.

5. Angiography

The flash angiography was performed by the CR
system at 1.2m from the X-ray source, and the charging
voltage was 80kV.

Firstly, rough measurements of spatial resolution
were made using wires. Fig. 8 shows radiograms of
tungsten wires coiled around rods made of polymethyl
methacrylate (PMMA). Although the image contrast
decreased somewhat with decreases in the wire diameter,
due to blurring of the image caused by the sampling
pitch of 87.5um, a 50-um-diameter wire could be
observed.
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