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A Novel Micro-Angiography Detecting
Angiogenesis, Application for Autologous Bone
Marrow Mononuclear Cells Transplantation in the
_Patients with Critical Limb Ischemia

Kazuhiro Nishigami, Takeshi Nakatani, Masaaki Chiku, Hidezo Mori

National Cardiovascular Center, 5-7-1 Fujishiro-dai, Suita, Osaka
565-8565, Japan

Summary. Conventional Anigiographic Findings in Autologous Bone
Marrow Mononuclear Cells Transplantation for Critical Limb Ischemia:
Bone marrow mononuclear cells have many of the characteristics of stem
cells for mesenchymal tissues, and secrete many angiogenic cytokines. We
performed autologous transplantation of bone marrow mononuclear cells
in six patients with critical limb ischemia due to Buerger disease, who
were not candidates for catheter or surgical revascularization. Leg pains at
rest and skin ulcers improved after bone marrow transplantation in all pa-
tients, although significant collateral developments after the therapy by
conventional angiography could not be observed. Autologous transplanta-
tion of bone marrow mononuclear cells including stem cells improved
critical limb ischemia due to Buerger disease. Neovascularization after
therapeutic angiogenesis might be quite small and could not be visualized
by conventional angiography.

Novel Micro-angiograpy:We developed in-hospital micro-angiographic
equipment which consisted of a high power X-ray source for computed
tomography and an avalanche type detector characterized by a high spatial
resolution (20um) and high sensitivity (100 times of CCD camera). We
visualized mid-zone collaterals after femoral arterial exfoliation with and
without therapeutic angiogenesis in rabbit ischemic limbs and assessed the
radio-absorptions in a clinical setting. The micro-angiography clearly
demonstrated mid-zone collaterals after the treatment with a diameter of
down to 50um, but the conventional angiography did not. The sum of ra-
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dio-absorptions for 10 seconds in clinical settings was 300 mSv. The
newly developed in-house micro-angiography ‘could illuminate mi-
cro-vessels with a diameter of down to 50um in clinical settings safely and
could be useful in the evaluation of therapeutic angiogenesis.

Keywords. Micro-angiography, Angiogenesis, Autologous bone marrow
mononuclear cells transplantation, Critical limb ischemia, Buerger disease

Introduction

Endothelial progenitor cells (EPCs) possess the ability to mature into cells
that line the lumen of blood vessels(Asahara T, et al. 1997). Therapeutic
angiogenesis could be induced by the transplantation of bone marrow
mononuclear cells including EPCs. Several studies demonstrated that
therapeutic angiogenesis using autologous bone marrow mononuclear cells
transplantation (BMT) was effective for ischemic vascular diseases al-
though conventional angiography could not precisely detect developed
collaterals after therapeutic angiogenesis(Iba O, et al. 2002, Inaba S, et al.
2002, Shintani S, et al. 2001, Tateishi-Yuyama E, et al. 2002). We devel-
oped an in-hospital micro-angiographic equipment which consisted of a
high power X-ray source for computed tomography and an avalanche type
detector characterized by a high spatial resolution (20um) and high sensi-
tivity (100 times of CCD camera). '

The purpose of the present study was to evaluate the clinical effects and
conventional angiographic findings on BMT for critical limb ischemia, and
to validate the usefulness and safety of the novel micro-angiography tech-
nique for the evaluation of therapeutic angiogenesis.

Methods

Patients

Patients qualified for autologous BMT if they had chronic critical limb
ischemia including rest pain and/or non-healing ischemic ulcers for a
minimum of 4 weeks without evidence of improvement in response to
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~ conventional therapies and were not optimal candidates for surgical or
catheter revascularization. Buerger’s disease was diagnosed by segmental
occlusion of small- and medium-sized arteries, absence of atherosclerosis,
and corkscrew collaterals circumventing the occlusion in angiogram and
the exclusion of autoimmune diseases such as scleroderma or systemic lu-
pus erythematosus, hypercoagulable states, diabetes, or acute arterial oc-
clusion secondary to embolism. Patients with retinopathy and/or malig-
nancy were excluded. Although 30 patients with atherosclerotic peripheral
artery disease were candidates for BMT, they were excluded from the pre-
sent study due to their systemic atherosclerotic complications. Six patients
with Buerger’s disease were recruited for the present study. All patients
had legs pain at rest and five patients had foot ulcers. Written consent was
obtained from all participants of this study. This clinical trial of autologous
BMT for the treatment of patients with critical ischemia was approved by
the Medical Ethics Committee of the National Cardiovascular Center.

Autologous BMT

Bone marrow fluid (700-800ml) was collected from the iliac bone under
general anesthesia. The harvested bone marrow fluid was diluted with
RPMI 1640 (Nikken Bio Medical Laboratory, Kyoto, Japan) containing
heparin, then stored in a sterile pack from the Bone Marrow Collection Kit
(Baxter, IL, USA). The mononuclear cell fraction was prepared with a
Fresenius AS104 (AMCO, USA). The injection volume was 0.5ml and in-
jections were spaced 2-3cm apart, using a 1ml syringe and a 27-gauge
needle. Leg pains were measured by a visual analog pain scale and foot
ulcers were evaluated by area and appearance.

Novel micro-angiography

The in-hospital micro-angiographic equipment consisted of a high power
X-ray source for computed tomography and an avalanche type detector
characterized by a high spatial resolution (20um) and high sensitivity (100
times of CCD camera) (Fig.1).
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Fig. 1a, b.The micro-angiographic equipment that we developed. High-voltage -
power X-ray source a and a detecting system with a high spatial resolu-
tion(25um) and high sensitivity (100 times of CCD camera) b.

Limb ischemia models in rabbits were made by ligating the femoral ar-
tery and treated by fibroblast growth factor 4 (FGF-4) genes incorporated
to gelatin hydro gel (GHG). One month after the treatment, we evaluated
collateral micro-vessels by using conventional and micro-angiographic -
systems. The approach was via the left femoral artery so that the catheter
was located in the abdominal aorta. A 5ml bolus of Iodine contrast me-
dium (300mg/ml) was injected at 3ml/sec using an auto-injection system.
Imaging was recorded using a digital source in 1000 x 1000 pixels. The
sum of radio-absorptions for 10 seconds in clinical settings was studied.

Results

Autologous BMT for Critical Limb Ischemia

The number of transplanted bone marrow mononuclear cells were one to
five multiplied 10°. Rest pains decreased or disappeared in one month after
BMT (Fig.2) and Skin ulcers improved in one to three months after BMT
in all patients (Fig.3).
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Fig. 2. The Visual analog pain scale in all patients.

Fig. 3a, b. The skin ulcers in a patient before a and one month after

autologous bone marrow transplantation b.

Conventional angiography was performed before and one month after
BMT, but there was no significant changes in any of the patients (Fig.4).
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Fig. 4a, b. The conventional angiographic findings in the patient before a and
one month after autologous bone marrow transpiantation b.

Novel micro-angiography

The novel micro-angiography can detect to within a limit 50 of um, al-
though a detection limit of a conventional angiography is 250um (Fig.5).

Fig. 5a, b. The detection limits on a conventional angiography a and the
novel micro-angiography b using a line chart

Collateral micro-vessels, which were 100-500um or less in diameter,
were demonstrated more clearly in micro-angiography than conventional
angiography (Fig.6). ,

The sum of radio-absorptions at the point of 1m distance from the X-ray
source in clinical settings was 300 mSv. for 10 seconds.
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Fig. 6a, b. In 2.5x2.5cm view size, Collateral micro-vessels after therapeutic
angiogenesis in the rabbit limb ischemia model. Vessel sizes in the range of
100-500um or less, were demonstrated in the novel micro-angiography b
more clearly than in a conventional angiography a. The diameter of the line
in the micro-angiography is 130um.

Discussion

Autologous BMT improved chronic severe limb ischemia due to Bue
rger’s disease. Conventional angiography could not disclose develope
d collateral vessels after BMT. A novel micro-angiography technique
could illuminate promoted collateral vessels after therapeutic angioge
nesis in rabbit models although a conventional angiography did not.
The sum of radio-absorptions in the novel angiography could be acc-
epted in clinical settings.

Autologous BMT and Buerger’s disease

Bone marrow harvests need an amount of more than 500ml bone marrow
fluid and general anesthesia in therapeutic angiogenesis using BMT. Such
factors have practical limitations to select candidates with peripheral artery
disease complicated with systemic atherosclerosis and aging for BMT.
Buerger’s disease is a segmental vasculitis that affects the distal arteries of
the upper and lower extremities. It typically occurs in young people. The
majority of patients with Buerger’s disease have pain at rest and digital

_53_



198 Nishigami K, et al.

ulcerations and are hard to treat by revasculaizations, including catheter
angioplasty and surgical bypass grafting, because of peripheral artery le-
sions. Patients with Buerger’s disease, however, tend to have less systemic
atherosclerotic lesions and normal cardiac function. These suggest that pa-
tients with Buerger’s disease are the ideal candidates for therapeutic an-
giogenesis using autologous BMT.

Discrepancy between clinical improvements and conventional
angiographic findings after BMT

BMT improved critical limb ischemia clinically. Promoted collateral ves-
sels after the treatment were not, however, visualized well by conventional
angiography. These vessels are quite small and the detection limit of small
vessels by conventional angiography is about 200um in diameter.

Novel micro-angiography

Recently, synchrotron radiation system characterized by high brightness,
monochromatic and collimated nature bypass, revealed micro-vessels in
situ. However the high cost of a synchrotron system strictly limits its
clinical application (100 million dollars or more). We developed an
in-house micro-angiographic system with a relatively low cost of ap-
proximately Imillion dollars, which consisted of a high-voltage power
X-ray source and a detecting system with a high spatial resolution
(25um) and high sensitivity (100 times of CCD camera). We evaluated
collateral micro-vessels one month after therapeutic angiogenesis by using
the conventional and micro-angiographic system. The in-house mi-
cro-vessel angiographic system could detect the micro-vessels more pre-
cisely than conventional angiographic system. We thought that the present
micro-angiography should be useful for evaluating efficacy of therapeutic
angiogenesis in clinical settings.

Conclusions

Conventional angiography failed to disclose the promoted collateral ves-
sels after BMT although BMT improved the critical limb ischemia clini-
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cally. The in-house micro-angiographic system could detect the mi-
cro-vessels more precisely than conventional angiographic system and the
sum of the radio-absorption in the equipment could be acceptable in clini-
cal settings. The novel in-house micro-angiographic system can be useful
in the evaluation of therapeutic angiogenesis clinically.
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