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ABSTRACT 

Background and Objectives: The ability to study microvessels of a beating heart in real time at the level of the 
capillary is essential for research. However, there are no proven methods currently available to achieve this. The 
conventional absorption-contrast agents have limitations for studying capillaries. Microangiography with using 
synchrotron phase-contrast X-ray technology and no contrast agent has recently been reported on. We tried to 
verify this previous report, and we wanted to visualize the microvessels of a rat heart using air as a contrast agent. 
Materials and Methods: We made the Langendorff apparatus in a hutch of the Pohang Accelerator Laboratory. The 
images were obtained with a white beam and a monochromatic beam. The visual images were magnified using 3× 
and 20× optical microscope lenses, and the images were captured with a charge-coupled device camera. Results: 
We could not duplicate the previously reported findings in which microvessels were visualized without the use of 
contrast agent. But with using air as a contrast agent, the microvasculature of rat hearts was clearly identified at a 
spatial resolution of 1.2 μm. Air being absorbed inside a capillary was also observed. Vessels under 10 μm dia-
meter were unable to be visualized with using iodine as a contrast agent. Conclusion: Phase contrast imaging already 
allows spatial resolution of 1 μm, which is enough to inspect capillaries. We were able to obtain images of cardiac 
capillaries with using air as a contrast agent. Yet air has the fatal limitations in that it causes embolism and ischemia. 
A more suitable contrast agent or imaging method needs to be developed in order to study the microvessels of a 
beating heart. (Korean Circ J 2008;38:462-467) 
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Introduction 

 
Performing phase-contrast imaging is based on the 

different refractive indexes of objects. A well-collimated 
X-ray beam is slightly deviated from the edges between 
different objects, and this produces a sharply enhanced 
image. To obtain a phase-contrast effect, a parallel beam 
of a sufficiently small source size and an adequate wave-
length is required and it is possible to achieve this effect 
by using synchrotron radiation as a light source at the 
accelerator laboratory.1) 

Conventional X-ray imaging is based on the varying 

absorption of X-rays between different tissues. Since 
there is very little difference in absorption between the 
vessel wall and the surrounding tissues, a contrast agent 
with high absorption properties is required to identify 
the vessels. Yet the absorption contrast method has 
some disadvantages in obtaining capillary level micro-
angiography images because contrast agents have high 
osmolality, high viscosity and they cause allergic reactions; 
further, they cause overlapping effects of small vessels 
and they can become diluted. Additionally, the current 
absorption contrast techniques face a fundamental prob-
lem in that the changes inside the vessels themselves 
cannot be visualized. In such organs as the heart, which 
is thick and composed of many overlapping vessels, the 
X-rays tend to reflect much of the information that the 
rays pass through and so the use of iodine as a contrast 
agent does not allow for the study of specific vessels. 
Studies concerned with synchrotron imaging are rapidly 
increasing in number and quality, but the majority of 
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these studies have used an iodine contrast agent, and 
they dealt with microvessels that had a diameter greater 
than 20 μm.2-4) 

To overcome the limitations of using an absorption 
contrast agent, several research groups have examined 
another vascular imaging technique.5-7) Their research 
suggested the possibilities of performing microangiog-
raphy without the use of a contrast agent,6) and the ves-
sels of the eye and the auricle regions in live rats were 
visualized at a spatial resolution of 10 μm. 

Dynamic observation of a capillary in a beating heart 
in real time has not yet been achieved. If we were able 
to do this, it would be a new unreported technology and 
a groundbreaking tool to study the vasculature changes 
associated with transplant rejection, cardiac ischemia, 
the effect of drugs and so on. 

 
Materials and Methods 

 
Heart preparation 

The Langendorff apparatus was built in a hutch of 
the Pohang Accelerator Laboratory (PAL). Two month 
old male Sprague-Dawley rats weighing approximately 
250 g each were then anesthetized by an intraperitoneal 
injection of Zoletil 30 mg/kg (Virbac, France) and Xyla-
zine 12 mg/kg (Bayer AG, Germany). A set amount of 
Krebs solution (NaCl 118 mM, KCl 4.7 mM, CaCl2 2.5 
mM, MgSO4 1.2 mM, NaHCO3 25 mM, KH2PO4 1.2 
mM, glucose 11.5 mM) was stored in the upper reservoir 
of the Langendorff circuit and this was infused with a 
mixture of 95% O2/5% CO2 (pH 7.4) gas 15 minutes 
before the experiment. A heater in the Langendorff cir-
cuit heated the solution to 38℃ before it was pumped 
into the rat heart (Fig. 1). We then dissected the rats 
using a midline sternal incision, harvested the hearts 
and quickly perfused the coronary arteries of the hearts 
with Krebs solution through a 2 mm probe via the as-
cending aorta. The flow rate of Krebs solution was 10 
mL/min. The rat heart was secured onto the experimen-
tal board while the Krebs solution was being continu-
ously infused. The X-rays coming through the beam line 
passed through the heart and scintillator to form an 
image via the charge-coupled device (CCD) camera. 

Because the Langendorff model involves a beating 
moving heart, there is a need to limit this movement in 
order to study the microvessels of a specific small area. 
In order to do this, an attempt was made initially to 
harvest a small part of the heart. However, it was found 
to be very difficult to harvest a sample while leaving 
the coronary artery supply intact. Thus, attempts were 
made to remove the calcium or to add potassium to the 
Krebs solution. Once the experiment was repeated many 
times it was possible to image approximately the same 
area regardless of the contractions and so it was possible 
to study the microvessels of a certain area of the heart 

in its beating state. 
Iodine (Telebrix, Guerbet, France) and air were used 

as contrast agents. The contrast agent was infused into 
the heart with using a three-way connector that was set 
just before the probe. 

 
X-ray source and the imaging system 

The microangiographic images were collected using 
a beam line 1B2/microprobe and a beam line 7B2/mi-
croprobe at the PAL in Korea.8) The energy level of elec-
trons was 2.5 GeV with a beam current of about 180 
mA just after starting the electron beam. 

For the 1B2 beamline, a double multilayer monoch-
romator that consisted of a pair of W/B4C multilayers 
was used; the unit energy was set at 8 KeV, and the 
length of the beamline from the energy source was about 
25 m. The X-ray image was converted into a visual sig-
nal by using a 20 μm thick CsI scintillation crystal. We 
magnified the images using an optical lens, and the spa-
tial resolution was approximately 1.2 μm when a ×20 
lens was used. The CCD camera had an active area of 
6.4×4.8 mm2 and this area consisted of 768×494 pix-
els. When we used a ×20 lens, a 320×240 μm2 area 
was covered and each pixel corresponded to approxi-
mately 0.5 μm. The output of the CCD camera was 
transferred to a VCR, and this data was later converted 

Fig. 1. The Langendorff apparatus built in a hutch of the Po-
hang Accelerator Laboratory. A rat heart was continuously per-
fused with oxygenated (95% O2/ 5% CO2) and warmed (38°C)
Krebs solution. 
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into digital files. 
An unmonochromatized white beam was used for the 

7B2 beamline, and the total length of the beamline was 
about 35 m. We used a 250 μm thick cleaved CdWO4 
single crystal as a scintillator. The images on the CCD 
camera were directly transferred to a computer that was 
attached to the camera, and the number of pixels ranged 
up to 1,280×1,024 with a 14 bit gray scale. To limit the 
X-ray absorption, a single image was taken within 50 
ms. To minimize the radiation damage, a shutter was in-
stalled that could reduce the exposure time to millisec-
onds. In most cases an exposure time of 50 ms was used 
in the experiments involving the rat hearts. For both 
beamlines, we placed the specimens 25 cm from the 
detector to achieve the best contrast. 

This study was approved by the Institutional Animal 
Care and Use Committee (IACUC) of the Clinical Re-
search Institute, Seoul National University Hospital. This 
facility has been accredited by the International Associ-
ation for the Assessment and Accreditation of Labora-
tory Animal Care. 

 
Results 

 
Phase-contrast microangiography without any con-
trast agent 

Although the same procedure as described by Hwu 
et al.1) was repeated in this experiment, phase-contrast 
visualization of the microvessels was not possible. We 
found that the microvessels became visible with pro-
longed exposure to a white beam, and this was due to 
radiation induced tissue damage and intravascular eva-
poration changes (Fig. 2). We obtained the gross and 
pathologic images of the damaged rat hearts after they 
were continuously exposed to a white beam (Fig. 3). 

 
Imaging using iodine as a contrast agent 

The images obtained with using iodine as a contrast 
agent primarily relied on the absorption contrast effect. 
It was technically easy to obtain the images of the cardiac 

vasculature with good reproducibility, yet a highly con-
centrated solution of contrast agent was needed. More-
over, it was difficult to visualize the microvessels that 
were less than 20 μm in diameter because of dilution 
of the contrast agent, the dark background and over-
lapping of other vessels (Fig. 4). We found that the con-
ventional contrast technique using iodine as a contrast 
agent was not adequate to observe capillaries. 

 
Imaging using air as a contrast agent 

When 0.5 cc of air was infused into the coronary 
arteries in the Langendorff circuit, the absorption con-
trast effect produced by the air embolus allowed visu-
alization of the coronary arteries and their associated 
microvessels that were less than 20 μm in diameter with 
good spatial resolution (Figs. 5 and 6). Because air as a 
medium allows refraction of X-rays between it and the 
surrounding tissues, it brings about a strong phase con-
trast effect that allows the visualization of microvessels 
at the level of the capillary (Fig. 5). We also took the ima-
ges of a rat toe to reveal the effect of air at places other 
than hearts (Fig. 6), and we could observe arteries, veins 
and the capillary networks. 

Throughout the experiments, the movement of the 
air emboli was carefully studied; reabsorption of micro-
scopic air emboli in the capillaries was observed. Though 
large amounts of intravascular air passed through the 
capillaries into the venous circulation, the microscopic 
air emboli were slowly reabsorbed into the surrounding 
tissues at the level of the capillary. 

 
Discussion 

 
Imaging techniques that use synchrotron radiation as 

a light source are being developed at a rapid rate, and 
we can now easily obtain the X-ray presentations, the 
angiographic findings, the 3-dimensional reconstruction 
images etc of a 100 g rodent.3)7-10) The fact that we can 
obtain these images from rodents has important impli-
cations. Preclinical testing to examine the effects of is-

15 min later 

Fig. 2. Vascular torsion and vaporization of the intravascular blood, which were both due to synchrotron radiation heat. The contrast ef-
fect became more distinct as time went by. 
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chemia, reperfusion and neovascularization on a specific 
oncogene, assessing the development of small collateral 
arteries after ischemia2)11) etc, can be freely carried out. 

Thus the large costs and time associated with testing 
larger animals were avoided in our study and the tests 
were able to be repeated many more times while being 

Fig. 3. Gross findings (A, B) and pathologic findings (C, D) of radiation tissue damage using the 7B2 beamline. A: when we exposed the 
heart to narrow-width radiation, a dark strip of tissue developed. B: we exposed the heart to broad width radiation twice for 15 minutes 
each time. Two bright strips were obtained. C: pathologic findings (×10) of the specimen and (B), loss of the epicardial tissue was found 
(large arrow). D: pathologic findings (×20) of the specimen and (B), myocardial damage was observed. 

A B 

C D 

300 μm 

Fig. 4. Coronary angiography with iodine contrast agent in the
heart of rat. The major coronary artery and its branch were visu-
alized. However, it was difficult to get an image of the microvas-
culature. 

50 μm 

Fig. 5. Microangiography with massive air embolism. We infused
massive air (1 cc) into the coronary sinus. We could get the 
microangiographic images of rat heart at the level of a capillary 
with using air as a contrast agent. 
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cost effective. Furthermore, although this type of study 
has not been attempted on different mammals, on spe-
cies with genetic mutations or on knockout species, the 
fact that this imaging technique has been successfully 
performed in rodents will encourage further experi-
ments and investigations in this area.4)7) 

Most of the studies in the current literature have re-
lied on the absorption contrast effect of iodine as a 
contrast agent, and we proved that this conventional 
contrast agent is not appropriate to inspect microves-
sels that are less than 20 μm diameter. There have been 
a few studies that have tried to obtain synchrotron mi-
croangiographic images with using other imaging te-
chniques and without conventional contrast agents.5)6) 
There has been a recent report in the literature of good 
phase-contrast imaging that was carried out with using 
normal saline;5) however, this involved equipment that 
was different from the ones used in the PAL and the 
studies used specially designed equipment such as a mo-
nolithic X-ray interferometer, which is currently una-
vailable in Korea. Vessels over 30 μm in diameter are 
currently able to be seen with that method. We have 
presented in our study the dynamic images of true ca-
pillaries of a beating heart for the first time in the world, 
and the spatial resolution was the finest that has ever 
been achieved. This study used only synchrotron radia-
tion equipment and optical microscopic lenses without 
the use of any other specialized equipment and so this 
allows for superior reproducibility. 

The paper by Hwu et al.6) reported on synchrotron mi-
croangiography with using no contrast agent; that paper 
was met with keen interest by members of the medical 
community. In their report, they said that it was pos-
sible to image the microscopic details of moving blood 
vessels in different live animals. Moreover, the study also 
pointed out that it will eventually be possible to obtain 
capillary level images of the microvasculature in real time 
without any contrast agent for clinical use. 

However, by performing repeated experiments in this 
study, it was found that the results reported by Hwu et 
al. in their study were likely due to a phase-contrast effect 
by the air that was produced during the experimental 
process. The process used in Hwu et al.6) study, which 
was identical to the one used in this study, and the pro-
cess involved using high energy 7B2 beamlines without 
any device to monochromatize the X-ray beam. In these 
conditions, the high-energy caused the vaporization of 
fluid inside the blood vessels and the resulting air pro-
duced a phase-contrast effect. As the same areas were 
repeatedly imaged throughout the study, it was observed 
that there is a relationship between the radiation expo-
sure time, vessel twisting and the air contrast effect 
(Fig. 2). The fact that we could not observe this pheno-
menon on the 1B2 beamline with using a monochroma-
tized beam is also reliable evidence. Hwu et al.6) in their 
study first used iodine contrast to image the vessels, and 
then they waited a few minutes for the contrast to wash 
out before taking the next set of images. It is believed 
that the vaporization process took place during the first 
imaging process. Although contrast was not intentionally 
injected into the specimens in Hwu et al.6) study, vapori-
zation occurred due to the high energy beamline and 
this produced air that in turn acted as a contrast agent. 
So it is difficult to claim that microangiography at the 
level of the capillary without the use of a contrast agent 
is currently possible. 

Concerning the radiation hazard, it was suggested that 
the intensity of 2.0×1010 photons mm-2 s-1 was satis-
factory for clinical use.12) This irradiation dose is about 
2.8-fold larger than that delivered by a conventional 
coronary angiography system. In this study with employ-
ing the 1B2 beamline where a monochromatic beam 
was used, approximately 3.4×1011 photons s-1 was deli-
vered, and with employing the 7B2 beamline, the irradia-
tion dose of a white beam was thought to be a thousands 
times more than that of a monochromatic beam. The 
white beam is strong enough to cause radiation damage 
on viable tissues and to vaporize intra-vascular blood 
in a relatively short period (Figs. 2 and 3). So the mono-
chromatic beam is usually used for diagnostic procedures, 
and the white beam is used for radiotherapy.13) We ex-
posed a rat heart to a continuous white beam for 15 
minutes, and we could obtain the gross and pathologic 
images (Fig. 3). We found the gross color change of the 
heart along the course of the irradiation, and there was 
pathologically-determined loss of epicardial tissue and 
myocardial damage. 

When air was used as a contrast agent, it was able to 
negate the limitations of iodine as a contrast agent. Air 
allowed the visualization of the internal parts of the ves-
sel due to its positive contrasting, but even if there is 
overlapping of the vessels, the vessels that are closer or 
more distant do not impede the view. In addition, air 

Fig. 6. Phase-contrast synchrotron microangiography of rat toe
using air as a contrast agent. 

300 μm 
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allows sharp, clear images only of the structures that it 
passes through, and so it is possible to study vessels less 
than 10 μm and also to study specific areas of vessels. 
Figs. 1, 4 and 5 show the sharp delineation at the junc-
tion of the vessel wall and the air embolus. In addition 
to many other findings, we also observed the absorption 
of microscopic air emboli in a capillary, but these were 
dynamic images and they are not presented here. 

Air as a contrast agent has many superior properties, 
yet the fact that it causes ischemia is a fatal limitation. 
Also, there is no way to confirm that the flow and distri-
bution of air through the tissues is the same as that of 
blood in vivo. Many researchers are currently searching 
for a contrast agent that allows visualization of microves-
sels at the level of the capillary (for example, air contain-
ing nano-capsules), but which avoids the already-men-
tioned adverse effects on tissues; however, these attempts 
have not yet yielded any significant findings. A more 
suitable contrast agent or imaging method needs to be 
developed in order to study the microvessels of the beat-
ing heart in real time. 
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