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pressure, which is one of the most intensive var-
iables in thermodynamics as well as the concen-
tration and temperature,’318 can also be used
for controlling the intermolecular forces to gen-
erate assembled molecules. We found that a poly
(viny! alcohol) (PVA) solution turned into a mac-
rogel or nanoparticle through a simple ultra-
high-pressure process (10,000 atmosphere,
10 min). The morphology of the obtained assem-
bly depended on the PVA concentration, indicat-
ing significant inter/intra-molecular hydrogen
bonding. Our results demonstrated that ultra-
high-pressure induces hydrogen bonding in
water, which is strong enough to maintain
microassemblies such as gels and particles.'”!®
Since the interactive potential of molecules is
brought out under ultrahigh-pressure, this tech-
nology would be applicable to realize the concept
for designing assembly molecules proposed by
Whitesides and coworkers.®2! Furthermore,
this methodology leads to the molecular design
of pressure-induced molecular assembly, and
facilitates nonharmful processes for molecular
separation and drug development.

EXPERIMENTAL

Materials

The degree of polymerization of the used PVA
(Kuraray, Japan) was 1750. The degree of sa-
ponification was 99.8%.

Ultrahigh-Hydrostatic Pressurization

An aqueous PVA solution of predetermined con-
centration was poured into a plastic bag and
was sealed. The bag solution was pressurized
using an ultrahigh-pressure machine (hydro-
static pressure). The pressure was set to 1000—
10,000 atmospheric pressures, and was pro-
cessed over the predetermined time period.

Hydrogel Preparation by The Freeze-Thawing
Method

An aqueous PVA solution was subjected to five
cycles of freeze-thawing, in which the sample
was frozen for 12 h at —20 °C, and then thawed
for 12 h at 4 °C as one cycle. The mass change
of the freeze-thawed sample and the high-pres-
sure processed sample before and after soaking
was measured, and the structures of the two
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gels, both of which had gel ratios over 90%,
were compared.

Dynamic Light Scattering Measurement

A 0.5 w/v % PVA solution was high-pressure
processed for 10 min at 10,000 atm, and the
sample was diluted to an appropriate concentra-
tion with ultrapure water, and was subsequently
filtered with a 5-um pore mesh. The particle size
was then measured with DLS-7000 (Otsuka
Electronics, Japan) using an Ar laser (41 = 488
nm, 75 mW).

Swelling Ratio Measurement

The PVA hydrogel prepared by pressurization
was immersed in pure water at room tempera-
ture for 10 days and then freeze-dried. The swel-
ling ratio of the PVA hydrogel was calculated as
follows:

W,

Wa — W X 100

Swelling ratio = W,
where Wy, is the weight of hydrated gel after the
dialysis and Wy is the weight of dried gel.

Scanning Electron Microscopy

Observation of PVA assembly was carried out
using a scanning electron microscope, S-4700
(Hitachi High Technologies). Specimen for SEM
observation was prepared as follows: After a
hydrogel was freeze-dried, it was coated with a
thin layer of Pt—Pd by the vacuum evaporation
technique.

Differential Scanning Calorimetry

DSC measurement was carried out to reveal the
melting temperature of PVA assembly. It was
carried out at heating rate of 5 °C/min under a
constant flow of nitrogen gas.

"H NMR Measurement

The nongelled portion of the pressurized PVA
was obtained by the dialysis of the PVA hydro-
gel. The 'H NMR spectra was obtained by the
measurement of the PVA sample dissolved in di-
methyl sulfoxide (DMSO-dg).
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Figure 1. Pressure-induced PVA assembly. (a) Pho-
tographs of a 10 w/v% PVA solution pressurized under
various conditions: (A) nonpressurized, (B) 7000 atm,
1 min, (C) 9000 atm, 1 min, (D) 7000 atm, 10 min,
and (E) 10000 atm, 10 min. (b) Phase (constitutional)
diagram of a 5 w/v % PVA solution pressurized under
various conditions. The state was decided by visual
observation according to the photographs. [Color fig-
ure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

RESULTS AND DISCUSSION

PVA Assembly Formed by Pressurization

Aqueous solutions of PVA at 1-20 w/v % concen-
trations were pressurized hydrostatically under
various conditions. Figure 1(a) shows photo-
graphs of typical samples of 10 w/v % PVA solu-
tions pressurized at different atmosphere pres-
sure (atm) for 10 min. A translucent solution, the
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precipitate and hydrogel of PVA was obtained by
increasing the pressure, indicating that the as-
sembly of PVA molecules was induced by pres-
sure treatment. The hydrogel was stable in pure
water, and the yield (gelation ratio) was 90% or
more. It is well-known that PVA solutions trans-
form into hydrogels when the solution was frozen
and thawed sequentially several times; this pro-
cedure is called the freeze-thawing method.
Approximately 10 days is required to form a
hydrogel with similar strength as a hydrogel
obtained by pressurization for only 10 min. Thus,
this simple pressurizing method can be expected
to be an energy saving process. The influence of
the pressure conditions on the formation of a
PVA assembly was examined using a PVA solu-
tion of 5 w/v % in detail. Figure 1(b) shows the
state diagram of the PVA assembly in a pres-
sure-time plot determined by visual observation
according to the photographs shown in Figure
1(a). The translucent solution and hydrogel were
acquired by pressure treatment at more than
8000 atm over a very short time (one min). The
tendency for gelation of PVA with increasing
pressure was observed for each step of pressur-
ization. In addition, at constant pressure, a long
period of pressure treatment induced assembly of
the PVA, even in the case of only 6000 atm, and
the hydrogel was obtained by pressurization for
30 min. Furthermore, DLS measurements of a
10 w/v % solution pressurized under conditions
in which a hydrogel was not obtained revealed
the formation of PVA nanoassembly and the
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Figure 2. DLS measurements of a 10 w/v % PVA so-
lution pressurized under various conditions.
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Figure 3. Illustration of the mechanism of hydrogen-bonding polymer assembly induced by ultrahigh-pressur-
ization. (a) Effect of conditional parameters on the morphology of PVA assembly. (b) Effect of secondary structure

of PVA on the formation of molecular assembly.

growth of the PVA nanoassembly under pro-
longed periods of pressure (Fig. 2). From these
results, it is clear that the assembly of PVA at
nanometer size was promoted under pressure
conditions of higher pressure and a longer incu-
bation period, and could be controlled by altering
the pressurizing strength and time [Fig. 3(a)l.

Characteristics of PVA Assembly Formed By
Pressurization

The gelation of a PVA solution at 5, 10, 15, and
20 w/v % concentrations was also achieved by
pressurization at 10,000 atm. The swelling ratio
of the obtained hydrogel was determined by the
starting concentration of the PVA solution, and
showed a constant value for all concentrations
when they were treated at 10,000 atm for more
than 10 min (Fig. 4). On the other hand, the
swelling ratio of the obtained hydrogel at 5 min
of pressurizing time was inversely proportional
to the concentration of the PVA solution (Fig. 5).
This result indicates that a tight interaction
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Figure 4. Effect of PVA concentration on swelling
ratio of PVA hydrogel formed by pressurization at
10,000 atm for various minutes.
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Figure 5. Swelling ratio of PVA hydrogels formed
by pressurization at 10,000 atm for 5 min.

between the PVA molecules was formed with
increasing the concentration of PVA solution.
The interior structure of the PVA hydrogel pres-
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surized at 10,000 atm for 10 min was observed
with a SEM (Fig. 6). A mesh-like structure with
pores of about 300 nm was observed for the
hydrogel obtained by the pressure treatment of
a 5 w/v % PVA solution. The mesh-like struc-
tures with smaller pores were formed upon
increasing the PVA concentration. As the pres-
sure treatment was carried out at 40 °C, no ice
crystal was formed.?? That is, ice crystals did
not affect the mesh-like structures formed by
the high-pressure process. In contrast, in the
case of the freeze-thawing method, the mesh-
like structures were formed by the formation of
ice crystals. Therefore, a different process of for-
mation between the two methods was suggested.

DSC analysis of the PVA hydrogels let us
know the melting temperature of the associated
PVA molecules. The relaxation, which occurs at
a temperature between 200 and 260 °C, is
caused by the melting of the crystalline domains
of PVA.%3?* The increase of intermolecular
hydrogen bonding in PVA raises the melting
temperature, leading to a high heat resistance.?
The melting temperature of the PVA hydrogel

— 1 pm (% 10,000)

Figure 6. SEM images of PVA hydrogels of 5, 10, and 20 w/v % formed by pressurization at 10,000 atm for 10
min and 5 w/v % PVA hydrogels formed by the freeze-thawing method.
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Figure 7. DSC measurements of PVA hydrogels
formed by pressure treatment or the freeze-thawing
method.

obtained by high-pressure process was higher
than that of the hydrogel prepared by the
freeze-thawing method (Fig. 7). This result indi-
cates that high-pressure process could form
stronger intermolecular interactions in PVA
than the freeze-thawing method. Although we
need to go into additional details about the ther-
modynamic stability of the PVA hydrogel
obtained by high-pressure process, we have only
limited information about it.

Many researchers have examined the self-
organization of molecules in an aqueous envi-
ronment, because the hydrogen bonds and
hydrophobic interactions were able to act as a
driving force for structure formation.??° The
formation and deformation of the hydrogen
bonds in an aqueous environment can be con-
trolled by changing the temperature and ionic
concentration. The effect of the salt concentra-
tion on the high-pressure process of the PVA so-
lution was then examined. When the NaCl con-
centration was increased, the PVA hydrogel was
obtained even at low pressure (around 6000
atm). At over 9000 atm, stable PVA hydrogels
were obtained at any salt concentration, and the
swelling ratio was almost constant (Fig. 8).
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Figure 8. Swelling ratio of 10 w/v% PVA hydrogels
formed by pressurization at 10,000 atm for 5 min
with various salt concentrations.

When PVA solutions of less than 1 w/v % con-
centration were treated with pressurization at
10,000 atm, clear and turbid solutions were
obtained, as well as in the case of a 10 w/v % PVA
solution pressurized under low atmospheric pres-
sure for a short time. The formation of small par-
ticles with a diameter of about 200-400 nm was
confirmed from SEM observation and DLS meas-
urements (Fig. 9). As a result, it was believed
that the formation of intra/inter-molecular hydro-
gen bonds is the first step in the initial structural
formation of PVA, and afterward the size and
morphology of the structure is determined in pro-
portion to the concentration of the solution.

The effect of the secondary (atactic, syndiotac-
tic, and isotactic) structure of PVA molecule was
observed by the 'H NMR spectra analysis for the
nongelled portion of the pressurized PVA solution
(Table 1). Short-time pressurizing treatment at

Table 1. NMR Analysis of the Nongelled Portion of
the Pressurized PVA Solution
Tacticity

mm mr rr
PVA117THC 22.6 47.6 29.8
S-PVA 119 499 38.2
PVA117HC (20%, 6000 atm, 5 min) 21.4 49.0 29.6
PVA117HC (20%, 6000 atm, 10 min) 33.8 37.7 28.5
PVA117HC (10%, 7000 atm, 5 min) 20.9 480 31.1
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Figure 9. Small aggregates formation of PVA by
pressurization. (a and b) SEM images and DLS mea-
surements, respectively, of PVA particles formed by
pressurizing a 0.5 w/v % PVA solution at 10,000 atm
for 10 min.

6000 atm had no effect on the content of the sec-
ondary structure of PVA molecule, whereas after
the longer treatment (10 min), the decrease of
the atactic portion (mr) of PVA molecule was
observed. There was no free PVA after more than
20-min treatment. These results indicated that
the atactic PVA was gelled prior to other kinds of
the stereostructured PVA, and after prolonged
treatment all kinds of stereostructured PVA
gelled. These differences of aggregation ability of
each stereostructured PVA could be applicable to
form the ordered structure by changing treat-
ment time, pressure, and the content of each sec-
ondary structures of PVA [Fig. 3(b)].

The High-Ordered Structure of PVA Assembly

The assembly of PVA depended on the strength
and period of pressurization and the PVA con-
centration. It should be noted that molecular as-
sembly is formed through two processes induced
by pressurization, which are dehydration and
the subsequent formation of hydrogen bonds
among inter/intra-molecules. Indeed, it is
believed that under pressurized conditions, the
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hydration shell of the PVA molecules was dis-
rupted, and then hydrogen bonding interactions
between the hydroxyl groups of the PVA were
formed. Thus, the gelation of PVA was promoted
by increasing the pressure. It seems that the
reaction could proceed with a long duration of
pressurization even at moderate pressures. With
regard to the concentration-assembly relation-
ship, monodispersed and nanometer-scale struc-
tures were formed by intramolecular interac-
tions under dilute conditions, whereas the mac-
rostructure (larger than mm) was formed by the
intermolecular interactions between nanometer-
scaled structures which contained molecular
entanglements under concentrated conditions.
To construct a well-defined molecular assembly,
it is necessary to optimize the primary chemical
structure of the polymer molecules, and to fabri-
cate molecules with a specific structure by
exploiting various interactions. The intermolecu-
lar force maintaining the structure of the supra-
molecular assembly includes van der Waals
force, electrostatic interactions, hydrophobic
interactions, and hydrogen bonds, etc. The indi-
vidual interaction energy of a hydrogen bond is
small, while if it interacts along the chain direc-
tion, hydrogen bond is able to maintain a huge
PVA hydrogel by assembling high-molecular
weight PVA moieties. The most important factor
that influences the structure formation induced
by high pressure is the chain length and the sec-
ondary structure of the PVA molecule, as well as
the temperature, concentration, and ionic con-
centration. Controlling the factors, it is expected
that the ordered structures of molecular assem-
bly can be generated. In a conventional tech-
nique, changing the concentration of the solu-
tion or a substitution of the solvent makes it dif-
ficult to change the molecular-assembly
situation gradually. On the other hand, the pres-
suring conditions can be reversibly controlled
and highly controlled operation for molecular as-
sembly by building the interactive part, which
works at a different pressure in the molecules.
In the case where two or more hydrogen bond-
ing functional groups are present, the control of
a higher-order structure can be achieved by
pressurizing in a stepwise fashion. We assumed
that the secondary structure of PVA is one of
the most possible candidates for the factors for
obtaining the ordered molecular assembling
structure. It is expected that such technology
can be applied to build a structure by the
manipulating molecular interactions to develop
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novel structure in aqueous solution, leading to
new science and technology.

CONCLUSIONS

The PVA assembly was simply obtained through
an ultrahigh-pressure process. The morphology
of PVA assembly depended on the strength and
period of pressurization, the PVA concentration,
the PVA chain length, and the PVA secondary
structure. Under the ultrahigh-pressure, molec-
ular assembly is formed through two processes,
which are dehydration and the subsequent for-
mation of hydrogen bonds among inter/intra-
molecules. Thus, the ultrahigh-pressure process
can manipulate molecular interactions. There-
fore, it is expected that the novel high-ordered
structures based on molecular assembly can be
generated by controlling various factors in an
ultrahigh-pressure process.

This work was partly supported by Kuraray Co., for
their supply of the poly(vinyl alcohol).
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Abstract

BACKGROUND: The objective of this work was to decellularize artificial tissue without using surfactant solutions.
For this purpose, supercritical carbon dioxide was used as the extraction medium.

RESULTS: Supercritical carbon dioxide containing a small amount of entrainer was a suitable medium to extract
both cell nuclei and cell membranes from artificial tissue. Under gentle extraction conditions (15 MPa, 37°C),
cell nuclei were satisfactorily extracted from tissue within 1h. In contrast, the efficiency of phospholipid removal
depended strongly on the transfer rate of carbon dioxide in the interior of the tissue. Mechanical strength of tissue
was not decreased even with prolonged treatment.

CONCLUSION: Acellular artificial tissues could be prepared quickly by treatment with a carbon dioxide/entrainer
system. The prepared acellular tissue could be obtained in absolutely dry condition. This is advantageous from

the viewpoint of long-term preservation without putrefaction and contamination.

© 2008 Society of Chemical Industry

Keywords: supercritical carbon dioxide; extraction; decellularization; aorta

INTRODUCTION
In recent years, the regeneration of diseased heart
valves by implantation of artificial or animal alterna-
tives has been investigated extensively.! > To accom-
plish complete tissue regeneration, several problems
need to be overcome. For example, acute rejection
of the implanted graft must be prevented. The graft
must be gradually degraded without losing appar-
ent mechanical strength, and gradually replaced with
regenerated recipient tissue after implantation. Fur-
thermore, the recipient’s cells should penetrate effec-
tively into the graft. Heart valve replacements are
currently performed using synthetic biodegradable
polymers such as polylactic acid and polyglycolic
acid.®~° However, complete reproduction of the heart
valves using these synthetic polymers is very difficult
because of the complicated structure of the valves.
In addition, the mechanical properties of the syn-
thetic polymers, which are used to make long-standing
implants, are not equivalent to those of native tissues.
In contrast, replacements of diseased heart valves
with healthy valves from animals have been reported
recently; the replaced heart valve is markedly more
durable than valves made from synthetic polymers.

However, strict evaluation of safety for the recipient
is necessary. The most important factor to be
evaluated is the extent of removal of donor cells,
because residual donor cells are the major cause
of rejection. Various decellularization methods have
been proposed to remove these cells.!?~!3 An example
of these methods is the use of surfactants, such as
SDS and TritonX-100.1472° SDS and Triton X-100,
which are potent reducers of surface tension, show
strong detergent properties and consequently the cells
in the tissue appear to be effectively washed out.
However, complete removal of toxic surfactants from
the tissue is difficult even after repeated rinsing, since
they show high affinity to the extracellular matrix.
In addition, cross-linking of tissue with a suitable
aldehyde is generally performed after surfactant
treatment to maintain the mechanical properties of
the tissue. However, this process is thought to be
related to calcification of the tissue after implantation.
Alternative decellularization methods that do not
involve the use of chemicals must be effective in
overcoming these problems.

In a previous study, a decellularization process for
porcine tissue was developed using ultrahigh pressure
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in aqueous solutions.?! The use of ultrahigh pressure
and subsequent rinsing in aqueous solution showed
excellent effectiveness in removing the cells without
the use of surfactants or other chemicals. In addition,
inactivation of retrovirus was also attained without
losing the mechanical strength of the tissue. However,
phospholipids were not removed from the cell
membrane, although the cell nuclei were completely
removed. To remove the remaining phospholipid from
the tissue, additional rinsing in alcohol for 3days
was necessary. Furthermore, more than 2 weeks was
necessary to complete this process. Because of the
prolonged treatment and the need for several steps
when this method is used, a simpler decellularization
procedure is desirable.

In this study, a novel method for the decellulariza-
tion of tissue that did not require a long period for
completion and did not involve multiple steps was
investigated. The process used the supercritical fluid
extraction technique. Supercritical fluids are used in
a variety of industrial fields. One of the attractive
characteristics of supercritical fluids is their transport
coefficients. For example, the diffusion coefficient of
a supercritical fluid is intermediate between those of
gases and liquids. On the other hand, the viscosity of
a supercritical fluid is equivalent to that of a gas. Con-
sequently, a supercritical fluid has a high transfer rate
and high permeability. Furthermore, these values can
be changed continuously by varying the temperature
and pressure. Thus far, supercritical fluids have been
applied in the selective extraction of valuable materials
in fields such as pharmacy and food science.????

The strategy for the decellularization of tissue
was to use supercritical fluid extraction of the cells
by varying the permittivity of the medium. This
method has the potential to extract cells effectively
with a single extraction medium by controlling the
operating pressure. In this study, carbon dioxide was
selected as the extraction medium and porcine aorta
as the tissue. Because carbon dioxide has moderate
critical conditions (7T¢ = 32 °C, Pc = 7.38 MPa), the
mechanical properties of the tissue are unlikely to be
lost during treatment under supercritical conditions.
In addition, carbon dioxide in the tissue will return
to the gaseous state after treatment and will naturally
diffuse toward the outside of the tissue. As a result,
there is no possibility of chemicals remaining in the
tissue. Thus, decellularized tissue prepared by this
method will be safe for the recipient after implantation.

This study was a fundamental investigation to
collect basic information for future application of the
process to other organs, such as heart valves and
trachea.

EXPERIMENTAL

Materials

Porcine aorta was isolated from a Clawn miniature pig
obtained from Japan Faram Co. Ltd. Before treatment
of the aorta with supercritical carbon dioxide, moisture
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on its surface was removed with filter paper. In
all experiments, the aorta was cut into 1g pieces.
Pure grade carbon dioxide (>99.9%) was used,
purchased from Sumitomo Seika Chemicals Co. Ltd,
Japan. If necessary, ethanol was used as an entrainer.
Ethanol (SIGMA-ALDRICH Japan K.K., Japan) was
of reagent grade and was used after drying with a 3A
molecular sieve.

Procedure

Decellularization of porcine aorta was examined using
a high-pressure reaction apparatus. Figure 1 is a
schematic diagram of the apparatus. The main com-
ponents of the apparatus include a pressurizing pump,
stainless steel vessel, and backpressure regulator.
The pressurizing pump (SCF-Get; Jasco Corporation,
Japan) supported the flow of carbon dioxide at the
desired rate. The stainless steel vessel had a total vol-
ume of 50 cm? and a diameter of 3 cm. The vessel was
placed in a water bath to control the treatment tem-
perature. The contents of the vessel could be stirred
with a Teflon-coated bar driven by an outside magnet.
The backpressure regulator (Jasco Corporation) was a
computer-controlled machine and was able to release
carbon dioxide at the desired flow rate for the desired
period. In this study, the releasing pressure was strictly
controlled to evaluate the effect of the mass transfer
rate of the fluid.

Liquid carbon dioxide from a cylinder was
compressed with a pressurizing pump and made to
flow into the reaction vessel until the pressure reached
the desired value. When an entrainer was needed,
excess ethanol (15 mL) was preloaded in the bottom
of the vessel. Under the supercritical condition, the
ethanol at the bottom of the vessel will dissolve in the
upper phase until the carbon dioxide is saturated with
ethanol. In all experiments, the aorta was fixed to the
upper side of the vessel to prevent direct contact with
ethanol. Consequently, in the supercritical condition,
the aorta would be surrounded with supercritical
carbon dioxide alone or with a mixture of supercritical
carbon dioxide and ethanol fluid. Unless otherwise
noted, the operating temperature was fixed at 37°C.

Decellularization was evaluated by hematoxylin—
eosin (HE) staining and quantitative analysis of
phospholipids. Phospholipid was assayed using the
combined enzymatic method reported by Takayama

Back pressure

regulator
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Figure 1. Schematic diagram of the experimental apparatus.
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er al.** This evaluation method detects phospholipid
selectively. To evaluate the mechanical strength of the
porcine aorta, tensile strength was evaluated before
and after treatment using a Tensilon RTC-1150A
(Orientec Co. Ltd, Japan) tensile tester.

RESULTS AND DISCUSSION

Evaluation of decellularization

For evaluating the decellularization of tissues,
the following two factors are generally recognized as
important for the safety of the recipient. The first
is the evaluation of the degree of removal of cell
nuclei. Because residual donor cell nuclei cause serious
rejection, they must be removed as completely as
possible. The second factor that should be evaluated
is the extent of removal of phospholipid. Phospholipid
is the main ingredient of cell membranes and the
nuclear membrane. The residue of donor phospholipid
is thought to cause gradual deposition of calcium
phosphate. As a result, calcification of the tissue may
occur. To confirm the decellularization of tissue in
this study, residual cell nuclei were evaluated by
tissue staining and residual phospholipid by chemical
analysis.

Figure 2 summarizes HE staining of porcine
aorta treated with supercritical carbon dioxide. A
preliminary study confirmed that the degree of cell
removal evaluated by HE staining completely agreed
with the results obtained by spectrophotometric
analysis of DNA. As shown in Fig. 2, the aorta that
had been treated with supercritical carbon dioxide
only (Fig. 2(b)) was microscopically similar to the
native tissue (Fig. 2(a)). Similar results were obtained
when the treatment temperature and pressure were

25-27
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varied. Cell nuclei, which have high polarity, seem
not to dissolve in non-polar carbon dioxide. On the
other hand, supercritical carbon dioxide that contained
ethanol was able to extract cell nuclei. As shown
in Fig. 2(c) and (d), cell nuclei in the tissue were
completely removed from the extracellular matrix. Cell
nuclei, which did not dissolve in either carbon dioxide
or ethanol, appeared to be effectively solubilized
in mixed fluid under the supercritical condition.
More remarkable was the decellularization that was
attained after a short period of treatment. Figure 2(d)
demonstrates that cell nuclei were removed within
15 min when the supercritical carbon dioxide/ethanol
system was used. Compared with an aqueous
detergent system, the high diffusion coefficient and
low viscosity of supercritical fluid will enable rapid
access of the fluid into the extracellular matrix. As a
result, rapid extraction of cell nuclei can be attained
with this system. Because complete decellularization
with other techniques is generally performed on a
daily basis, supercritical fluid extraction for the same
purpose can markedly shorten treatment time. These
results show that cell nuclei can easily be removed in a
short time without using chemicals such as surfactants
and enzymes. A method for quantitative analysis
of cell nuclei in supercritical carbon dioxide is not
yet established. Future investigations of methods for
evaluating the solubility of cell nuclei in supercritical
carbon dioxide would be necessary to confirm the
observations made in this study.

Figure 3 shows the variation in the percentage of
residual phospholipids in the tissue after treatment
with supercritical carbon dioxide/ethanol using a batch
system. In this case, the operating pressure was fixed at
30 MPa. For comparison, data obtained from a similar
system that did not contain ethanol are also shown. As

Figure 2. Hematoxylin-Eosin staining of porcine aorta treated in supercritical carbon dioxide. (Batch system): (a) native aorta; (b) aorta treated with
supercritical carbon dioxide only; (c) aorta treated with supercritical carbon dioxide/ethanol for 1 h; (d) aorta treated with supercritical carbon

dioxide/ethanol for 15 min.
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described before, residual phospholipid from a donor
may cause calcification after implantation. Therefore,
complete removal of phospholipid is desirable during
the decellularization process. As shown in Fig. 3, in
the absence of ethanol, the system had little ability to
extract phospholipid. The results showed that neither
cell nuclei nor phospholipid appeared to dissolve in
carbon dioxide alone, even when the system was
in the supercritical condition. On the other hand,
inclusion of ethanol in the system had an obvious
effect on the extraction of phospholipid; data show that
the percentage of residual phospholipid in the tissue
decreased with increasing treatment time and reached
a plateau. In this experimental condition, extraction of
phospholipid could be attained by 30 min of treatment.
Mixed supercritical fluid (carbon dioxide/ethanol),
which rapidly reached the inside of the tissue, seems
to have the potential to solubilize and extract both cell
nuclei and phospholipid within a short time. However,
complete extraction of phospholipid was not attained.
Some phospholipid remained in the tissue even when
the treatment was prolonged.

Figure 4 shows the effects of operating pressure on
removal of phospholipid from the tissue. Operating
time was fixed at 60 min. As shown in Fig. 4, the
percentage of residual phospholipid in the tissue
decreased with increasing pressure and reached a
plateau. Because an increase in pressure results in
an increase in solvent power, the solubility of high-
polar phospholipid gradually increased with increasing
pressure. The data indicate that the solvent power of
a supercritical carbon dioxide/ethanol system at about
20 MPa was sufficient to solubilize phospholipid.
Further increase in pressure has only an insignificant
effect on the solubilization of phospholipid. As shown
before, removal of the cell nuclei could also be attained
at 20 MPa. From these darta, it is concluded that
20 MPa is the threshold pressure for decellularization
of tissue with a supercritical carbon dioxide/ethanol
system. Unfortunately, residual phospholipid in the
tissue did not reach zero. Some phospholipids
remained even when the pressure was raised.

These results may be related to the operating system
of the apparatus. The data shown in Figs 3 and 4 were
obtained in experiments using a batch system. Because
adsorption and desorption of solute in this system are
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Figure 3. Effect of treatment time on the phospholipid removal from
tissue in supercritical carbon dioxide (batch system).
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Figure 4. Effect of treatment pressure on the phospholipid removal
from tissue in supercritical carbon dioxide (batch system).

in equilibrium with each other, complete removal of
phospholipid in a single trial may be difficult. For
the complete removal of phospholipid, repetition of
the procedure is necessary. However, it is difficult
to determine operating times for individual tissues,
since tissues differ from each other. In addition,
repetition of the operation is not favorable from the
perspective of reducing operation time and retaining
the mechanical strength of the tissue. In contrast, the
use of a system that can contro] the continuous flow
of the fluid may be effective in reducing the amount of
residual phospholipids in the tissue. In the following
experiments, data were collected from such a system.

Figure 5 shows variations in residual phospholipid
in the tissue as a function of treatment time.
In this case, the flow rate of the supercritical
carbon dioxide/ethanol mixture was 1mL min~'.
Overflowing fluid mixture was captured with a trap
through a backpressure regulator. As shown in Fig. 5,
phospholipid in the tissue was effectively removed by
a short period of treatment. Comparison with the data
in Fig. 3 shows that the time to reach a constant
percentage of residual phospholipid with this system
was shorter than the time required using the batch
system. However, some phospholipids remained in
the tissue. The amount of residual phospholipids was
about 20% of the amount in native tissue and was only
slightly different from that in the batch system. Similar
data were obtained when the operating pressure was
varied. From these data, fluid flow appears not to affect
extraction efficiency, but improves extraction velocity.

In order to improve phospholipid removal, further
investigation was undertaken taking into consideration
the mass transfer rate of mixed fluid in the tissue. It is
generally accepted that phospholipids within a tissue
must migrate to the surface of the tissue if extraction
is to succeed. In this step, the mass transfer rate of
the fluid would be closely related to the migration
of phospholipids. However, the mass transfer rate of
mixed fluid within the tissue under the constant flow
condition may be negligible compared with that on
the outside. On the other hand, considerable mass
transfer of mixed fluid within the tissue would be
observed on increasing or decreasing pressure. In
the process of increasing the pressure, mixed fluid
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Figure 5. Effect of treatment pressure on the phospholipid removal
from tissue in supercritical carbon dioxide (flow system).

in the tissue will not move to the outside because
the system is closed until the pressure reaches the
desired value. In contrast, the process of decreasing
the pressure favors the transfer of mixed fluid to
the outside through the backpressure regulator. As
a result, phospholipids solubilized in the mixed fluid
also migrate to the outside of the tissue. In order to
evaluate this hypothesis, carbon dioxide in the vessel
was gradually released at a strictly controlled flow rate.
In this case, pressure was decreased after treatment at
constant pressure (30 MPa) for 30 or 60 min.

Figure 6 shows phospholipid removal as a function
of pressure depression velocity. It is obvious that
pressure depression velocity affects phospholipid
removal. The migration velocity of phospholipids
in the tissue was also determined at the time of
depression of pressure. The data show that the
most effective rate of reducing the pressure was
0.25MPa min™'. Phospholipid removal was lower
at a pressure depression velocity of 0.25 MPa min™"
than at other rates shown in Fig. 6. A lower pressure
depression velocity produces slower variation in the
solubility parameter of the mixed fluid. This indicates
that phospholipids have considerable opportunity to
solubilize in a suitable polar fluid. From the data
in Fig. 6, the depression velocity of 0.25 MPa min~!
seems to be the best value for both solubilization
and migration of phospholipids. However, residual
phospholipids did not reach zero throughout the range
of depression velocities tested. As described before,
continuous pressure depression provides variation in
the solubility parameter of the mixed fluid. As a result,
some of the phospholipids solubilized in the mixed
fluid would be precipitated before migration to the
outside of the tissue. Further detailed investigation to
determine the best pressure depression velocity may
lead to greater efficiency of phospholipid removal in
this system.

Evaluation of mechanical properties of tissue

Figure 7 shows stress—strain curves for porcine aorta
treated with the supercritical carbon dioxide/ethanol
system. The operating pressure was fixed at 35 MPa.
As shown in Fig. 7, mixed fluids seem to have
no influence on the ultimate breaking strength of
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Figure 6. Effect of depression pressure on the phospholipid removal
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Figure 7. Stress—strain curves of porcine aorta treated in
supercritical carbon dioxide (flow system).

the tissue. This suggests that collagen and elastin
fibers in the extracellular matrix of the tissue are
not broken even if the system is in a high-pressure
condition. Because the investigations in this study were
performed at a comparatively low temperature and
pressure, carbon dioxide in the reaction vessel would
not have had enough energy to break the chemical
bond of protein fibers in the extracellular matrix.
On the other hand, the slope of the curve in Fig. 7
increases with increasing operation time. Prolonging
the operation time under the supercritical condition
causes hardening of the tissue, which becomes
considerable in the high-strain region. This result
may be related to tissue dehydration. Because fresh
ethanol/carbon dioxide mixture constantly flowed in
the reaction vessel for appropriate times, the water
content in the tissue decreased with time. As a
result, the stereo structure of the protein fibers in the
extracellular matrix may have gradually degenerated.

Figure 8 shows the effects of operating pressure
on the mechanical strength of porcine aorta. The
operation time was fixed at 60min. The data are
similar to those in Fig. 7. The ultimate breaking
strength of the tissue was not decreased. On the
other hand, an increase in operating pressure causes
hardening of the tissue. This result may also be
explained in terms of variation in the stereo structure
of the protein fibers. An increase in pressure under
constant temperature results in an increase in the
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Figure 8. Stress-—strain curves of porcine aorta treated in
supercritical carbon dioxide (flow system).

density of carbon dioxide. The ethanol content is
higher at higher densities of carbon dioxide. As a
result, water in the tissue dehydrates easily under the
condition of higher carbon dioxide density.

These findings are supported by the data in Fig. 9,
which shows the weight variation of the aorta after
treatment with supercritical carbon dioxide/ethanol.
As shown in the curves identified by circles, the
weight of porcine aorta decreased to about 70%
that of the native tissue after treatment with only
supercritical carbon dioxide/ethanol. The water in
the tissue was obviously removed and dissolved in
the fluid mixture. However, the weight of the aorta
did not recover compared with that of the native
tissue even if the aorta was soaked in aqueous
solution. Weight recovery was about 90% that of
the native weight. This result suggests that treatment
with supercritical carbon dioxide/ethanol reduces the
possibility of incorporation of water in the inner part of
the tissue. Insignificant variation in the stereo structure
of the tissue due to dehydration with ethanol may cause
slight contraction of the tissue.

These results show that the ethanol in supercritical
carbon dioxide causes tissue dehydration. Hardening
of the tissue due to dehydration became considerable
in the high-strain region. Fortunately, the strain that
an organ is subjected to during practice is represented
toward the lower end of the abscissa (Figs 7 and 8).
In this strain region, differences in hardening due to
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Figure 9. Comparison of weight recovery of porcine aorta before and
after the treatment in supercritical carbon dioxide.
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differences in operating conditions will be negligible.
In addition, the ulumate breaking strength of the
tissue was equivalent to that of the native standard.
The most important role of decellularized tissue is
to retain mechanical strength as a scaffold. Tissue
prepared in this study had satisfactory characteristics
in this respect. In order to investigate the strength of
tissue in detail, i vivo evaluation in a long-standing
implantation is necessary.

CONCLUSIONS
Supercritical carbon dioxide that contained a small
amount of ethanol was used as an extraction
medium to remove the cells from artificial tissue.
The cell nucleus and cell membrane in the tissue
could be effectively removed within 20 min under
mild conditions (15MPa, 37°C). No decrease was
observed in the mechanical strength of the tissue
because of treatment under the supercritical condition.
The safety level of the recipient is high if the decel-
lularized tissue is processed using supercritical carbon
dioxide, because undesirable chemicals such as sur-
factants and aldehydes are not necessary. In addition,
decellularized tissue can be obtained in an absolutely
dry condition. This means that the decellularized
tissue can be preserved semipermanently until use.
Further evaluation for pathogens, such as endogenous
viruses and prions, would increase the potential of
the supercritical fluid extraction method for preparing
acellular artificial tissue.
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Abstract

Objective: In coronary artery bypass grafting (CABG), insufficient bypass flow can be a cause of occlusion or string sign of the internal thoracic
artery (iTA) graft. A patent saphenous vein (SV) graft from the ascending aorta can reduce the blood flow through the ITA graft, and may affect its
long-term patency. In the present study, we examined the impact of the patent SV graft to the left coronary artery on the long-term patency of the
ITA to left anterior descending (LAD) artery bypass. Methods: We reviewed the coronary angiograms of 313 patients who had two bypasses to the
left coronary artery including 1 in situ ITA to LAD graft between March 1986 and December 2006. Patients who had occlusion of either bypass grafts
to the left coronary artery in the early angiography, were excluded. In 64 patients (20.4%), bilateral ITAs were individually anastomosed to the LAD
and the second target branch in the left coronary artery (BITA group), while 249 patients (79.6%) had the ITA to LAD bypass and the SV graft to the
second target branch in the left coronary artery (ITA/SV group). The mean fotlow-up period was 6.8 + 4.9 years. Results: The cumulative patency
rate of ITA-LAD bypasses at 10 years was 100% in the BITA group and 81.4% in the iTA/SV group. The ITA to LAD bypass was occluded in 14 (5.6%)
patients of the ITA/SV group. In the ITA/SV group, the cumulative graft patency rate of the ITA to LAD bypass in patients who had severe (>76%)
native coronary stenosis between the two anastomotic sites was 98.6% at 5 years, and was significantly higher than that of 82.3% in patients
without severe stenosis ( p < 0.0001). Conclusions: Long-term patency of the ITA-LAD bypass was affected by the presence of the patent SV graft
to the left coronary artery, particularty when the native coronary stenosis between the two anastomotic sites was not severe. Competitive flow
from SV graft could play an important role in occlusion of the in-situ arterial graft.

(© 2008 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.

Keywords: Coronary artery bypass grafting; Internal thoracic artery; Saphenous vein graft; Competitive flow; Graft arrangement

1. Introduction or ‘string sign’, which represents the narrowing of the artery
along its whole length [9]. In previous reports, competitive
The utilization of an internal thoracic artery (ITA) in flow usually arose when native coronary stenosis was not
coronary artery bypass grafting (CABG) has decreased the severe, and the patency rate of the ITA graft inversely
operative mortality without increasing the operative correlated with severity of native stenosis [10—12].
complications [1,2]. The ITA to the left anterior descending Recently, various grafts such as ITA, radial artery,
artery (LAD) in coronary revascularization has been proven gastroepiploic artery, and saphenous vein (SV) graft are
to have a superior long-term patency rate [3], and it applied and designed in various configurations. There are
improves the long-term mortality and morbidity in patients several reports investigating the hemodynamic features of
with coronary artery disease [4—8] as compared to use of bypass grafts. Kawasuji and colleagues compared the flow
vein grafts to the LAD. capacities of arterial grafts and SV graft and demonstrated
On the other hand, a current issue regarding the ITA graft that the flow capacity of the in situ ITA graft which
is that competitive flow in the ITA graft causes graft occlusion represented diastolic blood pressure, was less than that of

SV graft, whose proximal anastomosis was placed on the

ascending aorta [13]. When the in situ ITA and the SV graft

* Corresponding author. Tel.: +81 6 6833 5012; fax: +81 6 6872 7486, were connected to the same coronary artery system, the
E-mail address: hnakajim@hsp.ncvc.go.jp (H. Nakajima). patent SV graft may affect the in situ ITA graft. Such

1010-7940/5 — see front matter © 2008 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.ejcts.2008.07.011
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interactions between the SV graft and arterial bypass grafts
have not yet been delineated.

The purposes of this study are to examine the effects of
the graft material, for the circumflex or diagonal branch on
the long-term patency of the ITA to LAD graft, and to
delineate the interactive effect between the bypass grafts
aiming at establishing appropriate usage of the SV graft and
strategy for optimal graft arrangement in CABG.

2. Materials and methods

We reviewed the coronary angiograms of 313 patients who
underwent CABG with two bypasses to the left coronary
artery including one in situ ITA to LAD graft and early
postoperative angiography between March 1986 and Decem-
ber 2006. Of these, 263 were male and 50 female with a mean
age of 60.9 8.9 years and a mean follow-up period of
6.8 +4.9 years. In our institution, early postoperative
coronary and graft angiography was routinely performed
about 2 weeks after surgery, except for patients with renal
insufficiency, severe atherosclerosis in the aorta or aged
more than 80 years. Late coronary angiography was done
when patients suffered from chest pain or recurrence of
angina pectoris was suspected by electrocardiogram or other
clinical symptoms. Late coronary angiograms were carried
out on 133 patients in this series (42.5%; 133/313). All
coronary angiograms were independently evaluated by
cardiologists for coronary artery stenosis and graft patency.
Stenoses were grouped as 51—75% and 76—100% by a precise
measurement of the minimal luminal diameter and labeled as
‘moderate’ and ‘severe’, respectively in the present study.

The in situ ITA graft or the SV graft as an aorto-coronary
bypass was exclusively used in an individual fashion for these
patients. The patients who did not undergo early post-
operative angiography, who had graft occlusion in either of
two bypass grafts to the left coronary artery in the early
angiography, and who had a gastroepiploic artery, radial
artery, sequential or composite graft, were excluded from
this study. Patients whose bypass graft to the right coronary
artery was occluded, but both bypass grafts to the left
coronary artery were patent in early angiography, were
included. Ninety-three patients had two bypass grafts in the
left coronary artery, and 220 patients had two bypass grafts in
the left coronary artery and 1 in the right coronary artery.
The second target site in the left coronary artery was the left
circumflex artery (LCX) in 270 patients and the diagonal
branch (Dx) in 43 patients.

Patients were divided into two groups based on the graft
selection for the second target site in the left coronary
artery. The BITA group comprised 64 patients in whom
the bilateral in situ ITAs were individually anastomosed to
the LAD and the second target site (Fig. 1). In the ITA/SV
group, 249 patients had a single in situ ITA to LAD and the
SV graft to the second target site in the left coronary
artery (Fig. 2). Characteristics of both groups are shown
in Table 1. In addition, the ITA/SV group was divided into
two subgroups based on the severity of native left
coronary stenosis between two distal anastomotic sites,
which was referred from preoperative coronary angiography
(Fig. 3). The subgroup S comprised 189 patients who had
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Dx

LAD LAD
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Fig. 1. In the BITA group, bilateral ITAs were individually anastomosed to LAD
and the diagonal or circumflex artery. Solid lines indicate the in situ ITA. ITA:
internal thoracic artery; LAD: left anterior descending; Dx: diagonal branch;
LCX: left circumflex artery.

severe (76—100%) stenosis between two anastomotic sites,
while the subgroup M consisted of 60 patients who had
moderate (51—75%) or less stenosis between two anastomo-
tic sites. For example, the subgroup S included patients who
had severe stenosis at the origin of LAD or circumflex, and the
subgroup M included patients with the stenotic lesion
localized in the left main trunk.

3. Operative technique

Our current operative technique has been described
previously [14]. In brief, our standard technique since 2000
was off-pump CABG without aortic manipulation. Addition-
ally, we preferably use the bilateral in situ ITAs when we
place two bypass grafts to relatively large branchesin the left
coronary artery region in patients without considerable
operative risk, such as chronic obstructive pulmonary disease
or an advanced age of more than 75 years. A suction-type
stabilizer and an apical heart positioner were used for off-
pump CABG. The surgical field was maintained by a CO,
blower and an intracoronary shunt.

Before introduction of an off-pump operation, conven-
tional CABG was performed with ascending aortic and bicaval
cannulations. The core temperature was maintained between

5 g
Emmmmmman®

LCX

Fig. 2. In the ITA/SV group, an in situ ITA was anastomosed to LAD and the SV
graft were anastomosed to Dx or LCX as an aorto-coronary bypass. Solid lines
and dash lines indicate ITA and SV graft, respectively. ITA: internal thoracic
artery; SV: saphenous vein; LAD: left anterior descending; Dx: diagonal branch;
LCX: left circumflex artery.
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Table 1
Baseline characteristics in both groups
Characteristics BITA ITA/SV p value
Number of patients 64 249
Age 59.8 4 8.7 61.2+8.9 0.30
Follow-up period (years) 4.6 +4.4 7.3+4.9 <0.0001
Male/female 59 (92%)/5 (8%) 204 (82%)/45 (18%) 0.046
Hypertension 40 (63%) 117 (47%) 0.03
Hyperlipidemia 38 (59%) 126 (52%) 0.34
Diabetes mellitus 30 (47%) 109 (44%) 0.66
LVEF (%) 50.4 + 12.2 52.8 £13.5 0.26
Operative procedure

On-pump/ off-pump 29 (45%)/35 (55%) 248 (99.6%)/1 (0.4%) <0.0001
Second target branch in the left coronary artery

Dx/LCX 6 (9%)/58 (91%) 37 (15%)/212 (85%) 0.26

+ Bypass graft to RCA 19 (30%) 201 (81%) <0.0001

Mean =+ standard deviation. LVEF: left ventricular ejection fraction; CABG: coronary artery bypass grafting; LAD: left anterior descending artery; Dx: diagonal branch;
LCX: left circumflex artery; ITA: internal thoracic artery; RCA: right coronary artery; SV: saphenous vein.

32 °C and 34 °C. Intermittent tepid blood cardioplegia was
infused antegradely and retrogradely.

The ITA was harvested in either conventional (combined
with vein and fascia), semiskeletonized (partially combined
with vein) or skeletonized fashion [14]. All distal portions of
ITA grafts were greater than 1.5 mm in diameter assessed by
insertion of a 1.5-mm flexible probe.

4. Long-term patency rate of the ITA to LAD bypass

We analyzed the long-term patency of the ITA to LAD
bypass and examined the effects of graft materials
anastomosed to the second target site in the left coronary
artery and severity of the native coronary stenosis between
two distal anastomotic sites.

5. Statistical analysis
The continuous variables are expressed as mean values + -

standard deviations and compared between the two groups by
using Wilcoxon rank-sum test. The data of two independent

Subgroup-S Subgroup-M
*eSV *sSV
“ *
W

r1

-5

o

St

Severe stenosis Moderate stenosis
between anastomotic sites

N=60

between anastomotic sites
N=189

Fig. 3. Patientsin the ITA/SV group were divided into two subgroups in regard
to severity of the native coronary stenosis between two anastomotic sites
(solid line: ITA; dash line: SV graft). ITA: internal thoracic artery; SV: saphenous
vein; LMT: left main trunk.
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groups were compared using Fisher’s exact probability test.
The Kaplan—Meier method was used to determine the
cumulative graft patency rate and log-rank test was used to
compare two groups. The differences in the outcomes were
considered statistically significant at a probability value of
<0.05.

6. Results

The baseline rate of off-pump CABG in the BITA group was
significantly higher than that in the ITA/SV group. Male and
hypertensive patients were included in the BITA group with a
significantly higher rate as compared to the ITA/SV group. On
the other hand, the population of CABG with three distal
anastomoses was significantly higher in the ITA/SV group than
in the BITA group.

In the ITA/SV group, 14 bypass grafts were occluded
during the follow-up period (5.6%; 14/249), whereas, all
the ITA-LAD bypasses remained patent in the BITA group.
The cumulative patency rate of the ITA-LAD bypass in the
ITA/SV group was 94.9% at 5 years and 81.4% at 10 years

=z
Q
®
>
Q
€40f e BITA
@ — |ITA/SV
& 20

o_

0 2 4 6 8 10 12 14 16 18
Time (years)

BITA: 64 7 2
ITA/SV:249 72 27

Fig. 4. The cumulative patency rate of the ITA to LAD bypass grafts. The
cumulative patency rates at 10 years were 100% in the BITA group and 81.4% in
the ITA/SV group. Number at risk is described below the x-axis.
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Fig. 5. The cumulative patency of the ITA to LAD bypass grafts. The cumulative
patency rates at 10 years were 91.2% in the subgroup S and 45.6% in the
subgroup M (p < 0.0001). Number at risk is described below the x-axis.

In a comparison of two subgroups of the [TA/SV group, the
ITA to LAD bypass graft was occluded in five patients of the
subgroup S (2.6%; 5/189) and in nine patients of the subgroup
M (15%; 9/60). The cumulative patency rate of the ITA to LAD
bypass in the subgroup S were 98.6% at 5 years and 91.2% at 10
years, whereas those in the subgroup M were 82.3% at 5 years
and 45.6% at 10 years (p < 0.0001) (Fig. 5).

The early and late coronary angiograms of 14 patients with
occlusions of the ITA to LAD bypass were carefully reviewed.
In 4 out of 14 patients, there were no stenoses of the ITA-LAD
bypasses in the early angiograms. However, through SV graft
injection of the late angiograms, strong bypass flow from SV
graft opacified not only the left circumflex artery but also
LAD. In addition, the ITA grafts were visualized by retrograde
flow and exhibited ‘string sign’ (Fig. 6).

7. Discussion

Significant differences in hemodynamic characteristics
between the ITA graft and the SV graft have been reported.

Fig. 6. The distal portion of the ITA graft was visualized by retrograde flow
from the SV graft injection (arrows). ITA: internal thoracic artery; SV: saphe-
nous vein; LAD: left anterior descending; OM: obtuse marginal branch.

The SV graft as the aorto-coronary bypass has higher flow
capacity than the in situ ITA graft [13] owing to higher blood
pressure directly from the ascending aorta and its greater
diameter of the SV graft, as compared with those of the in
situ ITA graft. Therefore, we presumed that if the patent SV
graft to the left coronary artery was present, it might
decrease the blood flow in the in situ ITA graft, and diminish
its advantage as arterial materials.

In the present study, we attempted to prove the
interactive effect between the individual bypass grafts with
the different blood source, investigating from a viewpoint of
blood flow and patency of arterial grafts. To minimize a bias
associated with the bypass grafts and coronary arteries, only
patients who had a simple graft arrangement and coronary
artery lesions were included. In particular, to eliminate
procedural differences, such as on-pump versus off-pump
and technical failure, which would be one of the most
fundamental biases, patients who had early occlusion of the
bypass graft to the left coronary artery were entirely
excluded. We focused on the patency of the ITA to LAD
bypass, because it is clinically important for survival after
CABG.

The results of this study demonstrated that the presence
of the patent SV graft anastomosed to the second target site
in the left coronary artery reduced the patency rate of the
ITA to LAD graft, particularly when the native coronary
stenosis between the two distal anastomoses in the left
coronary artery was not severe. It was suspected that a
mechanism of occlusion of the ITA-LAD bypass was associated
with competitive flow from the SV graft by our careful
observation of the late coronary angiogram about string of
the ITA-LAD bypass.

We previously investigated competitive and reversal flow
in sequential and composite arterial grafts, and identified
that some specific situations, which were related to two or
more coronary branches and arrangement of bypass grafts,
significantly increased the incidence of competitive and
reversal flow [15]. Moreover, we reported that the graft
arrangement with maximized antegrade bypass flow in the
arterial grafts played an important role in achieving the
advantages of arterial materials and minimizing the inci-
dence of cardiac events after CABG [16]. Since arterial graft
occlusion due to insufficient bypass flow mostly occurs within
1 or 2 years [10,16], the long-term prognosis could be
jeopardized. We believe that this interactive effect from the
SV graft should be avoided as far as possible to achieve the
advantage of the arterial graft.

Schmidt and colleagues recommended the use of arterial
graft to the second target branch in the left coronary artery
because of the superior survival rate [17]. Importance of the
circumflex artery over the right coronary artery and inferior
patency of the venous graft [18] are considered as primary
reasons for the superiority. Results of our study may suggest
that interactions of the SV graft on the in situ ITA may be
another possible explanation for the superiority of arterial
grafting to the second target site in the left coronary artery.
We suppose that the use of the SV graft in the right coronary
artery region hardly affects the bypass flow in the ITA to LAD
graft.

Implications of this study are as follows: patency rate of
the ITA to LAD bypass had been believed similar, irrespective
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of graft arrangement for the second target branch in the left
coronary artery. However, the results of this study strongly
suggested that the in situ ITA to LAD bypass only, bilaterat ITA
grafting, sequential grafting and the composite Y graft to the
LAD and the second target branch will provide the higher
patency rate of the ITA to LAD bypass than the use of the SV
graft to the circumflex or diagonal branch, when the stenosis
between the two anastomotic sites in the native left coronary
artery is moderate or less. Even in patients unsuitable for
bilateral ITA harvest, the avoidance of the SV graft from
ascending aorta should be considered.

We suggest that, on the contrary, the in situ ITA to LAD
bypass concomitant with the aorto-coronary bypass is
suitable when the left coronary and circumflex artery is
remarkably large or a large mount of bypass flow is required.
The isolated ITA to LAD can be a reasonable option of choice
in patients with a localized lesion in the left main trunk. For
the concomitant diagonal branch, Dion and colleagues
reported excellent long-term patency of sequential grafting
with the in situ ITA [19]. According to our previous study,
when the circumflex artery is almost occluded and the
stenosis in LAD is moderate, the composite Y graft is not
recommended, because of the high incidence of competitive
flow in the ITA to LAD bypass graft [15]. The severity and
location of stenoses in the native coronary artery, the size of
the target branch, the distance between and positional
relationship of the two target sites, quality of the ITA graft,
anticipated flow demand and atherosclerosis of the aorta,
etc., should be taken into account for decision of strategy for
the second target branch in the left coronary artery.

Limitations of the present study are as follows: first,
because this study was retrospective and non-randomized,
some differences regarding the characteristics of the BITA
and ITA/SV groups were noted. Furthermore, the sample size
was considered relatively small. However, the influence of
these differences on the late angiographic results could be
minimized, because early angiography confirmed that all 313
patients had patent grafts to the teft coronary artery, and 133
(42.5%) patients underwent late angiography. Since more
than 85% of patients after CABG underwent early angiography
in our institution between 1986 and 2006, we considered that
the selection bias for angiography was not so significant.
Second, although the follow-up period was not enough for
development of vein graft disease and ischemia in the left
coronary artery region, it would be sufficient for examining
correlations between the insufficient flow and arterial graft
occlusion, as compared with previous studies [10,16]. In
addition, progression of native coronary artery disease during
the follow-up period, the length and the location of the
stenotic lesion, the size of the circumflex coronary artery
could not be taken into account. Moreover, peripheral
vascular resistance in the myocardial tissue, and flow
demands could also have important roles in the coronary
perfusion. However, these factors could not be quantified by
reliable methods. The effects of diabetes, hypertension,
hyperlipidemia, aspirin and statin medical therapy may be
the next concern in the future.

It may be controversial in management of ‘string sign’,
which differs from graft occlusion. Several previous reports
documented that the ITA graft with string sigh could recover
its own lumen when the native coronary artery disease
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became severe [20,21]. In the statistical analyses of this
study, graft occlusion probably associated with string sign
was not separated from the other graft occlusion. The
reasons for this were as following: (1) contrast medium from
the ITA injection did not reach LAD, (2) reversibility is not
guaranteed for all ITA grafts presenting string sign, (3) the
purpose of this study is to delineate the effect of the
abundant blood flow from the SV graft, and (4) it is generally
accepted that both graft occlusion and string sign are
commonly associated with the abundant native coronary
flow.

When we use the combination of the in situ arterial and
in situ aorta-coronary venous grafts, it would be necessary
to pay attention not to place influence on the patency of
the important bypass especially created with the in situ ITA
graft. This study is not conclusive in nature and is hypothesis
generating only. Further investigations for interactive
effects and considerations for the appropriate usage of
the SV graft are necessary to establish the strategy for graft
arrangement.
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