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Figure 8
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Two different types of three-generation hyperbranched graft surfaces with parent chain (stem), daughter
chain (branch chain), and granddaughter chain (twig chain)} were sequentially prepared by iniferter
{initiator—transfer agent—ferminator)-based quasi-living radical graft copolymerization using photolysis
of the benzyl N,N-diethyldithiocarbamate (DC) group. The graft copolymerization of chloromethylstyrene
(CMS) with N, N-dimethylacrylamide (DMAAm) or N,N-dimethylaminoethyl methacrylate (DMAEMA)
was initiated on DC-derivatized surfaces under ultraviolet irradiation, followed by dithiocarbamylation
on CMS units in the graft copolymer chains. The repeated cycles of photopolymerization/dithiocarbamylation
provided successively higher generations of graft architectures. The stepwise progress of the branching
stage was evidenced with changes in surface elemental composition and wettability and visualized by dye
staining. From the typical force-versus-distance curves obtained by atomic force microscope measurement,
some structural information of graft polymers was estimated.

Introduction

Precise architecture of surface graft chains may be
needed for prevention of biocolloidal adsorption and
adhesion in biomedical applications. Conventional radical
graft polymerization techniques cannot control molecular
parameters such aschain length and chain shape including
bleck and branching due to the high reactivities of free
radicals.? However, recent progress in the controlled
radical reactivity technique at propagating chain ends,?~4
including nitroxide-mediated stable free radical polym-
erization (SFRP),25-8 atom transfer radical polymerization
(ATRP),29-12 gnd reversible addition—fragmentation chain
transfer polymerization,!* has enabled the design of precise

*To whom correspondence should be addressed. Telephone:
(+81) 92-642-6210. Fax: {+81) 92-642-6212. E-mail: matsuda@
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Figure 1. (A) Reaction mechanism of the iniferter-based quasi-living radieal polymerization. (B) Chemical structure of
dithiocarbarnate group derivatized polyST (poly(ST-co-VBDC)). (¢) Reaction mechanism of dithiocarbamylation of chloromethylstyrene

group derivatized polymer.

Our attempt to design a precision surface graft archi-
tecture utilized photochemistry of N,N-diethyldithio-
cabamate (DC), by which reversible transformation be-
tween an active and a dormant species at a propagating
end is strictly controlled, leading to quasi-living polymeri-
zation.35-3% This iniferter polymerization method (Figure
1A), which was first developed for controlled macromeo-
lecular architecture in solution by Otsu et al.**4! in the
early 1980s and proceeds during ultraviolet (UV) irradia-
tion at room temperature, is particularly beneficial to
surface functionalization on fabricated biomedical devices.
Applying this iniferter-based polymerization method, the
authors have designed various surface graft architectures
controlling the chain length,® block graft chain,3536
gradient chain length,3%7 and regionally graft-polymer-
ized pattern3®i"38 surface.

More complex but controlled hyperbranched graft
architectures were prepared in our previous paper.** The
principle is based on a sequential reaction of iniferter
copolymerization with chloromethylstyrene (CMS) and
subsequent dithiocarbamylation of the CMS units in the
copolymers. After a stem (parent) chain was progressively
propagated from an iniferter-immobilized surface, CMS
units in graft chains were dithiocarbamylated. Subse-
quently, a branch (daughter) chain was progressively
propagated on multiply derivatized iniferter units in the
stem chains. The chain length for both parent and
daughter chains was controlled by photoirradiation time,
and the degree of branching was determined by the
composition of CMS units. Figure 2 represents the

(35) Nakayama, Y.; Matsuda, T. Macromolecules 1998, 29, 8622.

(36) Nekayama, Y.; Matsuda, T. Lengmuir 1999, 15, 5560.

(37) Higashi, J.; Nakayama, Y., Marchant, R. E; Matsuda, T.
Langmuir 1999, 15, 2080. ’

(38) DeFife, K. M.; Colton, E.; Nakayama, Y.; Matsuda, T.; Anderson,
J. M. J. Biomed. Mater. Res. 1999, 45, 148,

(239) Lee, H. J.; Nakayama, ¥.; Matsuda, T. Muacromolecules 1999,
32, 6989,

{40) Otsu, T.; Yoshida, M. Macromol, Chem. Rapid Commun. 1982,
3,127, -
{41) Otsu, T.; Yoshida, M.; Tazaki, T. Macromol. Chem. Rapid
Commun. 1982, 3, 133. :

schematics of the preparation of the first generation (GI)
to nth generation (Gn) graft architectures, in which each
generation consists of two steps: dithiocarbamylation
(Figure 1C) as multiple iniferter-derivatized sites on
chains and subsequent iniferter polymerization (Figure
1A). Semiquantitative analysis of the graft chain lengths
of stem and branch chains was assessed by the newly
developed differential fluorescent technique, which con-
vinced us that a well-controlled graft architecture was
realized as designed.

In this study, as an extension of our series of studies
on controlled hyperbranched graft surface designs, a three-
generation branched-graft architecture consisting of par-
ent (stem), daughter (branch), and granddaughter (twig)
chains was prepared. Some insight into structural infor-
mation on the graft architecture was provided by force-
versus-distance curves measured by atomic force micro-
scope (AFM).

Materials and Methods

Materials. CMS (- and p- mixture) was obtained from Tokyo
Chemical Industry Ltd. (Tokyo, Japan). Styrene (ST) was
purchased from Ohken Co., Ltd. (Tokyo, Japan). Solvents and
other reagents, all of which were of special reagent grade, were
obtained from Wako Pure Chem. Ind. Ltd. (Osaka, Japan) and
used after conventional purification. Poly{ethylene terephthalate)
{PET) film was obtained from Toray Co., Lid. (Tokye, Japan).

DC-Derivatized PolyST Coated Surface, DC-derivatized
polyST was prepared according to the method previously reported
by us.” Briefly, the mixture of ST (0.83 g, 8.0 mmol) and
vinylbenzyl N,N-diethyldithiocarbamate (VBDC, m- and p-
mixture, 0.53 g, 2.0 mmol}in N,N-dimethylformamide (13.7 mL)
including AIBN ([menomer)/[initiator] = 100, molar Tatio) was
shaken for 3 h at 60 °C. The resulting poly(ST-co-VBDC)
copolymer (DC-derivatized polyST) was purified by reprecipi-
tation in a toluene—methanol system three times. The yield was
0.12 g(8.5%). The molecular weight of the polymer was estimated
by gel permeation chromatography (GPC) analysis: Mn =51 400
(PST standard, eluent CHCla). The content of DC unit in the
copolymer, which was determined by "H NMR spectroscopy from
the integral ratios between the aromatic protons (8 6.3—7.2) and
the remaining S-methylene protons (§ 4.2—4.6) of the dithic-
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Figure 2. Schematic drawing of the first generation (GI) to nth generation (Gn) graft architectures.

carbamyl group, was found to be 25,1 mol %. A toluene solution
of the DC-derivatized polyST (3 mL, 1%) was coated on PET
films (15 x 15 mm), which were used as substrates.

Surface Photograft Polymerization. The DC-derivatized
polyST films were placed in a glass dish (diameter 30 mm), poured
with 0.5 mL of a monomer-containing methanol solution (0.5
mol/dm?), and then covered with a sapphire plate (diameter 25
mim, thickness 1 mm). Monomers used were CMS, N.N-di-
methylacrylamide (DMAAm), and N,N-dimethylaminoethy] meth-
acrylate (DMAEMA). The films were then UV-irradiated through
the sapphire plate in an atmosphere of nitrogen with an ultrahigh-
pressure mercury-vapor lamp (250 W, SPOT CURE250, Ushio
Inc., Tokyo, Japan). The light intensity, measured with a
photometer (UTR-1, Topeon, Tokyo, Japan), was 5 mW/cm?®. The
temperature of the polymerized samples was maintained around
20—25 °C. The photograft-copolymerized films were rinsed with
methanol and ethanol and then dried in air.

Preparation of Multiple-DC-Derivatized Film. The poly-
(CMS-co-DMAAMm) or poly(CMS-co-DMAEMA) graft-copolymer-
ized films were immersed in 10 mL of an ethanol solution of
sodium N, N-diethyldithiocarbamate trihydrate (2 g, 9 mmol).
After the solution was shaken for 24 h at room temperature, the
multiple-DC-derivatized film was obtained. The films were
thoroughly rinsed with ethanol, dried in air, and stored in a dark
desiccator.

Preparation of Regionally Different Graft-Copolymer-
ized Surface, DC-derivatized polyST film was tightly placed on
a photomask with a linear opening (line width 2, 1, or 0.5 mm)}
(Four Leaves Co., Ltd., Osaka, Japan) and covered with a sapphire
plate after being filled with 2 monomer-containing methanol
solution. The films were irradiated through the photomask, rinsed
with water and alcohol, and then dried in air. After immersion
into an ethanel solution of methyl iodide, the surface-grafied
films were stained with a dilute aqueous solution of rose bengal
{Acid Red 94, C.1. 45440) (1.0% wiv} for visualization of the grafl-
copolymerized region.

Physical Measurements. All'HNMR spectra were recorded
in CDCls solution using tetramethylsilane (0 ppm} as an internal
standard with a 270 MHz NMR spectrometer (GX-270, JEOL,
Tokyo, Japan) at 30 °C. X-ray photoelectron spectra were taken
with a Shimadzu ESCA 3400 {Kyote, Japan) using a magnesium
anode (Mg Ka radiation) at room temperature and 3 x 1076 Torr
(10 kV, 20 mA). Static contact angles toward deionized water
were measured with a contact angle meter (Kyowa Kaimen
Kagaku Co., Ltd., Tokyoe, Japan) at 25 °C by the sessile drop
method. Force-versus-distance curves were obtained by AFM
{Dimension 3000, Digital Instruments, Santa Barbara, CA) using
a probe tip with spring constant (0.12 N/m) and operated at the
frequency of the approach/retract cycle of 3.2 Hz. AFM images
{400 x 400 pixels) were obtained nsing the “height mode”, which
kept the force constant, and visualized using the “surface mode”,

=21

0-

" Cross-sectional topography of selected regions in the AFM images
was obtained with Digital Instruments software.

Results

Two different types of three-generation-graft chains
were prepared from the iniferter-based copolymerization
of CMS with DMAAm or DMAEMA on surfaces thinly
coated with the iniferter-derivatized copolymer (poly(ST-
¢o-VBDCY); content of DC unit, 25 mel %) (Figure 1B). The
grafted chains of DMAAm exhibited a water-soluble,
nonionic character in water, whereas those of DMAEMA
further subjected to quaternization exhibited a water-
soluble, cationic character.

Preparation of Nonionic Hyperbranched Grafts:
Stem—Branch—-Twig Architecture. Iniferter-driven
surface photograft copolymerization was initiated from
the surface of the DC-derivatized polyST film {generation
0, G0 in Figure 3) in methanol solution containing CMS
and DMAAm at a feed mole ratio of 1:20 (step I in Figure
3). After 5 min of irradiation, the treated surface was
immersed into ethanol solution containing sodium N,N-
diethyldithiocarbamate for 24 h (step Il in Figure 3). X-ray
photoelectron spectroscopy (XPS) measurement showed
both markedly increased. CVC and N/C ratios upon
photoirradiation, and markedly reduced CI/C and in-
creased S/C were observed upon dithiocarbamylation
(Figure 3A). These indicate that CMS—DMAAm graft-
copolymerized chains as the stem chains were produced
on the treated surface (stem architecture: first generation
{GI), b in Figure 3) and then on multiple-DC-derivatized
CMS units (e in Figure 3). In a separate solution
experiment using benzyl N,N-diethyldithiocarbamate as
a solubleiniferter, the composition of copolymer, produced
under the same conditions as the surface graft copolym-
erization mentioned above, was found tobe approximately
20 mol % for polyCMS (data not shown). This suggests
that the graft chain was composed of one CMS unit per
five monomer units on an average.

The successive sequential procedure of photopolymer-
ization (step IIl in Figure 3) and dithiocarbamylation (step
TV) under the same conditions employed for the stem
architecture resulted in the same trend for the changes
in CI/C and S/C ratios {(Figure 3A). These indicate that
branched graft chains were produced (branch architec-
ture: second generation (GII), d in Figure 3} followed by
multiple-DC-derivatized CMS units (e in Figure 3}
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Figure 3. (A) Elemental ratio in XPS measurements and (B) water contact angle changes in the sequential progress of the
branching stage by the alternate reactions of photograft copolymerization and dithiccarbamylation from the nongrafted DC-
derivatized surface {GO) to the third-generation surface (GIII} and schematic drawing of the stage progress.

Photoirradiation on such treated filmin DMAAm aqueous
solution (step V) resulted in markedly increased O/C and
N/C ratios close to the theoretical value (0.20) whereas
little significant detection of Cl and S atoms was observed,
indicating that polyDMAAm was grafted on branched
chains (twig architecture: third generation (GIII), f in
Figure 3).

Figure 3A,B summarizes the changes in relative el-
emental intensity to carbon atom and water contact angle
as a function of a repeated series of photopolymerization
and dithiocarbamylation. The water contact angles, both
advancing and receding angle, synchronously decreased
upon photopolymerization probably due to the hydrophilic
PDMAAmMm unit but increased upon dithiccarbamylation
due to the hydrophobic component of the DC unit.

Regionally Different Third-Generation-Graft Ar-
chitectured Surface. The DC-derivatized surface with
regionally different hypergeneration-graft architectures
(the coated surface as previcusly mentioned) was sequen-
tially prepared from CMS and cationic monomer, DMAE-
MA, using photomasks with different line widths (2, 1,
and 0.5 mm), The conditions of polymerization and
dithiocarbamylation were the same as those for PDMAAmM
hyperbranched grafts mentioned above. After photopo-
lymerization through a photomask tightly placed on the
surface, quaternization of the DMAEMA unit was carried
out with methyliodide. These sequential reactions using
different-sized photomasks were repeated three times.
First, the stem architectured surface was prepared in a
2 mm striped pattern (GI) on the DC-derivatized surface
{G0). Second, the GII surface was created with a 1 mm
striped pattern on the GI grafted region, and last, the
GIII surface was created with a 0.5 mm striped pattern
on the GII grafted region. Rose bengal (anionic dye)
staining after quaternization clearly differentiated the
sequential formation of the regionally different multi-
generation-graft architectures as shown in Figure 4. It
was apparent that the qualitative color intensity of stained
areas was in the order of GIII > GII > GI » GO
(nontreated).

Force-versus-Distance Curve with the AFM. To
characterize the nature and structure in water of the
prepared regionally different multigeneration-graft ar-
chitecture shown in Figure 4, force-versus-distance (f~d)
curves using an atomic force microscope were determined
in water between the grafted layer and the AFM silicone
nitride probe tip. There was a marked difference in the
f—d curves between nongrafted and grafted surfaces
(Figure 5). When the tip was lowered to contact with the
nongrafted (GO} surface, the repulsive force was generated
as a linear function of tip distance (note that this is due
to the enforced bending of a cantilever upon pushing down
to the surface; theoretically, a very sharp repulsion force
should be observed for nondeformable surfaces if the
cantilever does not bend upon high loading) (Figure 5A).
There was no appreciable hysteresis between approaching
and retracting traces, indicating that there was little
appreciable detachment force usually observed for the f~d
curve of the retracting trace on hydrophobic surfaces.

On the other hand, for the GI surface, a slightly
exponential f~d curve was found for the approaching trace
and hysteresis between the approaching and retracting
traces was observed, indicating the formation of graft-
polymerized layer (Figure 5B-1). The graft density was
estimated to one chain per 20— 30 nm?2 (~0.04 chain/nm?)
from our recent AFM study.® When the cantilever tip
was sufficiently pushed down on the surface, the f—d
curves for both traces became identical. The separation
point of the f—d curves of these traces was conveniently
defined as the completely compressed state generated by
enforced loading. The repulsive interaction distance
between the completely compressed location (position a
in Figure 5B-1, top of the compressed graft layer) and the
repulsion-initiating location (position b in Figure 5B-1,
top of the swollen graft layer) where repulsive force is
first appreciated in an approaching trace was roughly
estimated as about 100 nm. In a water-swollen graft layer,

10&1}2) Kidoaki, 8.; Nakayama, Y.; Matsuda, T. Langmuir 2001, 17,
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Figure 4. Visualization of the sequential progress of the
branching stage by staining with rose bengal. The DC-
derivatized polyST surface (G0) was graft-copolymerized with
CMS and DMAEMA, followed by quaternization, while nar-
rowing the irradiation area in each polymerization stage (A,
GI; B, GI + GII; C, GI + GII + GIII) by the combination of three
kinds of photomasks with linear openings (line width: 2 mm
for GL, 1 mm for GII, 0.5 mm for GIID. Bar = 0.5 mm. .

the real thickness of a graft layer can be defined as the
sum of the compressed graft thickness and the repulsive
interaction distance.*? The compressed thickness, deter-
mined by cross-sectional analysis from AFM scanning
images of the boundary area between the grafied and
nongrafted regions in air, was about 30 nm (Figure 5B-2).
Therefore, the real thickness was estimated as about 130
nm in the GI surface. The observed hysteresis and
appreciable detachment strength in the f-d curve,
estimated from an adhesive jump in the retracting trace
and muitiple jumps, strongly suggest that the tip/graft
layer interaction was complex.

The GIII surface had a much higher compression force,
larger repulsion interaction force, and higher degree of

(43) Kidoaki, S.; Ohya, S.; Nakayama, Y.; Matseda, T, Langmuir
2001, 17, 2402,
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hysteresis than the GI surface, indicating that although
cationically charged water-soluble polyDMAEMA graft
chains show steric interaction as the tip approaches the
outermost layer of the graft chain in water, once the tip
is forced to penetrate into a graft layer, high resistance
to deformation and high detachment force are exhibited
(Figure 5C-1). The real grafting thickness of the GIII
surface was about 160 nm (the repulsive interaction
distance, about 120 nm; the compressed thickness, 40 nm;
Figure 5C-2), which was close to the value observed in the
GI surface.

Discussion

The repeated cycle of iniferter-based photopolymeri-
zation and subsequent dithiocarbamylation produced a
controlled graft architecture: the former reaction deter-
mines both chain length and content of precursor unit (or
branching site), and the latter reaction produces iniferter
on derivatization chains. Our previous study preparing a
controlled graft architecture of stem and branch chains
showed that chain length and degree of branching were
semilinearly proportional to photoirradiation time and
CMS content in the copolymers, respectively.!! These were
quantitatively determined by differential fluorescent
intensity between grafted and nongrafted regions using
a confocal laser scanning microscope.

This study was extended to design a more complex
structure including twig (or granddaughter) chains, XPS
measurement and water contact angle measurement
cledrly showed synchronous changes in elemental ratios
and wettability, responding to photopolymerization (chain
extension or branching) and dithiocarbamylation (or
multiple-derivatized iniferter on a chain) (Figure 3). These
results showed that such sequential reactions lead to a
more hyperbranched graft architecture, Repeated cycles
of photopolymerization/dithiocarbamylation progressively
produced higher wettability as the generations of graft
architecture progressed. In addition, higher generation
graft surfaces were more densely stained, as clearly
visualized on the regional multigeneration-graft archi-
tecture surface (Figure 4).

On the other hand, structural information on the graft
chainsin water was obtained by f—d curve using the AFM
(Figure 5). In principle, f—d curve measurement could
provide invaluable dynamic information on the structure
of the swollen graft architecture upon enforced pushing-
in of a tip into and pull-out from the swollen graft layer.
It was apparent that as multigeneration progressed,
hyperbranching of the graft architecture was enhanced,
resulting in higher spacio-density of the graft chain. This
may reflect the mechanical properties of swollen graft
architectured surfaces. As evidenced by the comparison
of f~d curves of GI and GIII surfaces, with increasing
generations a higher steric repulsion was observed as the
probe tip made contact with the outermost graft chain
and penetrated into a graft layer, both of which were
derived from higher spacio-density of graft chains and
configuration or topelogy of hyperbranching. The degree
of hysteresis between approaching and retracting traces,
which may be derived from the elastic pushing-out force
generated upon compression of graft chains, was larger
for the GIII surface than for the GI surface. In addition,
detachment (or adhesive) strength was found to be larger
for the GIII surface than for the GI surface. Multiple
adhesion jumps were also observed. These may indicate
that higher generation graft chains combine their inter-
actions with the tip when subjected to enforced mechanical
loading, resulting in the high elastic modulus of the water-
swollen graft layer and a higher probability of multiple
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Figure 5. Force-versus-distance {f—d) curves using the atomic force microscope on (A} the DC-derivatized polyST surface and
CMS—-DMAEMA graft-copolymerized surfaces (B-1, GI surface; C-1, GIII surface in Figure 4). Also shown are line sean spectra
for the cross-sectional topography between the boundary area of the grafted and nongrafted regions of the GI (B-2) and GIII (C-2)

surfaces,

interaction of graft segments with the tip. On the other
hand, between the GI and GIII surfaces there was little
change in the graft thickness in water, which was defined
as the sum of the repulsive interaction distances and the
compressed graft thickness, as indicated in our AFM
study* of the water-swellable graft layer. This suggests
that the thickness of the graft layer did not significantly
increase but the three-dimensional density of the graft
chains was elevated with the progress of the graft
polymerization stage.

We demonstrated a multigeneration hyperbranched
graft architecture up to three generations. However, in
principle, higher generation (nth) graft architecture is
feasible upon repeated cycles of the two reactions described
above (Figure 2). The spacio-resolved graft architectural
method described here offers multiple choices of graft
architectures in terms of main chain length, branch—

branch length, chain composition, and degree of hyper-
branching. In addition to the increased spacio-density of
graft chains, the configuration or topology of hyper-
branching may lead to different mechanical properties as
compared with linear grafied chains obtained by conven-
tional radical polymerization methods.
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Abstract: The development of an artificial graft requires
formulation of biomechanical design criteria. The compli-
arice of artifical grafts, based on the intraluminal pressure-
internal diameter (Pi-Di) relationship, was measured by a
novel method using a digital X-ray imaging system coupled
with an edge detection algorithm and a pressure transducer.
The Pi-Di values were obtained from digital angiographic
images under continuous inflation of a canine femoral artery
anastomosed with an expanded poly(tetrafluoroethylene)
(ePTFE) vascular graft as a model vessel with a pressurized
contrast medium. The Di at Pi using an NIH Image software
specially programmed for the entropy filter method, which
enables the detection of the edge of the vessel phantoms of
the images, was determined. The Pi-Di relationships showed
a "J-shape” curve for the artery, a steeper line with a very
low pressure-dependent distensibility for the ePTFE graft,
and an intermediate curve for the anastomosis protion. The

two indices for the vessel compliance, the stiffness param-
eter (B value) and the diameter compliance (C,), both of
which were calculated from the Pi-Di relationships, were
10.6 and 6.8%/mmHg x 107 for the artery, 164 and 0.51%/
mmHg x 1072 for the ePTFE, and 14.4 and 5.5%/mmHg x
1072 for the anastomosis portion, respectively. This method
can measure compliance at any portions of the sampling
vessel in a single experiment on a real-time basis with very
high accuracy, compared with conventional methods, and
even in cases of intimal thickening and/or connective tis-
sues-adhered vessels, and may serve to provide information
on compliant design criteria of artificial and tissue-
engineered graft. © 2002 John Wiley & Sons, Inc. J Biomed
Mater Res 60: 191-195, 2002

Key words: digital X-ray imaging system; angiography tech-
nique; compliance

INTRODUCTION

Clinically used artificial vascular grafts made of
plastics are generally rigid conduits. An anastomosis
between a compliant host artery and a rigid vascular
graft causes compliance mismatch, thereby generating
hemodynamic disturbance and stress concentration,
which may lead to thrembus formation at an early
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stage and to an excessive tissue ingrowth (neointimal
hyperplasia) near the anastomosis at a later stage of
implantation.™® The mechanical property or the com-
pliance of an artificial graft is a determinant of hemo-
dynamical, pathological, and physiological functions.
From a biomechanical point of view, an artificial graft
exhibiting compliance matching with a native artery is
essential to prevent or minimize these adverse effects,
which appear to determine the fate of implanted arti-
ficial grafts. The smaller the inner diameter of artificial
graft is, the more critical the compliance matching is.
Precise determination of the compliance of natural ar-
teries and artificial or tissue-engineered grafts at its
regionally defined portion has long been awaited for



192

the formulation of criteria for biomechanical design of
artificial vessels as well as for the understanding of the
physiological role of compliance. To this end, our ef-
forts have been focused on fabrication of compliant
artificial grafts using an excimer laser-ablated, micro-
pored segmented, polyurethane single tube®” and co-
axial double tubes®

As for the determination of the compliance of arter-
ies or artificial grafts, which requires measurement of
the pressure-dependent vessel diameter, several meth-
ods have been reported: the echo-tracking method, "’
the loop-probe method,!'"!? the cantilever meth-
0d, 21314 the optical width analyzer method 158
and the classical angiography technique.'** Both the
echo-tracking and the loop-probe methods enable us
to determine the internal diameter of the vessel in vivo
on a real-time basis: the former method, in which the
diameter of blood vessels is measured from outside of
the arteries, cannot be applied to echo beam-
impermeable artificial grafts, and the latter one in-
volves the insertion of a probe in an artery or an arti-
ficial graft. Both the cantilever and optical width ana-
lyzer methods can measure the external diameter of all
vessels except for vessels that are tightly adhered to
the surrounding tissues. On the other hand, the clas-
sical angiography technique can measure the internal
diameter of the vessels both in vivo and in vitro, even
for artificial grafts, the outer surface of which is heav-
ily adhered to a surrounding tissue.

In this article, the angiography method, which was
originally developed for determining blood vessel di-
ameter on cineangiography and is based on a digital
X-ray imaging system coupled with a specially de-
signed algorithm for determination of the intraluminal
edge of an artery, is modified to measure the intralu-
minal pressure-dependent internal diameter changes
of the vessel. This method, in which accuracy of de-

SONODA ET AL.

termination is essentially very high among the exist-
ing methods, can easily and accurately determine the
regionally specific compliance or stiffness of a natural
artery and an artificial graft and their site of anasto-
mosis. An anstomosis model between an artery and an
ePTFE graft is presented for verification of the poten-
tial applicability of this method for determining the
compliance at a desired part of the host artery/
artificial graft-anastomosed segment.

MATERIALS AND METHODS

An anastomosis between an artery and an artificial graft
was created as follows. A femoral artery of a mongrel dog
(weighing ~30 kg) was mobilized and clamped, and the
anastomosis was performed with an ePTFE vascular graft
(Stretch Thin Wall; W.L. Gore & Associates, Inc., Flagstaff,
AZ) using a continuous 7-0 nylon suture in end-to-end fash-
ion (~4 em in length). The vessel segment including the anas-
tomosis (-8 cm in length) was obtained and mounted to the
holder according to the following procedure.

The measurement apparatus for determining the intralu-
minal pressure-internal diameter (Pi-Di) relationship is com-
posed of a digital X-ray imaging system (Series 9600; OEC
Medical Systems, Inc., Salt Lake City, UT), a pressure trans-
ducer (6M92; NEC-Sanei, Tokyo, Japan), and a custom-
designed holder for mounting a vessel (Fig. 1). The X-ray
booster and the image intensifier of the imaging system
were positioned to obtain the optimal image size of the ves-
sel. One end of the vessel segment was cannulated to a fixed
stainless steel connector for pressure loading with a syringe
pump (Truth all-round injector; Nakagawa-Seikodo Co.,
Ltd., Tokyo, Japan; injection rate, ~1 mi/min} and the other
to a sliding connector attached to the pressure transducer.
The vessel segment, after several cycles of repeated inflation
and deflation of the vessel with Krebs-Ringer solution and
subsequent immersion in Krebs-Ringer solution at 37°C, was
gradually inflated by infusion of a contrast medium (fom-
eron 350; Eisai Co., Ltd., Tokyo, Japan) up to a pressure of

Sliding
Connector ePTFE

Graft

Image Intensifier

]

Fixed

Connector Syringe Pump

Pressure
Transducer

X-1ay Booster

Figure 1. Schematic diagram of the system for determining the intraluminal pressure-internal diameter relationship using

a digital X-ray imaging system and a pressure transducer.
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~200 mmHg. The X-ray images and the pressure were re-
corded simultaneously. After all images were recorded (8
frames/s), the sequential images at each 5-mmHg step of
pressure were sampled using a digital-video-editing soft-
ware (iMovie, Version 1.0.2; Apple Computer, Inc,, Cuper-
tino, CA) and the stacked images were reconstructed using
an image-processing software (NIH Image, Version 1.59,
public domain software). The measurement of the internal
diameter of the vessel on each image was carried out auto-
matically with an NIH Image software programmed in its
macro-language. A region of interest (ROI) in the target area
of the vessel was selected on the top most image of the
stacked ones. Because the edge detection procedure was per-
formed horizontally, the vessel was positioned vertically as
much as possible.

The next step was to determine precisely the intraluminal
diameter. The method used here was principally based on
the method originally developed for the determination of
blood vessel diameter on cineangiogram using an “entropy
filter” method proposed by Uyama et al.*! The entropy filter
is defined as®%:

- (i+})
o) =55 Z,ug(; +log¥: P(I.)’ (1)
where
Pli)= >,gi+)) )

j=w

Here, e{i) is the entropy, g{i) is the gray-level value (256
levels) at the pixel along the scanning line, and w is the
scanning window width of each edge. The edge position is
determined at the point in which the value of e(i) is maxi-
mum at each side of the vessel’s image. Scanning was car-
ried out vertically from the top to the bottom line of ROL
When the vessel was tilted, the diameters were corrected by
multiplying them with the cosine of the angle between the
central line of the vessel and the vertical line of the image.

Art
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The above procedures were repeated through all stacked
images by the same positioned ROL Minimal measurable
ranges are ~10 pm in diameter and 0.25 mmHg in pressure.
After the Pi-Di relationship was obtained, the stiffness pa-
rameter {B value) and the diameter compliance (C,) were
calculated according to the following equations.

The stifiness parameter (B value}, which is an index of
compliance proposed by Hayashi et al.,'®* was determined
according to the following equation:

In(P/P,) = B(D/D, - 1) 3

where P is the pressure and D is the diameter at P, and P,
and D, are the standard intraluminal pressure (100 mmHg
in this study) and the internal diameter at P,, respectively. A
smaller p value indicates a more compliant vessel.

The diameter compliance (C,) was calculated using the
following formula:

C,=AD/(D x AP) (4)
where D is the internal diameter of the vessel and AD is the
diameter change associated with a AP (pressure increment)

at the intraluminal pressure of 100 mmHg. The unit wag
expressed as percentage diameter change per mmHg x 1072,

RESULTS

In this study, the vertical width of a region of inter-
est (ROI) for measuring diameter was fixed at 1 mm
(~10 pixel lines). From the computer analysis of the
obtained sequential pressure-dependent X-ray im-
ages, the Pi-Di relationships for the native artery, the
ePTFE graft, and the anastomosis portions were si-
multaneously calculated in a single experiment.

Distinct digital images were obtained from the anas-
tomosis model (Fig. 2). The Pi-Di relationship for the
artery exhibited a “J-shape” curve as shown in Figure

Figure 2. Changes in the digital angiographic images of the model of anastomosis between an artery and an ePTFE ‘graft
under continuous inflation with a contrast medium. The squares indicate the regions of interest (ROI) in the artery, the
anastomosis portion and the graft. The arrowhead shows the position of the anastomosis. The numbers indicate the intra-

luminal pressures (mmHg).
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Figure 3. Intraluminal pressure-internal diameter relationships for the artery, the ePTFE graft and the anastomosis portions

(mean values + standard deviations).

3, indicating a marked increase in distensibility in the
low-pressure range, followed by a gradual reduction
in pressure-dependent distensibility in the physiologi-
cal pressure range, and little inflation was observed in
the high-pressure range. On the other hand, for the
ePTFE graft, a steeper line in the Pi-Di relationship
was obtained, indicating a very low pressure-
dependent distensibility over the entire pressure
range. For the anastomosis portion, the Pi-Di relation-
ship exhibited an intermediate curve of those men-
tioned above.

The stiffness parameter (B value) and the diameter
compliance (Cy), both of which were calculated from
these curves, were 10.6 and 6.8%/mmHg x 1072 for the
artery, 164 and 0.51%/mmHg x 107 for the ePTFE
graft, and 14.4 and 5.5%/mmHg x 107 for the anas-
tomosis portion (Table I). Both values indicate that the
artery is much more compliant than the ePTFE graft,
and the anastomosis portion determined at an arterial
portion of the anastomotic region has a compliance
that is slightly reduced compared with the artery, in-
dicating that suturing appears to reduce compliance in
this particular case.

DISCUSSION

Mechanical stress field in a pulsatile-flow- and high-
pressure-loaded arterial system provides a hostile en-
vironment for an implanted artificial graft. The signifi-
cance of differential pressure-induced distensibility
between a native artery and an anastomosed artificial
graft on the fate of implanted device (i.e., patency or
occlusion) has been discussed over the years. Abbott
and coworkers!™ have suggested that the compliance

mismatch between a native artery and a vascular graft
is a major detrimental factor, leading to the graft fail-
ure of small-diameter vascular conduits, and that even
suturing causes compliance mismatch.'* The precise
determination of the pressure-dependent diameter re-
lationship is essential for the understanding of com-
pliance mismatch and formulating criteria for biome-
chanical design of an “ideal” artificial graft in terms of
mechanical compatibility or compliance matching. Ac-
cording to previous reports, the internal diameter of
vessels has been measured mainly by using the echo-
tracking method,®*® which enables visualization of the
two-dimensional short-axis view of the artery wall
and capturing of the wall movement. Although this
method determines internal diameter changes of ves-
sels even in an in vivo experiment, the echo beam may
be impermeable to synthetic materials such as polyes-
ter-based (Dacron) or ePTFE grafts. On the other hand,
the cantilever method,>"*!* which measures the exter-
nal diameter changes of vessels by using a cantilever
transducer, is inappropriate to observe an artificial
graft adhered tightly to massively growing surround-
ing tissues.

Compliance is defined as the pressure-depending
volumetric change of a vessel. As the volume of a
circular tube is correlated to the internal diameter of

TABLE I
Stiffness Parameter (B Value) and Diameter Corhpliance
Value (C,) for Artery, ePTFE Graft, and Anastomosis

B Value Cd, (%/mm H = 10_2)
Artery 10.6 6.8
Anastomosis 14.4

55
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the tube, the procedure for measuring the internal di-
ameter accurately should be most important. In the
optical width analyzer method,®#151® which we used
in our previous studies, the pressure-dependent diam-
eter changes were measured using an apparatus com-
posed of a charge-coupled device (CCD) camera with
a width analyzer and a pressure transducer, which
determines the external diameter and the intraluminal
pressure, respectively. However, this method has the
same methodological limitation as the cantilever
method: the precise diameter values are not obtained
when an artery or an artificial graft is adhered to mas-
sively growing surrounding tissues.

The present method is a modified cineangiography,
which applied the digital imaging system and the cal-
culation of the internal diameter by using a specially
designed algorithm and the commonly used image-
processing software. The advantage of this method is
that the whole-vessel (including the artificial graft) im-
ages at a given intraluminal pressure are obtained by
single sampling that the spacio-dimensional accuracy
is very high (errors within 10 um) and that these data
can be translated into the stiffness parameter (B value)
and the diameter compliance (Cy) at any portions of
the vessel (e.g., artificial graft, anastomosis, or native
artery). In addition, this method can measure the com-
pliance of the vessels that are highly adhered to sur-
rounding tissues under in situ hemodynamic condi-
tion.

Previous studies reported that the p values are 5.25
to 40 for native arteries, including coronary and com-
mon carotid arteries, and ~150 for ePTFE grafts, and
the C, values are 5.9-9.8%/mmHg x 107 for native
arteries and ~1.6%/mmHg x 1072 for ePTFE grafts, as
determined by the optical width analyzer, cantilever
and loop-probe methods 2117116232 These values are
found to be very close to those determined by the
present method.

Once compliance is precisely determined, a more
logical biomechanical design of the scaffold of artifi-
cial grafts could be realized. We are now determining
the time-dependent changes in compliance of newly
designed compliant artificial grafts,® which have been
implanted up to 1 year; results of this study using the
present method will be reported soon.
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