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How microscopic chirality is reflected in macroscopic scale to form
various chiral shapes, such as straight helicoids and spiral ribbons,
and how the degree of macroscopic chirality can be controlled are a
focus of studies on the shape formation of many biomaterials and
supramolecular systems. This article investigates both experimen-
tally and theoretically how the chiral arrangement of liquid crystal
mesogens in twist-nematic-elastomer films induces the formation
of helicoids and spiral ribbons because of the coupling between the
liquid crystalline order and the elasticity. It is also shown that the
pitch of the formed ribbons can be tuned by temperature variation.
The results of this study will facilitate the understanding of physics
for the shape formation of chiral materials and the designing of
new structures on basis of microscopic chirality.

liquid crystal elastomers | chiral imprinting

Recent researches have revealed that chirality plays a critical
role in controlling the shape of self-assembled supramolecu-
lar aggregates. A range of chiral shapes, including tubes with
“barber-pole” markings, spiral ribbons (with cylindrical curvature
and helical central line), and helicoids (with Gaussian saddle-like
curvature and straight central line), have been observed in a rich
variety of biological materials and their synthetic analogues.
These materials include several amphiphiles (1-3), peptides
(4-7), diacetylenic lipids (8, 9), gemini surfactants (10, 11),
and multicomponent mixtures in bile (12, 13). Such aggregates
often become bilayers, and the bilayer membranes form tubules,
spiral ribbons, or helicoids in contrast to the normal expectation
that the minimum energy state of the bilayers would be flat, or be
large spherical vesicles with the minimum curvature. In addition,
the correlation between material characteristics and the macro-
scopic shape of chiral aggregates is markedly complicated. For
example, mixed bilayers of saturated and diacetylenic phospho-
lipids change their shape between micron-scale cylindrical tu-
bules, spiral ribbons, or nanometer-scale tubules, in response
to temperature variation (14). Charged gemini surfactants with
chiral counterions show a transition between spiral ribbons
and helicoids as a function of molecular chain length (10). Many
theoretical studies have been reported to explain what deter-
mines the size and shape of tubules, helicoids, and spiral ribbons
(10, 15-18).

In this article, we will show, both experimentally and theore-
tically, how a flat twist-nematic-elastomer (TNE) film when sub-
jected to temperature change can easily achieve the goal of
shape selection between helicoids and spiral ribbons. Nematic
elastomers (NEs) are a unique class of materials (19-23). Formed
by cross-linking liquid crystalline polymers, NEs possess both the
elastic properties of rubbers and the orientational properties of
liquid crystals. The combination of these two properties makes
the shape of NEs very sensitive to external stimuli. In this article,
we will focus on NE films in which the nematic order orientation
changes smoothly by 90° from the bottom surface to the top
surface with the director at the midplane parallel to the long
or short axis of the film as shown in Fig. 1. The director’s change
in orientation through the film’s thickness leads to gradients in
the induced strain when the film is heated or cooled, giving rise
to complex changes in the sample’s overall shape. Broer and cow-
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S-geometry

Fig. 1. Schematics of the director configuration of TNE ribbons: (A) side
view, (B) top view of the L- and S-geometry. Nematic director twists left-hand-
edly by 90° between the top and bottom surfaces with the director at the
midplane parallel to the long or short axis of the ribbon.

orkers (24, 25) reported that temperature variation or light irra-
diation can turn a flat ribbon of densely cross-linked stiff liquid
crystal networks with a similar twist orientation into a ribbon of
saddle-like shape or spiral ribbon. Godinho et al. (26) showed
that the self-winding of helices in jets and electrospun fibers ob-
tained from cellulosic mesophases results from an off-axis core
line defect disclination. The NEs (i.e., loosely cross-linked elas-
tomeric liquid crystal networks) possess considerably stronger
coupling between mesogen orientation and network deformation
than the materials in these studies (24-26). We will demonstrate
that the NE films with the twist configuration mentioned above
form helicoids or spiral ribbons in response to temperature var-
iation. We will also show that these TNE films select the shape
according to the value of their width-to-thickness ratio: the nar-
row TNE films twist around their central lines upon temperature
change, forming helicoids; however, when the width-to-thickness
ratio of the films becomes larger than a certain critical value, the
central lines of the films curve into helices and the films them-
selves form spiral ribbons. In addition, we will also show how
the helical/twist pitch and handedness change with temperature
and the width-to-thickness ratio of the films.

In contrast to the chiral supramolecular aggregates of the
order of nano- or micrometer scale, the shape selection and
variation of the TNE films occur in the macroscopic scale of
the order of milli- or centimeter, and the dimensional parameters
of the TNE films can be experimentally varied as desired and
the pitch of formed ribbons can thus be well controlled. These
features facilitate to characterize the geometrical parameters of
the shapes and to elucidate the dimensional effect on the shape
selection. The results of the present study will provide an impor-
tant basis of the understanding of the physics for the shape for-
mation of chiral materials, and the designing of new structures on
basis of microscopic chirality.
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Results

Experiment. Here we focus on the shape variation of TNE films
with various widths driven by temperature change. The director in
the TNE films left-handedly rotates by 90 ° between the upper
and bottom surfaces. The twist nematic configuration was im-
printed in the elastomer matrix by the cross-linking reaction in
the presence of a nonreactive chiral dopant. This chiral imprint-
ing was demonstrated in the preparations of cholesteric liquid
crystal elastomers.(27-29) The side-chain-type TNEs were pre-
pared by photopolymerization of the achiral mesogenic monoa-
crylate (A-60CB in Fig. 2) and 1,6-hexanediol diacylate (cross
linker) dissolved in a miscible nematic solvent with a controlled
amount of the nonreactive chiral dopant (S-811 in Fig. 2) that
induces a 90° left-handed rotation of director between the two
glass substrates. The surfaces of the glass substrates were coated
with uniaxially rubbed polyimide layer, and they were placed in
such a manner that the rubbing direction could cross with each
other. The polarized optical microscopy confirmed that the dried
elastomeric films with a thickness of 35.2 pm possessed a 90° twist
director configuration even after the removal of the chiral dopant
and nematic solvent. The long ribbon specimens were cut out
from the film sheet so that the director at the midplane is either
along the long axis or along the short axis of the ribbons (desig-
nated as L- and S-geometry, respectively, see Fig. 1). The ribbons
with various widths (ca. 0.2 ~ 0.8 mm) were prepared, and the
length of the ribbons (5 ~ 10 mm) was considerably longer than
the widths. We observed the shape of the ribbons immersed in a
temperature-controllable silicone oil bath by optical microscopy.
The silicone oil is a nonsolvent for the TNEs, and the ribbons
have no mechanical constraint in the oil bath.

We find that the TNE ribbons select a helicoid or spiral ribbon
depending on the width. In the narrow case, the shape is a heli-
coid with Gaussian saddle-like curvature (Fig. 3), while the shape
in the wide case is a spiral ribbon with cylindrical curvature
(Fig. 4). In both cases, the temperature (7)) variation greatly
changes the structural parameters of the ribbons such as twist
pitch (p7) (of helicoids), helical pitch (py), and diameter (d)
(of spiral ribbons), involving a reversal of handedness (Figs. 3
and 4). This shape change is thermally reversible (Fig. 3C).
The strong 7 effect on the ribbon shape originates from a large

B

330K 353 370K

334K

change in local nematic order induced by T variation. In fact, in
the nematic phase of T < T (TN = 367 K is the nematic-isotro-
pic transition temperature) with 7-dependent nematic order,
the structural parameters strongly depend on T, while they are
independent of T in the isotropic phase of T > Ty with no ne-
matic order (Figs. 3C and 4C). The ribbons become almost flat
at a certain temperature (7'p,,) around 353 K, as shown in Fig. 34.
It should be noted that Ty, is different from the preparation
temperature of the films (T, = 313 K). The preparation state in-
volving ca. 50wt% solvent at T, corresponds to the initial flat
state with twist alignment, but the subsequent volume reduction
to the dry state causes a twist distortion due to a finite strain gra-
dient driven by anisotropic shrinking. In general, a finite volume
change in nematic gels results in a considerably anisotropic
shape variation (30, 31). In fact, the ribbons at the temperatures
slightly above T, show a considerable twist (Figs. 3C and 4C),
although no structural data in the dry state at 7y was obtained
due to the glassy state: The glass transition temperature of the
dry film was ca. 50 °C.

The direction of the director at the midplane relative to the
long axis of the ribbons change the handedness of the helicoids
and spiral ribbons: At the temperatures below Ty, the helicoids
and spiral ribbons with L-geometry are right-handed, while those
with S-geometry are left-handed (Figs. 3 and 4). In other words,
the cooling (that is, an increase in local nematic order) induces
the right- and left-handed winding in L- and S-geometries,
respectively.

The shape transition between helicoids and spiral ribbons dri-
ven by width variation is clearly observed in the high-temperature
isotropic state where the structural parameters are substantially
independent of T (Fig. 5). For both L- and S-geometries, the
shape transition occurs, but the critical width of the transition
for L-geometry (w, ~ 0.3 mm) is smaller than that for S-geometry
(w, ~ 0.4 mm). We also notice that the spiral ribbons with L- and
S-geometries are not symmetric, and the spiral ribbon with
L-geometry is wound a little more tightly than that with S-geo-
metry: The values of py and d with L-geometry are slightly smal-
ler than those with S-geometry. This trend is also observed
in Fig. 4. In contrast, the helicoids with L- and S-geometries are
almost symmetric, which can be seen in Fig. 3.

Theory. We develop a theoretic model to explain the experimental
results. The two physical quantities we need are liquid crystal
order tensor (; and nonlinear strain tensor ¢; =
%(%%—%f-i—%‘;f%f), where the Einstein summation convention
on repeated indices has been assumed. x and u represent, respec-
tively, the position of a mass point before deformation and the
corresponding displacement vector induced by the deformation.
The elastic energy is assumed to take a simple form,

f = /t(é‘ljé‘l] - ae,jéQ,J), [1]
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Fig. 3. Helicoids formed by the narrow TNE films with the thickness 35.2 pm. (A) Shape of the L-geometry ribbons: left-handed at 370 K; almost flat at 353 K;
right-handed at 330 K. The ribbon width is 0.23 mm. (B) Shape of the S-geometry ribbons: right-handed at 378 K; left-handed at 334 K. The ribbon width is
0.22 mm. (C) Temperature dependence of the inverse of the twist pitch (pr). The pitches of the left- and right-handed twist are defined to be positive and
negative, respectively. The open and filled symbols represent the data obtained in the cooling and heating processes, respectively; and the (red) circles and the
(blue) squares represent the data of the L-geometry and those of the S-geometry, respectively. The lines represent the theoretical predictions.
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Fig. 4. Spiral ribbons formed by the wide TNE films with the thickness 35.2 pm. (A) Shape of the L-geometry ribbons: left-handed at 374 K; right-handed
at 336 K. The ribbon width is 0.76 mm. (B) Shape of the S-geometry ribbons: right-handed at 374 K; left-handed at 330 K. The ribbon width is 0.83 mm.
(C) Temperature dependence of the inverses of the helical pitch (py) and the diameter (d), where the lines represent the theoretical predictions. The pitches
of the left- and right-handed twist are defined to be positive and negative, respectively. The inverse of the pitches is represented by the open symbols and
the inverse of the diameters by the filled symbols. The (red) circles and (blue) squares represent, respectively, the data of the L-geometry and the data of the
S-geometry. The thick (solid or dashed) lines represent the theoretical predictions for the structural parameters of spiral ribbons, and the thin dashed lines are

the theoretic prediction of the pitch inverse of helicoids.

where p is the shear modulus, a the coupling constant, and 6Q;
the change of liquid crystal order tensor induced by external
stimuli. Given the incompressibility constraint ¢; = 0 for small
deformations, this simple energy form is then good enough to
capture the main feature of the problem we study here. Note that
8Q;; is now defined in the body frame to ensure rotational invar-
iance (32). We further assume that when subjected to external
stimuli the change of the body-frame order tensor is mainly
caused by the order parameter change 6S and that the principle
axes of the order tensor keep fixed in the body frame although
they do rotate with the film in the laboratory frame, namely, we
assume 6Q; = 8S(nn; —15;), where n is the orientation of the
nematic director at Ty, twisting from the bottom surface to
the top surface of the film. Integrating the above energy density
along the direction perpendicular to the film plane and along the
short axis of the film yields an effective 1D energy density (17) as
a function of the curvature tensor Cy,

le = ﬂdW[aKKz -} bey -+ aXCXZX + ayc}%y + '\/aX{ly(2C%y -+ K)],
(2]
where d and w are respectively the thickness and width of the film,

K =C,C, — C)%y is the Gaussian curvature, and x and y repre-
sent, respectively, the directions parallel to the long and short axis
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Fig. 5. Width effect on the shape selection of the TNE ribbons with
(A) L-geometry and (B) S-geometry. The ribbon thickness is 35.2 pm. The
shape is observed at 378 K in the isotropic state. The shape transition occurs
at ca. 0.3 mm and ca. 0.5 mm for L- and S-geometries, respectively. The (red)
triangles represent the pitch inverse of the helicoids, and the open and
filled (blue) squares represent the pitch inverse and diameter inverse of
the spiral ribbons, respectively. The lines are the theoretical predictions.
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of the film. The curvature tensor equals Cy; = 6% /ax;dx;, where h
is the out-of-plane normal displacement. The linear term in C,,, is
a chiral symmetry-breaking term, inducing the film to twist; the
first term represents the in-plane stretch energy cost (33); and
the other terms are the bending energy cost. The coefficients,
which will be given in the Methods section, are determined by
three parameters: the ratio between w and d, the product of
the coupling constant « and the order parameter change 65, and
the twist angle span 6s.

The theoretical results can be obtained by minimizing f, with
respect to Cy: for a given temperature change, narrow films form
helicoids with the curvature of their central line C,, being zero
and the torsion of their central line C,, determined by the equa-
tion b + 2./axay Cy, + 4axC}, = 0; wide films form spiral ribbons
with C,vc = [bz/(64aX\/W) - 3ay/(2(lK)]l/2 and ny =
—b/(8\/axay). The Gaussian curvature is K = —(3 /axayC%+
ayC3,)/(agCs + ay). Note that K is always negative; only in
the limit w/d — oo, K tends to zero and the films form perfect
spiral ribbons. (Ribbons of various curvatures are shown in
Fig. 51). The critical width w, that determines what type of ribbon
to form is given by the condition a;b? = 96(ayay)*/?. In the case
of 05 = = /2, this condition simplifies to

(w,/d)? = §ﬂ°\/%9 [(a - 85)2 + (a- 65)! (é + %)] B

To compare the theoretical predictions with the experimental
observations, we proceed to connect the product of the coupling
constant and the order parameter (aS) to temperature 7. For
this purpose, we examine how much a corresponding nematic
elastomer with planar orientation extends as temperature is
lowered. It is easy to deduce from Eq. 1 that the extension along
\/ 1 +%aS. By fitting the
experimentally measured curve of A(T) (see Fig. S2), we obtain
aS = 3.3(1.01 — T/Txy)*? as the T dependence of asS.

Given the relation between T and aS, we can then determine
how Cy, Cy, and the critical width w, vary with temperature 7.
The pitch and the diameter of the helicoids and spiral ribbons can
thus be determined accordingly. The theoretical predictions of
their change with temperature are plotted in Fig. 3C and Fig. 4C.
In Fig. 4C, the thin dashed lines represent the pitch of helicoids;
outside the thin-dashed-line region, the helicoids become spiral
ribbons whose diameter first increases rapidly and then decreases
slowly with temperature change (see Fig. S1 for an illustration of
the shape change). Fig. 5 shows how the pitch and diameter of the
ribbons vary with the width. From these figures we can find that
the theoretical results agree well with the experimental observa-

the nematic director in this case is A =
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Fig. 6. Theoretical Phase diagram of TNE ribbons in the width-temperature
space. The ribbon thickness is 35.2 pm. The phase boundary of the L-geome-
try and the S-geometry is represented, respectively, by the red solid line and
the blue dashed line. The handedness of the formed ribbons changes as the
dotted line at Ty, /Ty = 0.962 is crossed.

tions. Shown in Fig. 6 is the phase diagram in the temperature-
width space. This figure and Eq. 3 show clearly that w, goes to
infinity as T approaches T, Alternatively speaking, a sample
with the width larger than the minimum of w, always first forms
a helicoid and then becomes a spiral ribbon as the temperature is
further tuned away from T4y,,, as shown in Fig. 4C.

Discussion

In summary, TNE films can form helicoids or spiral ribbons upon
temperature change. The optimal shape and curvature (34, 35)
of the films depend on the competition between the bending
energy cost and the in-plane elastic energy cost. Films with a small
width-to-thickness ratio are easier to be stretched than to be
bended and thus form helicoids, which have a large Gaussian
curvature but no bending; while, on the contrary, those with a
large width-to-thickness ratio are easier to be bended than to
be stretched and thus form spiral ribbons, with a small Gaussian
curvature but a large bending. The pitch and handedness of the
formed ribbons are completely determined by only two para-
meters: the temperature and the width-to-thickness ratio.

To obtain helicoids/spiral ribbons, a chiral symmetry-breaking
driving force is a must (otherwise temperature change would
cause only a uniform stretch or shrink of the whole sample).
In the systems we consider, the twist (chiral) arrangement of the
achiral nematogens from the bottom to the top surface of the film
was initially induced by the chiral dopants. After the removal of
these dopants, this twist (chiral) arrangement is memorized by
the polymer network; and it yields the required chiral driving
force, when temperature change occurs and induces a tendency
of local shape change (stretch or shrink along the nematic direc-
tor). Therefore, the chiral symmetry breaking in TNE films is
induced by the chiral arrangement of achiral molecules rather
than by the chiral molecular-structure as in the case of supramo-
lecular aggregates.

On the whole, the experimental results agree well with the the-
oretical results. However, in the experiments, the precise charac-
terization of the shape at the temperatures near T'q,, was difficult
due to the saddle-like shape having no definite winding. There-
fore, the data of the structural parameters near Tg,, are lacking
in Figs. 3C and 4C. This difficulty precluded the experimental
assessment of the theoretical prediction of the transition from
spiral ribbons to helicoids occurring at T close to Ty, for wide
TNE films. The reasons causing the relatively large difference
between the experimental results and the theoretical results
for the low temperature part of the L-geometry in Fig. 4C are not
clear to us.

We also investigated samples in which the nematic director on
the midplane of the films does not align along the long or short
ribbon axis. In this case, straight helicoids are not allowed
because of the absence of the antisymmetry about the midplane.
The dependence of the shape of the formed spiral ribbons on the
width and temperature is similar to those of the L-geometry and
S-geometry described above. Although the span angle 6; is fixed
to be 90° in the experiments, our theory is also able to predict how
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0, affects the ribbon shape: approximately speaking, for fixed
width and temperature, when 6, increases from zero, the pitch
and diameter of the formed ribbons first decrease, reaching a
minimum at somewhere between n/2 and #, and then show a
decaying oscillation behavior afterwards. A detailed analysis of
how the twist configuration along the normal direction of films
changes the ribbon shape will be presented elsewhere.

Methods

Materials. The monoacrylate mesogenic monomer A-60CB (Fig. 1) was
synthesized by the method described in literature (36). 4-n-Hexyloxy-4'-
cyanobiphenyl 60CB (Sigma-Aldrich) and 1,6-hexanediol diacrylate (Sigma-
Aldrich) were employed as miscible nematic solvent and cross linker, respec-
tively, and they were used as received. The chiral dopant $-811 (Fig. 2) and
photoinitiator bis(cyclopentadienyl)bis[2, 6-difluoro-3-(1-pyrryl)phenylltita-
nium (Irgacure 784®) were kindly supplied from Merck KGaA and Chiba
Specialty Chemicals Co., respectively. The mixing of A-60CB with the nematic
solvent was required to broaden the temperature range of the nematic
phase, because the nematic phase of A-60CB is very narrow (only ca. 2 °C)
due to the high crystallizability. The mixing ratio of A-60CB and nematic
solvent was 5:4 by weight. The cross-linker concentration was 7 mol%.

Sample Preparation. The chiral properties of the mixtures of A-60CB, 60CB,
and S-811 were characterized by the pitch of the resultant helicoidal struc-
ture corresponding to the distance of a 2z screw rotation of the molecular
packing. The pitch was evaluated by the Cano wedge method (37, 38). The
inverse pitch almost linearly varies with the concentration of 5-811, which is
similar to the behaviors of conventional liquid crystal mixtures with chiral
dopants. The total twist angle of the mesogens was defined as the angle
between the bounding mesogenic molecules at the bottom and top glass
substrates whose surfaces were coated with a uniaxially rubbed polyimide
layer. 5-811 induced a left-handed twist configuration of the mesogens.
For the sample preparation, the top and bottom glass substrates were placed
in such a manner that the rubbing direction could cross with each other. The
concentration of S-811 (0.06 wt%) was adjusted such that the total twist an-
gle could become 90°, the distance between the two substrates being 40 pm.

For cross-linking reaction, the glass cell was irradiated using a xenon lamp
with emission at a wavelength 526 nm for 30 min. The cross-linking tempera-
ture was 40 °C which is ca. 8 °C lower than the transition temperature of the
mixture. The cell was immersed in dichloromethane for several days until the
resultant gel film detached from the glass substrates due to the swelling
pressure. The films were allowed to swell fully in dichloromethane in order
to wash out the unreacted materials and chiral dopants. The swollen gel
films were gradually deswollen by stepwise addition of methanol to dichlor-
omethane. The ribbon specimens with L- and S-geometries (Fig. 1B) were
cut out from the dried film at a temperature where the film became flat
(Tsiat = 353 K), because the dried film at room temperature was considerably
curled and twisted. We confirmed that the dried film possessed a 90° twist
rotation of director by polarized optical microscopy.

Measurements. The length and width of the ribbon specimens were measured
by optical microscope. The thickness of the ribbon was evaluated to be
35.2 pm using a laser displacement sensor LT-9500 and LT-9010M (Keyence)
at Tqa.

The shape of the ribbons immersed in a custom-made temperature-
controllable bath of a silicone oil was observed with an optical microscope
with CCD camera. The silicone oil was a nonsolvent for the specimen. The
ribbons in the oil bath were subjected to no mechanical constraint. The twist
pitch, helical pitch, and diameter at each temperature were evaluated by
video analysis. The temperature was varied stepwise after confirming the
equilibration of the shape of the specimen at each temperature.

Derivation of the 1D Effective Energy. We use the energy given in Eq. 1. The
nematic director n remains parallel to the film plane (or the xy-plane), and
therefore, 5Q,, = 5Q,, = 0. The angle 6 between the director n and the long
axis of the film (or the x-axis) changes linearly with the depth to the film
surfaces: for the L-geometry, we have @ = —6sz/d, where z is the distance
to the midplane of the film, and gs is the twist angle span, namely, the dif-
ference between the angle on the top surface (z = d/2) and the angle on the
bottom surface (z = —d/2); for the S-geometry, § = —85z/d + z/2. The Frank
energy has been ignored here because the typical length scale, i.e., the pitch
of the ribbons, in these experiments is of the order millimeters. Given the
traceless constraint and the condition that e, = ¢y, =0, the strain tensor
has only three independent components, e, €y, and e,,. To reduce the full

PNAS | April 19,2011 | vol. 108 | no. 16 | 6367




7
~

3D energy density to an effective 2D one, we then express the displacement
vector u of points away from the midplane in terms of the displacement vec-
tor u™ of points on the midplane (33). To the linear order of z, we
have uy=uf -z oul/ox, u,=up-z-o0uf/dy, and u;=uf-z:
(ouf fox + ouj' /dy). Substituting the expressions for u and expressions for
0 into Eq. 1 and then integrating along the z-direction yield a 2D energy
density including terms linear in e, and ey, whose reference space is the
equilibrium state of Ty,,. To eliminate these linear terms, we change the
reference space of the strain tensor to a new state, the equilibrium state
of the case that the out-of-plane normal displacement is suppressed, which
is acquired by a deformation from the flat geometry with the stretch
along the long ribbon axis to be Ag = [1+1a - 85(; +sin6s/65)]'/? and the
stretch along the short axis to be Ay =[1+1a-85(-sinds/05)]"/2 for
the L-geometry and Ay = [1+1a-85(—sinds/65)]'/? and Ay =[1+1a-
85(%+ sin 65/65)]"/? for the S-geometry. We then express the in-plane elastic
energy as a function of the Gaussian curvature (33). Assuming the curvature is
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nearly constant on the ribbon surface (17) and integrating the 2D energy
density along the short ribbon axis, we thus obtain Eq. 2, in which the coeffi-
cients are ag = ZsWAALAY, ay =L1dPA%A,, ay =Ld?A5, and b=+la-
8S - d - A2y - (sin s — 05 cos bs) /62 (+ for the L—geometry and - for the
S-geometry). The L-geometry and S-geometry are not exactly symmetric to
each other because the Axx and A, of the L-geometry are different from
those of the S-geometry.

ACKNOWLEDGMENTS. This work was supported in part by the Grant-in-Aid
on Priority Area “Soft Matter Physics” (N0.21015014) and that for Scientific
Research (B) (No. 16750186) from the Ministry of Education, Culture, Sports,
Science, and Technology {(MEXT) of Japan (K.U.) and in part by the National
Science Foundation (NSF) Grant DMR-0605889 (F.Y., V.G.-P,, J.S., R.S.). EY. also
acknowledges the support of the Branches Cost Sharing Fund of the Institute
for Complex Adaptive Matter and the support of the Institute for Condensed
Matter Theory of the University of lllinois at Urbana-Champaign.

20. Kupfer J, Finkelmann H (1991) Nematic liquid single-crystal elastomers. Makromol
Chem-Rapid 12:717-726.

21. Warner M, Terentjev EM (2003) Liquid Crystals Elastomers (Clarendon Press, London).

22. Xie P, Zhang RJ (2005) Liquid crystal elastomers, networks and gels: advanced smart
materials. J Mater Chem 15:2529-2550.

23. Urayama K (2007) Selected issues in liquid crystal elastomers and gels. Macromolecules
40:2277-2288.

24. Mol GN, Harris KD, Bastiaansen CWM, Broer DJ (2005) Thermo-mechanical responses
of liquid-crystal networks with a splayed molecular organization. Adv Funct Mater
15:1155-1159.

25. Harris KD, et al. (2005) Large amplitude light-induced motion in high elastic modulus
polymer actuators. J Mater Chem 15:5043-5048.

26. Godinho MH, Canejo JP, Feio G, Terentjev EM (2010) Self-winding of helices in plant
tendrils and cellulose liquid crystal fibers. Soft Matter 6:5965~5970.

27. Hasson CD, Davis FJ, Mitchell GR (1998) Imprinting chiral structures on liquid crystalline
elastomers. Chem Commun 2515-2516.

28. Courty S, Tajbakhsh AR, Terentjev EM (2003) Stereo-selective swelling of imprinted
cholesteric networks. Phys Rev Lett 91:085503.

29. Marty JD, Gornitzka H, Mauzac M (2005) Chiral molecular imprinting in liquid-
crystalline network. Eur Phys J E 17:515-520.

30. Urayama K, Arai YO, Takigawa T (2005) Volume phase transition of monodomam
nematic polymer networks in isotropic solvents accompanied by anisotropic shape
variation. Macromolecules 38:3469-3474.

31. Urayama K, Arai YO, Takigawa T (2005) Anisotropic swelling and phase behavior
of monodomain nematic networks in nematogenic solvents. Macromolecules
38:5721-5728.

32. Stenull O, Lubensky TC (2006) Soft elasticity in biaxial smectic and smectic-C elasto-
mers. Phys Rev E 74:051709.

33. Landau LD, Pitaevskii LP, Lifshitz EM, Kosevich AM (1986) Theory of Elasticity, Third
Edition (Butterworth-Heinemann, Oxford).

34. Warner M, Modes CD, Corbett D (2010) Curvature in nematic elastica responding to
light and heat. P Roy Soc A 466:2975-2989.

35. Warner M, Modes CD, Corbett D (2010) Suppresion of curvature in nematic elastica.
P R Soc A 466:3561-3578.

36. Shibaev VP, Kostromin SG, Plate NA (1982) Thermotropic liquid-crystalline polymers .6.
Comb-like liquid-crystalline polymers of the smectic and nematic types with cyanobi-
phenyl groups in the side-chains. Eur Polym J 18:651-659.

37. Cano R, Chatelain P (1961) Sur les variations de lequidistance des plans de grandjean
avec le titre des melanges de P-Cyanobenzalaminocinnamate damyle actif et inactif.
[About the variations of Grandjean plans equidistance as a function of the active and
inactive species amounts in amyle-p-cyanobenzyl-cinnamate mixtures]. CR Hebd Acad
Sci 253:1815-1817 French.

38. Oswald P, Pieranski P (2005) Nematic and Cholesteric Liquid Crystals (CRC Press,
Boca Raton).

Sawa et al.



Circulation Journal
Official Journal of the Japanese Circulation Society
http: /www. j=circ.or.jp

JCS GUIDELINES

Guidelines for P&r‘iap@mﬁi% Cardiovascular Em}ﬁaﬁm
and Man&gemem for Noncardiac Surgery (JCS 2008)

_Di gest Version —
JCS Joint Working Group
Table of Contents
Introduction to the Revised Guidelines...eoer 989 4, Adults With Congenltal Heart stease -+ 1000
I CILITHRIS v ervsreseersesrsems et sse s stsesses st essems e ensersesb et ennrsinn 990 5. Aortic Diseases - ~~~~--~-~~-1001
8. Peripheral Ar’tenal Dlsease

1. Outline of Diagnosis and Evaluation ...c.eieecn 980
2. Outline of General Management .-«
3. Pregnancy/Delivery and Heart Disease
I Descriplons e

1. Ischemic Heart Disease- ... 008

2. Valvular Heart DISEag@ «e-treemrveermeriinvrnnnienirnnieesnnne 908

3. Treatment of Congemtal Hean stease Before
Corrective Surgery - e e 999

(Abdomen, Neck, and Lower Extremities) «+++---: 1003
7. Pulmonary Artery Disease 1004
8. |diopathic Cardlomyopathy - 1005
9. Arrhythmtas - -+ 1005

(Circ J 2011; 75: 989—-1009)

 Introduction to the Revised Guidelines

As the population ages, more elderly patients are undergo-
ing surgery. An increasing number of patients with heart
disease are undergoing noncardiac surgery, and guidelines
for perioperative cardiovascular evaluation and management
for patients undergoing noncardiac surgery have become nec-
essary. The Committee on Preparation for “the Guidelines for
Perioperative Cardiovascular Evaluation and Management
for Noncardiac Surgery”, which was established in 2001 at the
request of the Scientific Committee of the Japanese Circula-

tion Society, published the first edition of the guidelines in

2002.
‘While the ACC/AHA Guidelines for Perioperative Cardio-
vascular Evaluation for Noncardiac Surgery highlighted the

perioperative management of patients with ischemic heart

disease, our guidelines were intended to comprehensively
describe ischemic heart disease and other common heart dis-
eases which physicians often encounter during noncardiac
surgery, and include risk management during pregnancy and
delivery. In the present guidelines, the evidence and general
agreement on the efficacy of diagnostic and treatment pro-
cedures are classified into Class I to III to help practitioners
use the guidelines efficiently.

Class I: Conditions for which there is evidence for and/or
general agreement that the procedure/treatment is
useful.
Class II: Conditions for which there is conflicting evidence
regarding the usefulness of a procedure/treatment.
Class Ja: Weight of opinion is in favor of usefulness.
Class IIb: Usefulness is less well established by evidence.
Class TI: Conditions for which there is evidence and general

agreement that a procedure/treatment is not useful.

Five years have passed since the release of the first edition
of the guidelines, during which time surgical treatment has
become more common among elderly patients and the diag-
nostic and treatment techmques for heart disease have further
advanced: The guidelines were thus revised to reflect these
changes.

In the present edition, we added to and substantially revised
the descriptions about the role of percutaneous coronary in-
tervention (PCI), focusing-on drug eluting stents (DES), and.
aortic stent grafts during the treatment.of patients undergoing
noncardiac surgery. The descriptions of other cardiovascular
diseases were also revised to reflect new findings.
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However, it is quite difficult to conduct prospective ran-
domized clinical studies in patients undergoing surgery, who
are often in critical condition, and the data from such studies
are also limited in many countries. Please note that the data

obtained in this area of study described in the present guide-
lines may include many biases, as in the case of the first
edition.

| Outline

1. Outline of Disgnosis and Evaluation

In order to determine treatment strategies of noncardiac sur-
gery and obtain information necessary to ensure safe surgery,
history taking and physical examination should be performed
to identify patients in whom the risk for cardiovascular com-
plications is high, and diagnosis and evaluation should then
be performed. Physicians should at this point also consider
the long-term risk of cardiovascular disease as well. In gen-
eral, the risk for cardiac complications is high among patients
with a marked decrease in exercise capacity (<4 metabolic
equivalents [METs]), and careful evaluation of such patients
is often necessary.

{1y Risk Classification

The risk factors for cardiac complications during the peri-
operative period are classified as shown in Table 1.7 Patients
with major risk factors require intensive care during the peri-
operative period. In some cases, non-urgent noncardiac sur-
gery must be postponed or cancelled in patients with major
risk factors. Systems to predict the incidence of cardiac com-

plications by scoring of relevant factors such as the Cardiac
Risk Index System (CRIS) in Table 2 have been proposed.?

(2) Preoperative Evaluation

In principle, preoperative cardiovascular evaluation should
be performed using noninvasive techniques. However, Holter
ECG and echocardiography are not useful in evaluating the
risk of perioperative myocardial infarction. Appropriate tech-
niques must be used, even if they are invasive. In addition,
there is little pathological significance to a slight increase in
cardiothoracic ratio that results from horizontal position of
the heart due to obesity or other causes, or a single supraven-
tricular extrasystole, ectopic sinus rhythm, atrial fibrillation,
a single unifocal ventricular extrasystole, or first degree atrio-
ventricular block in patients with excellent exercise capacity.
Unnecessary examinations should be avoided. Since the inci-
dence of serious complications of invasive examinations such
as cardiac catheterization and cervical angiography is about
1%,%10 such examinations must be reserved for patients in
whom the results of examination will significantly contribute
to the improvement of prognosis and results of noncardiac
surgery. Table 3 lists the criteria for indication of preopera-

'fzmim Risk Factors for Cardiac Complications Dur;ng
the Penoperative Perlod of Noncardlac Surgery

1) Ma]or nsk factors

¢ Unstable coronary artery disease:
Myocardial infarction -occurring 7 to 30 days before surgery
with clinical signs/symptoms -and Iaboratory findings of
myocardial ischemia detectable on noninvasive examina-
tions, unstable angina, or severe angina (Canadian Class
Il or IV ‘angina)

+ Decompensated congestive heart failure

+ Severe arthythmias
Advanced atrioventricular block
Symptomatic ventricular arrhythmia
Supraventricular arrhythmia associated with abnomal ven-
tricular rates

» Severe valvular disease
Intermediate risk factors )
*Mild angina (Canadian Class | or Il angina)
» History of myocardial infarction with abnormal Q waves
» History of compensated -congestive heart failure or conges-
tive heart failure
+ Diabetes mellitus
+Renal failure
8) Mild risk factors
+ Advanced age
*Abnormal ECG (left ventricular hypertrophy, left bundle
branch block, ST-T abriormalities)
* Rhythm other than sinus-

2

—

* Decrease in cardiac functional capacity (decrease in exer-
cise capacity)

* History of stroke

 Table2. Cardiac Risk Index System (CRIS) .
' . Points
History Age >70years 5
Myocardial infarction in‘previous 10
6 months :
Aortic stenosis 3

Phys}ipal ' S gallop, jugular venous distention, 19

examination or congestive heart failure

ECG Rhythm other than sinus 7
=5PVC/min 7

General status and PaOz <60mmHg 3

laboratory findings PaG02>50mmHg 3
Potassium <3mEg/L 3
BUN >50mg/dL 3
Creatinine >3mg/dL 3
Bedridden 3

Surgery Emergency 4
Intrathoracic 3
Intraabdominal 3
Aottic 3

Incidence of cardiac complications

Class | {0 to 5 points): 1%, Class Il (6 to 12 points): 5%,

Class 1l (13 to 25 points): 11%, Class IV (226 points): 22%

+ Poory-controlled hypertension

PVC, premature ventricular contraction; PaOz, partial pressure of
arterial oxygen; PaCOzg, partial pressure of arterial carbon dioxide;
BUN; blood urea nitrogen.

Adapted from N Engl J Med 1977; 297: 845-8502 with permis-
sion from Massachusetts Medical Society.
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l ; ,:es Tor COronary Angrography

Class |

* Evidence for hi gh risk of adverse outcome based on noninva-
~sive test results

* Angina unresponsive to adeq’uate medical therapy
+Unstable angina

« Equivocal noninvasive test results in patients at high dlinical
risk and undergoing high-risk surgery

Class il

» Low-risk noncardiac surgery with known coronary artery dis-
ease and no high-risk results on noninvasive testing

*For screening of patients not undergoing appropriate non-
invasive testing*

OAsymptomahc after coronary revascularization with excellent
exercise capacity

+ Mild stable-angina with good left ventricular function and no
high-risk noninvasive test results

« Noncandidate for coronary revascularization owing to concom-
itant medical iliness, or severe left ventricular dysfunction

. Undergomg adequate coronaty angiography wrthrn 5 year

« Refusal ‘to consider coronary revascularlzatron

Adapted from J Am Coll Cardiol 2002; 39: 542-553," with per-
mission from Elsevier Inc. *Added to this table.

tive coronary angiography M It is expected that innovative
techniques such as multislice computed tomography (CT)
will change diagnostic strategies in the near future.

It should be noted that stress ECG, stress myocardial per-
fusion imaging, and other techniques commonly considered
noninvasive procedures may occasionally cause even death
when significant stenosis of the left main coronary trunk or
severe aortic valve stenosis is present.

(3) Perioperative Monitoring

Although it is important to promptly detect perioperative car-
diac complications in patients undergoing noncardiac sur-
gery, appropriate monitoring should be performed in selected
patients in whom cardiac complications are likely to occur for
appropriate period of time. Excessive use of invasive moni-
toring must be avoided. Esophageal stethoscopes, peripheral
temperature and percutaneous oxygen saturation monitoring
are not specific for cardiac complication.

i) ECG

ECG monitoring is best performed for patients with arrhyth-
mia or coronary artery disease. Although postoperative myo-
cardial ischemia is a strong predictive factor for perioperative
cardiac complications, angina is missing in many cases. Once
perioperative myocardial infarction occurs, 30 to 50% of pa-
tients will die, and long-term survival rate will be decreased.
ST-segment monitor'mg is of diagnostic and therapeutic
value 51213 [t is preferable that ECG monitoring should be
continued until preoperative drug regimens for cardiac com-
plications have been completely resumed. ECG monitoring
before, during, immediately after surgery, and succeeding
2 days is a cost-effective strategy.

Arrhythmias during the early postoperative period are often
caused by factors other than problems of the heart. Since
supraventricular arrhythmia often disappears spontaneously
and heart thythm returns to sinus rhythm after causal factors
have been eliminated, cardioversion is not recommended as
a routine procedure for patients with it.

g asp
(ticlopidine or clopidogrel) is the most beneficial regimen for
preventing in-stent thrombosis. It is recommended that, follow-
ing stenting, espedially using DES, patients undergo dual anti-
platelet therapy for 12 months. Early discontinuation of this
regimen significantly increase the risks of in-stent thrombosis,
myocardial infarction, and death.

/2. Physicians should be aware that dual antrplatelet therapy is
requrred after stenting, and consrder avoidance of DESimplan-
‘tation in patrents ‘who cannot complete 12-months threnopyrr-
dine therapy Physmrans should well consider whether to use
DES or not in patients who have or are suspected to have
‘m a[rgnant drsease

3. For patrents who are-to undergo PCI and who may requrre
invasive procedures or surgery within 12 months after PCI,
physicians should consider use of bare metal stents or balloon
angloplasty rather than DES rmplantatron

4. Physicians should fully explam ‘to patients the importance. of
antiplatelet therapy with thienopyridine; and:instruct them to
consulta physician when they need to drscontmue antlplatelet
'therapy

5. Wheninvasive procedu res are performed in pahents with stents
on antiplatelet therapy, physicians should be aware that early
discontinuation ‘of antiplatelet therapy after stenting may have
serious complications, and should carefully discuss with car-
drologrsts over the. optrm al treatm ent strategy.

8. ltis preferab]e that elective surgery with a high risk of bleed-

- ing during and after surgery be avoided during the 12-months.

period after implantation of DES and at least one month after
implantation of bare metal stents.

7. When patients with DES must drsoontrnue ihrenopyndme ther-
apy for surgical procedures, they should continue aspirin ther-
apy whenever possible, and should resume thienopyridine
therapy promptly after surgery. When all antiplatelet agents
must be discontinued, it is preferab|e that patients be treated
wrth heparin. However there i Isno evrdence of preventron of

DES or bare metal stents; and heparin therapy is empirically

conducted in many institutions in.Japan.

PCI, percutaneous coronary intervention; DES, drug eluting stents.

ii) Blood Pressure

Patients at risk for abrupt hemodynamic changes during non-
cardiac surgery should be continuously monitored for blood
pressure using an arterial line.™ Although blood pressure,
when used as a single measure, does not accurately reflect
hemodynamic condition and cardiovascular events;* continu-
ous blood pressure monitoring during a limited period of time
is indicated for certain types of patients such as those at high
risk of perioperative myocardial infarction.

iii) Central Venous Line, Pulmonary Artery
(Swan-Ganz) Catheter

A central venous line is inserted and placed in patients whom
significant hemodynamic changes can occur during the peri-
operative period for inotropic support and rapid fluid admin-
istration. However, central venous pressure provides limited
information about hemodynamic conditions. Menitoring
using a pulmonary artery catheter may enable detailed evalua-
tion of hemodynamics in high-risk patients, though there are
problems associated with its insertion and placement.

iv) Transesophageal Echocardiography

Although transesophageal echocardiography gives important
informations in pat1ent9 whom monitoring of blood pressures
and cardiac output is not sufficient, its usefulness in patients
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”iais!eﬁ Guidelmes for. Use of § Nlockers Durmg the :
Perioperative Petiod of Noncardiac Sw'gery

Class 1

1. 2 blockers should be continued in patients undergoing
surgery who are receiving 5 blockers to treat angina, symp-
tomatic arrhythmias, hypertension, or other indications.

2. B blockers should be given to patients undergoing vascular
surgery. at high cardiac risk owing to the finding of ischemia
on preoperative testing.

Class lla

1. B blockers are probably recommended for patients under-
-going vascular surgery in whom preoperative assessment
identifies coronary heart disease.

2. /3 blockers are probably recommended for patients in whom
preoperative assessment for vascular surgery identifies high
cardiac risk as defined by the presence of multiple clinical
risk factors.

3. B blockers are probably recommended for patients in whom
precperative assessment identifies coronary heart disease
or high cardiac risk as defined by the presence of multiple
clinical risk factors and who are.undergoing intermediate- or
high-risk procedures.

Class lib

1. B blockers may be considered for patients who are under-
going intermediate- or high-risk procedures, including vas-
‘cular surgery, in whom preoperative assessment identifies
intermediate cardiac risk as defined by the presence of a
single clinical risk factor.

2. S8 blockers may be considered in patients undergomg vas-
cular surgery with low cardiac risk who are not currently on
Bblockers.

Class

1./ blockers should not be given to patients undergoing
surgery who have absolute contraindications to £ blockade:

Adapted from J Am Coll Cardiol 2008, 47: 2343-2355,'* with
permission from Elsevier Inc.

undergoing noncardiac surgery has not been established.?6.17
Transesophageal echocardiography is a somewhat invasive
technique, and its use as a continuous monitoring method
should be limited to during surgery.

2. Qutline of General Management

(1) Preoperative Management

Although the most common strategy for improving cardiac
condition before noncardiac surgery is drug treatment, pre-
operative intensive care or cardiac surgery may be performed
before noncardiac surgery. Generally, preoperative medica-
tion for cardiovascular disease should be continued during
and after surgery.

i) Cardiac Surgery Before Noncardiac Surgery
There is much debate concerning whether PCI and coronary
artery bypass grafting (CABG) prior to noncardiac surgery
can improve the short- and long-term prognosis of patients.
It is preferable that such cardiac procedures be performed
only in patients who meet the criteria provided in the ACC/
AHA Guidelines. However, there is much confusion in the
clinical setting regarding the indication of PCI, which have
recently been advanced. We therefore provide guidelines for
the indication of PCI in patients undergoing noncardiac sur-
gery to ensure best practice in the current healthcare envi-
ronment in Japan (Table 4).18

Since symptomatic valvular stenosis is often related to peri-
operative severe heart failure, patients with valvular stenosis
often require balloon valvotomy or valve replacement prior
to noncardiac surgery. Since patients with valvular regurgita-
tion often maintain stable hemodynamics during the periop-
erative period, noncardiac surgery may be prioritized in this
patient population. However, it is difficult to maintain hemo-

Patlent condition and surgical techniques

Minor 'surgery in pafients <40 years of age
with no risk factors®

Moderate-risk surgery in patients 240 years
of age with no risk factors

Major surgery in patients 40 years of age
with risk factors

Very high-risk surgery in patients =40 years

Early ambulation

~ Tahle &, Guidelines for the Prevention of Venous Thromboembolism Dunng the Penoperatwe Period of Noncardlac Surge Yy .

ES, LDH (2 hours preoperatively and every 12 hours after), or IPC of the lower extremities
LDH (every 8 hours) or LMWH. [PC of the lower extremities if prone to wound bleeding.

LDH, LMW:H, or dextran combined with IPC of the lower extremities.

Indications

of age with risk factors
Total hip replacement

Total knee replacement

‘Hip fracture surgery

Intracranial neurosurgery

Acute spinal cord injury with lower extremity

paralysis
Patients with multiple trauma

In selected patients, perioperative warfarin (INR 2.0 to 3.0) may be used.

LMWH (postoperative, subcutansous, twice daily, fixed dose unmonltored) or warfarin (INR
2.0 to 3.0, started preoperatlvely or |mmed|ately after surgery) or adjusted dose unfraction-
ated heparin (started preoperatlvely) ‘ES or IPC may prowde addmonal efficacy

LMWH (postoperative, subcutaneous, twice daily, fixed dose unmonitored) or IPC of the lower
extremities.

LMWH (preoperative, subcutaneous, fixed dose unmonitored) or warfarin (INR 2.0 to 3.0).
IPC of the lower extremities may provide additional benefit.

IPC of the lower extremities with or without ES. Consider adition of LDH in high-risk patients.
Adjusted dose heparin or LMWH for prophylaxis. Warfarin may also be effective. LDH; ES,
and IPC of the lower extremities may have benefit when used together.

IPC of the lower extremities, warfarin, or LMWH when feasible, serial surveillance with duplex

ultrasonography may be useful. In selected very high-risk patients, consider prophylactic infe-
rior vena cava filter.

*Risk: factors for venous thromboembolism: Advanced age, prolonged bed rest or paralysis history of venous thromboembolism, malignant
tumor, major surgery of the abdomen, pelvis, or lower extremities, obesity, varicose veins, congestive heart failure, myocardial infarction,
stroke, fractures in the abdomen, pelvis, or lower extremities, hypercoagulability, and high-dose estrogen therapy.

ES, graded compression elastic stockings; LDH, low-dose subcutaneous heparin; IPC, intemittent pneumatic compression; LMWH, low
molecular weight heparin; INR, interational normalized ratio.

Adapted from J Am Coll Cardiol 1996; 27: 910— 94821 with permission from Elsevier Inc.
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dynamics in patients with left ventricular dysfunction.

ii) Hypertension

Untreated or poorly controlled hypertension (d1ast011c blood
pressure 2110mmHg) should be controlled prior to non-
cardiac surgery, preferably with 8 blockers, which have been
suggested to decrease the incidence of perioperative myocar-
dial infarction. Perioperative treatment with 3 blockers may
decrease the incidence of cardiovascular complications of
noncardiac surgery not-only in patients with hypertension but
also in those with heart disease or at high risk of perioperative
cardiac events (Table 5) 2° Patients with hypertension before
surgery are prone to be hypotensive during surgery,!®2% and
should be carefully managed to avoid perioperative heart/
renal complications.

iii) Heart Failure

The presence of dilated or hypertrophic cardiomyopathy is
closely associated with perioperative heart failure. Such pa-
tients need close evaluation of hemodynamic condition before
noncardiac surgery and medical therapy to be eligible for
noncardiac surgery, and must undergo intensive care and
close monitoring after surgery. Patients with chronic decom-
pensated heart failure, in particular, may benefit from inva-
sive monitoring and intensive care. When noncardiac surgery
is indicated children with congenital heart disease and heart
failure, they should be treated with digitalis, diuretics, and
water restriction to control heart failure before surgery. Some
children require treatment with catecholamines and vasodi-
lators.

iv) Venous Thromboembolism

Table 6 shows the guidelines for prevention of venous throm-
boembolism during the perioperative period of noncardiac
surgery.?

v) Patients After Cardiac Surgery

The risk of penoperatwe ischemia or reinfarction is expected
to be low in patients following coronary revascularization
when they are asymptomatic. Howev er, patients with residual
ischemia after coronary revascularization require careful man-
agement in a manner similar to that for patients with coro-
nary disease.

It is important to adjust-anticoagulation therapy in patients
who have undergone mechanical valve replacement. Since
the incidence of thrombosis is higher in mitral prosthesis than
in aortic prosthesis, panents with mitral prosthesis should be
managed more carefully.

The risk of perioperative cardiac complications is-generally
low. among patients who have undergone corrective surgery
for congenital heart disease. However, patients should be care-
fully evaluated for remaining defects. Since patients who
have undergone palliative surgery only still have congenital
heart disease, careful management is required.

Warfarin therapy should be discontinued one week prior to
such surgery if possible, or 2 days prior to the surgery at the
latest. Warfarin should be replaced with hepann in patients
at high risk of thromboembolism. Vitamin K is sometimes
used to antagonize the effects of warfarin prior to emergency
surgery. Physicians should be aware that complete normaliza-
tion of coagulation activity may occur in many cases. High-
risk patients such as those with mechanical valves should
resume anticoagulation therapy following noncardiac surgery
as soon as the risk of bleeding has disappeared.

vi) Malignant Tumors and Cardiac Surgery

When cardiac surgery is performed in patients with malignant
tumor, extracorpore al circulation during cardiac surgery may
decrease immune function and disseminate cancer cells into
the circulation. In patients with ischemic heart disease, such
problems may be minimized by selecting off-pump coronary
bypass surgery.

(2) Management of Anesthesia and Peri- and
Posteperative Management
i) Selection of the Methods and Agents of Anesthesia
There are no particular anesthetic methods that yield signifi-
cant myocardial protection during surgery. The most impor-
tant prognostic factors are complications and surgical tech-
niques. Although local anesthesia combined with intravenous
anesthesia and/or analgesics was previously considered safe,
a report pointed out that 30-day mortality was highest for it
among the anesthetic methods evaluated 2?2 Epidural anesthe-
sia and spinal anesthesia are used in some cases, but may not
be indicated for patients receiving anticoagulants and those
with poor cardiac function. Thé effects of narcotics on the car-
diovascular system are stable, but respiratory depression may
occur. All volatile anesthetics may affect the cardiovascular
system through a decrease in cardiac contractile force and
decrease of afterload. When volatile anesthetics are admin-
istered to patients with heart diseases, hemodynamics should
be monitored very carefully. Recently, intravenous anesthesia
with propofol has been established as a standard method of
anesthesia. Mask anesthesia, when performed by experienced
anesthesiologists, is often safer than local anesthesia, during
which respiratory and circulatory management is often diffi-
cult.

ii) Maintenance of Body Temperature During Surgery
Hypothermia during surgery is an obvious risk factor for
perioperative cardiac events in patients at risk for heart dis-
ease. Active warming to maintain body temperature is recom-
mended.®

iii) Perioperative Pain Control

Most cardiac events in patients undergoing noncardiac sur-
gery occur during postoperative period. In facilitating early
ambulation, normalizing blood coagulation, and preventing
postoperative pulmonary embolism, adequate postoperative
pain control is quite important. Patient-controlled analgesia
(PCA) is a method with high patient satisfaction, and pain
scores achieved with PCA are lower than with other analge-
sic methods. For example, epidural or spinal anesthesia with
narcotics is beneficial. in many respects, and physicians
should consider use of this method when it is possible.

iv) Perioperative Nitroglycerin

Perioperative nitroglycerin therapy may be beneficial in high-
risk patients with signs of myocardial ischémia without hypo-
tension who have received nitroglycerin, but is contraindicated
for patients with hypovolemia or signs of hypotension.

(3} Prevention of Cardiac Cbmi)ﬁcaiiens During

- Emergency Surgery '
Patients Who require emergency surgery often have conditions
that may affect the heart such as anemia and hypovolemia.
Physicians must often start emergency surgery without appro-
priate evaluation of the risk of surgery and obtaining infor-
mation .on previous treatment of heart disease. In this situa-
tion, patients are likely to develop complications including
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/ Pregnancy and Dell\r ryin Patlents Wlth Uncorrected

~ Taf:zi

No problem in most cases
Ventricular septal defect . No problem in most cases
Patent ductus arteriosus  No problem in most cases

Congenital aortic stenosis Pressure gradient of sSOmmHg
{No problem if £25mmHg)

Pressure gradient of <20 to
30mmHg, asymptomatic

Pulmonary artery stenosis Pressure gradient of sBOmmHg
Tetralogy of Fallot

Atnal septal defect

Coarctation of the aorta

Pregnancy and delivery are danger-
ous if
hematocritis 260%;
arterial oxygen saturation is
<80%; or
increased right ventricular pres-
sure had developed or syncope
has occurred.

Cyanotic complex cardiac  No consensus
anomalies.
Eisenmenger syndrome
Marfan syndrome

Contraindicated
No expansion of the ascending aorta

cardiac complications. Physicians must pay special attention
to possible ischemic heart disease, since emergency surgery
is often initiated without performing coronary angiography,
namely, the only method for its definitive evaluation.

i) Preoperative Management

Especially in patients with trauma, it is often difficult to ob-
tain sufficient information before emergency surgery. It is
preferable that physicians be aware of the possibility of heart
disease. Physicians should assess the presence/absence of
known risk factors for heart disease whenever possible. When
arteriosclerotic lesions or other findings known to be asso-
ciated with heart disease are present, physicians should as-
sume that the patient has heart disease and manage them as
such. A history of “asthma” is a word of caution, and may in
fact represent heart failure.

Physicians should carefully examine the ECG for findings
suggestive of myocardial ischemia, and consider coronary
artery disease a possible cause of ventricular extrasystole,
bradycardia, and/or blocks. When left ventricular hypertrophy
is present, the presence of aortic stenosis or cardiomyopathy
should be suspected.

Chest X-ray should be carefully evaluated for cardio-
megaly, pulmonary congestion, and aortic calcification.

It is quite important to improve general condition before
surgery. Anemia, hypovolemia, poor oxygenation, and periph-
eral hypoperfusion must be treated to the extent possible,

ii) Intraoperative Management

The ECG is often the only continuous monitor available dur-
ing surgery. Since bleeding and evaporation may exacerbate
hypovolemia and anemia, patients should be carefully moni-
tored for myocardial ischemia. When ST change, hypotension,
or frequent arrhythmia occurs, hemodynamics and cardiac
function should be evaluated using the ECG and transesoph-
ageal echocardiography, and appropriate treatment shounld
be given. When heart failure or arthythmia occurs, it is essen-
tial to control water balance, electrolyte balance, and ane-
mia, if present. Since the incidence of ventricular fibrillation
increases when the body temperature is 34°C or lower, hypo-
thermia should be prevented . Patients are especially prone

to develop hypothermia during surgery with large-volume
transfusion and/or rapid fluid administration and extensive
surgery. It should be noted that rapid transfusion may cause
hypocalcemia.

iii) Postoperative Management
Appropriate postoperative management including adjustment
of fluid volume is important to prevent cardiac overload,
especially in critically ill patients. Postoperative hyperglyce-
mia may cause osmotic diuresis and consequent dehydration.
Following emergency surgery, water and electrolyte balance
are prone to be out of order. If hypokalemia is present,
patients are more prone to develop atrial fibrillation and ven-
tricular extrasystole 2

Prolonged bed rest after emergency surgery may induce
venous thrombosis and pulmonary embolism. If a venous
line was placed in femoral vein or leg vein before surgery, it
should be changed to a new position in the upper extremities
after the patient’s condition has stabilized.

iv) Injuries to the Heart or Thoracic Great Vessels
Associated With Multiple Trauma

Thoracic aorta injury account for many death after blunt
trauma, althogh their frequency among total cases is not
high 2627 Thoracic aorta injury often occur in the ascending
aorta and the proximal descending aorta. Since patients with
ascending aorta injury often fall into catastrophic condition
rapidly, physicians treat patients mainly with injuries of the
proximal descending aorta. When chest X-ray reveals a wid-
ened mediastinum and a large volume of pleural effusion or
when echocardiography reveals pericardial effusion, CT and
transesophageal echocardiography should be performed to
exclude aortic injury prior to noncardiac surgery.

Priority of treatment in patients with multiple trauma de-
pends on individual cases. When the aorta is repaired first,
blood loss during extracorporeal circulation will be a concern,
while if noncardiac surgery is performed first, perioperative
aortic rupture may develop. When aortic injury is managed
conservatively, the patient should be carefully evaluated to
find out conditions requiring aggressive surgical treatment.
CT is the most useful method for objective evaluation in
such circumstances.

3. Pregnancy/Delivery and Heart Disease

(1) Pregrancy and Delivery in Patients With Cengenital
Heart Discase
Pregnancy and delivery pose no serious threats in women
who had undergone corrective surgery for simple heart mal-
formation or tetralogy of Fallot and have New York Heart
Association (NYHA) Class II or better cardiac function. How-
ever, women should be carefully evaluated for remaining
defects, since heart failure and/or arrhythmia may develop and
cyanosis may be exacerbated during pregnancy and deliv-
ery.®* Table 7 outlines the safety of pregnancy and delivery
for women with uncorrected congenital heart disease 2%-3
Although cases of pregnancy and delivery in women with
cyanotic complex cardiac anomalies such as complete trans-
position of the great arteries, tricuspid atresia, and univen-
tricular heart who have or have not undergone corrective
surgeries have been reported, the risk of death and compli-
cations including fetus associated with pregnancy is quite
high in this population. Live birth is rare among women with
an arterial oxygen saturation <85%.% Among women with
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Prosthetic V alves.

”Mé) Weeks 1 through 35
Class|

1. The decision whether to use heparin during the first
trimester or to continue oral anticoagulation throughout
‘pregnancy should be made after full discussion with the
patient and her partner; if she chooses to change to
heparin for the first trimester, she should be. made aware
that heparin is less safe for her, with a higher risk of both
‘thrombosis and bleeding, and that any risk to the mother
-also jeopardizes the baby.

2. High-risk women (a history of thromboembolism or an
oldet-generation mechanical prosthesis in the mitral
position) who choose not to take warfarin during the first
trimester should receive continuous unfractionated
hepaiin intravenously in a dose to prolong the mid-inter-
val (6 hours after dosing) aPTT to 2 to 3 times control.
Transition to warfarin can occur thereafter.

Class lla
In ‘patients receiving warfarin, INR should be maintained
between 2.0 and 3.0 with the lowest possnble dose of warfa-

1. Standard regimen
(Ampicillin, gentamicin, and amoxu:lllm)

« Initial-dose
30 minutes before procedu re: Amplcmln 2gplus gentamlc:m
4.5mg/kg (maximal dose 80mg) IV or IM

* Next dose
6 hours after initial dose: Amoxicillin 1.5g PO (if this is not
possible, repeat the initial-dose regimen 8 hours after initial
dose)

2. Allergic to ampicillin, amoxicillin, or penicillin

(Vancomycin and gentamlcm)

< Initial dose
1 hour before procedure: Vancomycin 1g IV (over 21 hour)
plus gentamicin 1.5mg/kg (maximal dose 80mg) IV or IM

¢ Next dose (if necessary)
8 hours after initial dose: Repeat the initial-dose regimen

3. Low-risk patients (Amoxicillm)

+ Initial dose
1 hourbefore procedure Amoxicillin 3g PO

* Next dose

6 hours after initial dose: Amoxicillin 1.5g PO

rin, and low-dose aspitin should be-added:
Class lib

‘Women at low risk (no history of thromboembolism, newer

- low-profile prosthesis) may be managed" with adjusted -dose

subcutaneous heparin (17,500 to 20,000U BID) to prolong

the mid-interval (6 hours after dosmg) aPTT t6 210 3times

control.

b) After the 36th week
Classlla

1. Warfarin should be stopped no later than week 36 and
‘heparin substituted in anticipation of labor.

2. labor begins during treatment with warfarin, a Caesar-
ian section should be perform ed.

3. In the absence of significant bleeding, heparin can be

resumed 4 to 8 houts after dellvery and warfarin begun
orally, ; L

aPTT, activated partial thromboplastin time; INR, international
normalized ratio; U, unit, BID, twice a day.

Adapted from J Am Col Cardjol 1998; 32: 1486—1588%, with per-
‘mission from Elsevier Inc.

complete transposition of the great arteries who have under-
gone the atrial switch operation, special care should be taken
for those with decrease in function of the anatomical right
ventricle, those complicated with atrioventricular valve regur-
gitation, and those complicated with sinus dysfunction. Data
are limited on pregnancy and delivery in women following
the Fontan procedure.

In women with Ebstein’s malformation, the type and inci-
dence of complications such as right heart failure, para-
doxical embolism, and infectious endocarditis-depend on the
severity of tricuspid insufficiency, presence/absence of exist-
ing right heart failure, and severity of cyanosis.® Although
the presence of cyanosis increases the incidence of compli-
cations of pregnancy and delivery,® a number of successful
pregnancies and delivéries in women with Ebstein’s malfor-
mation have been reported 3¢

(2) Pregnancy and Delivery in Women With Valvalar
Disease

Pregnant women with mild or moderate mitral stenosis may

receive diuretics and 8 blockers to prevent and treat con-

gestive heart faihire and tachycardla ¥ respectlvely Diuretics

should be used carefully, since excessive use of them may

IV, infravenous injection; IM, intramuscular injection; PO, oral
administration.

Adapted from Elkayam U, Pregnancy and cardiovascular disease.
In: Braunwald E, editor. Heart disease. A textbook of cardiovas-
cular medicine, 5th edn. W.B. Saunders Company, 1997; 1843—
18643 with permission from Elsevier Inc.

cause hypovolemia and result in suboptimal uteroplacental
circulation.*®3#* Percutaneous mitral valvuloplasty may be
indicated for severe mitral stenosis before pregnancy. When
heart failure not responding to medical therapy develops
during pregnancy, physicians should consider percutaneous
mitral valvuloplasty.® Pregnancy and delivery in women with
acquired aortic stenosis should be treated similarly to that
in those with congenital aortic stenosis. Mitral insufficiency
and aortic insufficiency may often be treated with medical
therapy when patient’s condition is not severe. Angiotensin
converting enzyme (ACE) inhibitors must be avoided during
pregnancy, since these drugs will affect the development of
the fetus. Surgery before pregnancy should be considered
when women with severe valvilar disease wish to become
pregnant.

(3} Pregnancy and Delivery in Patients With Mechanieal
Prosthetic Valves

Table 8 shows the recommendations for anticoagulation ther-
apy in pregnant women with mechanical prosthetic valves.?
Both warfarin and heparin may pose the risk of bleeding and
thrombosis. in the mother and the fetus. Warfarin, which
passes-through the placenta, increases the incidences of spon-
taneous abortion, premature birth, and stillbirth, and causes
fetal malformation in'0 to 20% of mothers receiving warfarin
(the average incidence in the four most recent reports is
1.6%). The risk of fetal malformation is especially high when
warfarin is administered during weeks 6 to 12 of gestation.®®
Although heparin therapy is considered safe, since it does not
pass through the placenta, long-term heparin therapy may
cause such as noninfective abscess, osteoporosis, thrombo-
cytopenia, and bleeding.? It has been reported that thrombo-
embolism occurs in 4 to 14% of patients receiving adequate
anticoagulation therapy with heparin 4%-42

Bioprosthetic valves are believed to be a good option for
women who wish to become pregnant, since anticoagulation
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- ?abielﬂ Effects of Cardiovascular Drugs During Pregnancy

Procainamide
Disopyramide

None reported
May initiate uterine contractions

Calcium blockers
5 blockers

Hyd ralazine
Sodium nitroprusside
Organic nitrates

None reported

Fetal bradycardia
ACE inhibitors

Diuretics

Drug Potential fetal adverse effects - o Séfety

Warfarin Fetal bleeding in utero, embryopathy, CN'S abnormalities Unsafe
Heparin None reported Probably safe
Digoxin Low birth weight Safe
Quinidine Toxic dose may induce premature labor and cause.damage to fetal eighth cranial nerve Safe

Lidocaine In high blood levels and fetal acidosis may cause CNS depression Safe
Mexiletine Fetal bradycardia, intraurine growth retardation, low Apgar score, neonatal hypoglycemla
neonatal bradycardia, neonatal hypothyroidism
Flecainide One reported fetal death
Amiodarone Intraurine growth retardation, prematurity, hypothyr01d|sm Unsafe

Fetal distress due to maternal hypotension

Intraurine growth retardation, apnea at birth, bradycardia, hypoglycemia, hyperbilirubinemia
B2 blockers may initiate uterine contractions

Potential thiocyanate toxlmty with high dose, fetal mortality with nitroprusside in animal studies

Skull ossification defect, intraurine growth retardation, premature dellvenes low birth weight, oligo-
hydramnios, neonatal renal failure, anemia and death, limb contractures, patent ductus arteriosus

Not established
Not established

Not established
Not established

Not established
Safe

Safe
Potentially unsafe
Not established"

Unsafe

Potentially unsafe

CNS, central nervous system; ACE, angiotensin convetrting enzyme.

Impaiment of uterine blood flow, thrombocytopenia, jaundice, hyponatremia, bradycardia

Adapted from J Am Coll Cardiol 1998; 32: 1486—1588°%, with pemission from Elsevier Inc.

therapy is not necessary in patients with such valves unless
they have a history of atrial fibrillation or thromboembo-
lism. However, it is known that bioprosthetic valves deterio-
rate more rapidly in young patients, and reports have noted
that deterioration of bioprosthetic valves is further promoted
during pregnancy 3844 Physicians should adequately explain
to patients the fact that they may have to undergo reopera-
tion earlier as a result of pregnancy.

(4y Prevention of Infection During Pregnancy and
Delivery in Patients With Heart Disease

The incidence of infective endocarditis after uncomplicated

vaginal delivery in women with heart disease is believed to

be low, and it is not generally recommended that patients in
this population receive antibiotic prophylaxis. However, anti-
biotic prophylaxis during delivery is performed in patients
with prosthetic valves, those with a history of endocarditis,
those following corrective surgery of congenital heart mal-
formation (depending on condition), those following shunt
surgery, and those with mitral prolapse or insufficiency.*
Table § shows common methods of antibiotic prophylaxis.3®

(5) Effects of Cardiovascular Drugs During Pregnancy
Table 16 presents the current findings on cardiovascular
drugs commonly used during pregnancy.3%32.44

il Descriptions

1. lschemic Heart Disease

(1) Diagnosis

Physicians should interview patients for subjective symptoms,
personal and family history of ischemic heart disease, and
the presence/absence of coronary risk factors and conditions
frequently associated with ischemic heart disease. It should
be noted that patients with diabetes and elderly patlents often
do not complain of significant symptoms of angina. It is
important to check for exertional angina as well as atypical
angina due to coronary spasm. It is common for the chest
X-ray to reveal few findings typical of ischemic heart disease,
and ECG at rest in the absence of anginal attacks is normal.
Definitive diagnosis: of ischemic heart disease can be made
with coronary angiography. Figure 1 shows a flow chart for
considering indications for coronary angiography according
to risk of noncardiac sur gery.#

(2) Severity Evaluation and Risk

The severity of myocardial ischemia is correlated with angio-
graphic findings such as the number of affected vessels, level
of stenosis, and presence/absence of stenosis in the left main
trunk, as well as the severity of angina. Evaluation of cardiac
function and degree of mitral regurgitation is quite important
for appropriate perioperative management of patients under-
going noncardiac surgery.

(31 Special Management
The indications for coronary revascularization as a part of
management of patients undergoing noncardiac surgery are
basically identical to those in patients in general. However,
transcatheter intervention on PCI is especially preferred to
bypass surgery in patients whose noncardiac disease has a
poor prognosis and those in poor general condition including
bleeding tendency.

There are several issues for patients whom CABG is indi-
cated. Off-pump CABG and minimally invasive direct coro-
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Step 1

|Noncardiac surgery|-—---- Emergency surgery =---=
Elective surgery

Step 2 ‘

History of coronary ---—- <5 years previously---| Asymptomatic
Tevascularization.
; i PCI: No restenosis on confirmatory S——
angiography atmonthe "7
CABG: Arterial grafts only ———-——————————
Recurrence of symptoms

Unsuccessful cases, incomplete revascularization
= 5years after revascularization
CABG: Venous grafts used

Step 3 ’
‘Coronary angiography |-----—- Contrast imaging; Good results &—----—-
<2 years previously no changes in clinical symptoms

Contrast imaging; Poor results or changes in clinical symptoms
No imaging study

| Risk of ischemic heart disease |

Step 4

[ High |
Acute myocardial infarction
< 30 days after onset
Unstable angina
Severe angina (CCS Il or [V)
Decompensated heart failure

Step 5

Mild angina (CCS | or II)

Clinical symptom of ischemic heart disease

History of myocardial infarction with
abnormal Q waves

Compensated heart failure

History of heart failure

Step 6

Exercise capacity

Stepy 6
Low

Abnomal ECG without
abnomal Q waves

Step 7

| Coronary angiography |

Exercise capacity

[

Decreased (<4 METSs)

Ed

| | l

>4 METs Decreased (< 4 METs) >4 METs

= |-|x | =

| Coronary angiography |

Risk of noncardiac surgery (Table 1) |

High/intermediate

Low:

[
Intermediate/low

[ Coronary angiography |

| Surgery | |Coronary angiography | | Surgery|

?;gm‘m Flow chart of preoperative cardiac evaluation including coronary angiography. PCI, percutaneous coronary interven-
tion; CABG, coronary artery bypass graﬂing, CCs, Canadian Cardiovascular Society; METs, metabolic equivalents, *Evaluation

k Consider oost-effecttveness of each testing.

may-include echocardiography, myocardial i |maglng exercise stress tesﬂng other than exermse stress testmg and Holter FCG.

nary artery bypass (MIDCAB) have been gaining popularity*
although no consensus exists about the effects of extracor-
poreal circulation on malignant tumors. It is alse important
whether coronary revascularization and noncardiac surgery
should be performed simultaneously or as two-stage surgery.
Physicians should determine the schedule of surgeries care-
fully considering surgical invasiveness, posture during sur-
gery, risk of surgical site contamination, and urgency of non-
cardiac surgery. If two-stage surgery is a choice, patency of
bypass grafts and perioperative drug treatment will be major
concerns in patients undergoing CABG first, while preven-
tion of perioperative myocardial infarction will be important
in patients undergoing noncardiac surgery first.

In patients undergoing PCI prior to noncardiac surgery, it
has been recommended that conventional PCI without stent-
ing be performed about 1 to 2 weeks prior to noncardiac
surgery. However, PCI using stents, especially DES, requires
potent anticoagulation therapy for a longer period of time,
which may pose risks during noncardiac surgery and signifi-
cantly affect the timing of noncardiac surgery. The use of
DES should be considered only in selected cases (Table 4).18

(4) Intrazortic Balloon ?am;&ing

Although intraaortic balloon pumping (IABP) may increase
coronary blood flow, support cardiac function, and decrease
afterload, the efficacy of perioperative IABP use in patients
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Severity of aortic stenosis,
physical findings, ECG,
chest X-ray

Symptomatic
>y

Echocardiography, &
cardiac catheterization,
coronary angiography

Moderate to-severe Mild

Valve orifice area > 1.0 cm?

\

Valve orifice area < 1.0 cm?

Pressure gradient = 50 mmHg Pressure gradient < 50 mmHg Pressure gradient = 50 mmHg Pressure gradient < 50 mmHg

Asymptomatic

Echocardiography

| Moderate to severe |

Valve orifice area < 1.0 cm? Valve orifice area > 1.0 cm?

4

Perform aortic valve replacement first

Determine.according to cardiac function
as evaluated with echocardiography and
degree of invasion of noncardiac surgery

Perform noncardiac surgery first

Figrre 2. Treatment strategies for noncardiac surgery in patients with aortic stenosis.

undergoing noncardiac surgery has not been established.
IABP support may be continued before and throughout sur-
gery. A trocar may be placed in the femoral artery before sur-
gery to ensure prompt insertion of IABP, or emergency IABP
may be initiated during or after surgery. It should be noted
that certain body positions hinder the use of [ABP.

(8) Precautions Regarding Anesthesia and Perioperative
- Management in Patients Undergoing Noncardiae
Surgery

Anesthesia should be induced with fentanyl, which causes
fewer hypotension, and benzodiazepines such as midazolam
and diazepam, and should be maintained with neuroleptanal-
gesia (NLA). Combined use with epidural anesthesia has been
reported to be useful. When coronary vasodilators are used,
physicians should be aware of the characteristics of drugs,
i.e. low incidence of hypotension (Nitrol and nicorandil),
short duration of action after withdrawal (nitroglycerin), and
inhibition of spasm and slowing of heart rate (diltiazem),
and should select appropriate drugs according to patient’s con-
dition. Small doses of dopamine may be useful to treat hypo-
tension during surgery. Patients with severe coronary spasm
should be treated with adequate doses of calcium blockers,
undergo measures to prevent hypothermia and respiratory
alkalosis, and have their blood pressure adequately controlled.
During noncardiac surgery in patients with frequent ven-
tricular extrasystoles, physicians should infuse lidocaine con-
tinuously, monitor and maintain serum potassium level, and
keep an external defibrillator ready for use. “Precautions for
anesthesia in cardiac surgery” should be followed.

2. Valvular Heart Disease

When cardiac murmur is heard prior to noncardiac surgery,
physicians must identify the cause of the murmur, consider
whether the murmur reflects a serious condition or not,
whether further assessment is needed to investigate its sevetity,
and whether prevention of infectious endocarditisis re quired.
Diastolic murmurs are almost always pathologically signifi-

cant, and diagnosis and investigation of them are required. It
is quite rare for functional murmurs with a grade 210 to IV
on the Levine scale to be heard, but the loudness of murmurs
depends on body size and does not accurately reflect the
severity of valvular disease.

(1) Valvular Diseases and Noncardiac Surgery

i) Aortic Stenosis

Severe aortic stenosis is one of the most important risk fac-
tors for cardiac complications during noncardiac surgery.*
It is preferable that noncardiac surgery be avoided or aortic
valve replacement be performed prior to noncardiac surgery
in patients with symptomatic aortic stenosis with a left ven-
tricular-aortic pressure gradient of 250mmHg, syncope, angi-
nal pain, and/or left heart failure (Figure 2).4

ii) Mitral Insufficiency

No specific measures are required during noncardiac surgery in
patients with mild or moderate mitral regurgitation and with-
out signs/symptoms of heart faiture. However, antibiotic pro-
phylaxis is needed to prevent infectious endocarditis. Mitral
valve surgery such as valvuloplasty and prosthetic valve re-
placement should be performed first in patients with grade
21 mitral regurgitation and signs/symptoms of heart failure.
It should be noted that mitral insufficiency often cause a seem-
ingly favorable left ventricular ejection fraction. Perioperative
antibiotic therapy is required to prevent infections not only in
patients with clinically significant mitral valve prolapse but also
in asymptomatic patients in whom echocardiography reveals
findings of mitral regurgitation or thickened valve leaflets 4%

iii) Tricuspid Insufficiency

Since patients with severe tricuspid insufficiency may exhibit
significant hepatic congestion possibly-resulting in hepatic
disorders such as hepatic cirrhosis, modification of treatment
strategies is often required if high-risk noncardiac surgery is
tobe performed.

iv) Aortic Insufficiency
In patients with aortic regurgitation of grade II or less, noncar-
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diac surgery may be performed before cardiac surgery when
appropriate measures including the prevention of infectious
endocarditis are taken. In patients with aortic regurgitation
of grade TII or higher and those with clinical symptoms, phy-
sicians should be aware that the risk of noncardiac surgery
is, depending on the type of surgery performed, often sig-
nificantly high when performed prior to surgical treatment
of aortic regurgitation. Fatal arrhythmia may occur in this
patient population, and perioperative management is difficult.
Although the risk of noncardiac surgery varies according to
the type of procedure, it is preferable that surgical treatment
of aortic valves be performed first before left heart function
has significantly exacerbated %51

v) Mitral Stenosis

Most noncardiac surgical procedures may be performed in pa-
tients with mitral stenosis with a valve orifice area of >1.5cm?.
However, heart rate should be controlled during the peri-
operative period, since:tachycardia may induce serious pul-
monary congestion. It is preferable that patients with severe
mitral stenosis undergo percutaneous transcatheter balloon
mitral commissurotomy, or surgical commissurotomy or
mitral valve replacement before undergoing high-risk non-
cardiac surgery.4

vi) Prosthetic Valves

In order to prevent infectious endocarditis during the periop-
erative period, antibiotics should be administered to patients
with prosthetic valves from the day before noncardiac surgery
until laboratory data, such as leukocyte count and C-reactive
protein (CRP), normalize, for example, 7 days after surgery.
Anticoagulation therapy should be adjusted according to
individual patient condition, considering the effects of anti-
coagulants that have been decreased in dose and the effects
of heparin initiated during the perioperative period. Although
patients with prosthetic valves used do discontinue anti-
coagulation therapy for about 3 days prior to less invasive
procedures (such as dental treatment and surface biopsy), it is
becoming a common practice that anticoagulation therapy is
continued for less invasive procedures such as-dental treat-
ment. Perioperative heparin therapy is recommended for
patients in whom the risk of bleeding is high when receiving
oral anticoagulants and the risk of thromboembolism is also
high in the absence of anticoagulant (e.g., patients with a
mitral valve prosthesis are to undergo major surgery). When-
ever possible, anticoagulation therapy should be discon-
tinued one week before surgery, and heparin therapy should
be initiated when prothrombin time and international normal-
ized ratio (PT-INR) decreases below the therapeutic range.
Although the optimal dose differs among individuals; heparin
should be administered by continuous intravenous infusion
at a dose of about 5,000 to 15,000 units/day until the day of
surgery. Following surgery, ‘the absence of postoperative
bleeding must be confirmed, and administration of antico-
agulants at regular doses: should be resumed when patients
can take drugs orally. When that is impossible, heparin should
be administered as mentioned above until treatment with oral
anticoagulants can be resumed.

(2) Treatment of Valvular Disease Before Noncardiac
Surgery

Cardiac surgery is the only option available for patients with

severe valve insufficiency. When patients with severe mitral

stenosis need emergency noncardiac surgery such as repair for

serious gastrointestinal bleeding, catheter balloon valvulo-

plasty is believed to reduce the risks of such surgery, and
therefore to be beneficial 2 However; mitral valve replace-
ment is required in patients with atrial fibrillation, those with
left atrial thrombus, and patients with very severe valve
lesions.*® Balloon valvuloplasty for aortic stenosis is not
recommended. Since only limited data are available to this
procedure, and the risk in elderly patients is quite high.

(3) Management of Patients With Valvular Disease
During Noncardiac Surgery

In patients with valve regurgitation, low peripheral vascular
resistance is important. Hypertension is harmful, vasodilators
should be used if necessary. On the other hand, patients with
severe valve stenosis are often unable to accommodate hemo-
dynamic changes due to fluid overload. Volume overload
induces congestive heart failure, while excessive dehydration
may cause circulatory collapse. Water balance should be
managed strictly, especially in patients with aortic and mitral
stenoses regardless of the severity of valve lesions. Since
arrhythmia. often occurs in patients with valvular diseases,
appropriate antiarrhythmic therapy and heart rate control
play key roles during the perioperative period.

3. Treatment of Congenital Heart Disease
Before Corrective Surgery

The mortality after noncardiac surgery in neonates and in-
fants with congenital heart disease is about twice that in
those without it, and it has been reported that the presence of
congenital heart disease significantly increases the risk of
mortality even after minor noncardiac surgery >

(1) Neonates and Infants

The prevalence of heart disease in neonates is 13.2 to 43%
among those with esophageal atresia, 9 to 12.1% among those
with anal atresia, 13.9 to 45.5% in those with exomphalos,
17.9 to 33% in those with duodenal atresia, and 10.5 to 12.5%
in those with diaphragmatic hernia %-% Children born with
conditions requiring surgical treatment immediately after
birth should be evaluated with echocardiography.

Although the methods of surgical correction of anal atresia
and intestinal atresia/stenosis are well established, the mor-
tality rates of neonates and infants with large exomphalos.and
diaphragmatic hernia are still high. In such infants, it is quite
difficalt to perform surgical correction of heart disease during
early infancy. In children with esophageal atresia and heart
disease, correction of esophageal atresia is-often performed
first. However, no consensus has been reached regarding the
timing of heart surgery (before or after correction of esopha-
geal atresia) or the strategy of treatment for esophageal atre-
sia (one- or two-stage corrective surgery). '

In neonates with congenital heart diseases that increase pul-
monary blood flow, surgical correction of noncardiac disease
may be performed during the first several days of life, during
the period when pulmonary vascular resistance remains high,
while in ngonates with congenital heart diseases that decrease
pulmonary blood flow, noncardiac surgery may be performed
when cyanosis has improved by treatment with prostaglandin
(PG) E1 (0.05.t0 0:14g/kg/min) to a stable hemodynamic con-
dition.** No consensus exists regarding treatment strategy or
the order of cardiac and noncardiac surgeries in patients with
complex heart disease who exhibit cyanosis and increased
pulmonary blood flow.

Many types of congenital heart diseases can be diagnosed
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’s‘ahie ﬂ Cardiac Risk Factors in Adult Pattenis Wnth
: - Congenital Heart Disease L :

1) Major risk factors: Fatal cardiac com phcaﬂons may occur. '
Cardiac repair may be indicated firstin some conditions.

* Eisenmenger syndrome

* Significant persistent lesions/complications following repar-
ative surgery

# Decompensated heart failure

* Severe hypoxemia (untreated cyanotic heart disease, follow-
ing palliative surgety)

* Severe anhythmia

Recommended management: Patients should be admitted to
the intensive care unit (ICU) for perioperative management by
specialists. Discontinuation or postponement of non-urgent
noncardiac surgery is preferable. If corrective treatment (includ-
ing catheter techniques, and/or pacemaker placement) is indi-
cated for heart disease, it should be treated first.

2) Intermediate risk factors: Factors that increase the risk of
perioperative cardiac complications. Patient’s condition
should be carefully evaluated.

* Moderate persistent lesions/complications following repara-
tive surgery

* Compensated heart failure

* Following palliative surgery (hypoxemia is present}

‘Recommended management: Patients should be evaluated
using necessary and sufficient intraoperative monitoring, and
should be considered for treatment in the ICU during periop-
erative period whenever necessary.

Mild risk factors: Cardiovascular abnormalities that have
not themselves been demonstrated to increase the risk
of perioperative cardiac complications.

= Congenital heart disease riot requiring repair

* Patients after cardiac repair in whom continued treatment is
not required

3

~

}'abi& 22 Severity of Resxdual Problems Follo

Surgery .
Pulmonary hypertensnon (pulmonary arterial systolic pressure)
Mild ‘30 to 50mm Hg
Moderate 50 to 70mmHg
Severe 270mmHg
Pulmonary artery stenosis or extracardiac conduit stenosis
Right ventricular Pressure gradient
pressure (extracardiac conduit
{pulmonary artery stenosis)
stenosis)
Mild 50 to 70mmHg 30 to 60mmHg
Moderate 70 to 100mmHg 80 to 90mmHg
Severe 2100mmHg: 280mmHg

Persistent left-to-right shunt
Pulmonary to systemic flow ratio (Qp/Qs)

Mild <1.5
Moderate 1.5t02.0
- Severe 22.0

with echocardiography, and cardiac catheterization and/or
angiography is rarely required.

(2} Young Children

Baum et al reported that, in children 21 year of age, the mortal-
ity after noncardiac surgery was slightly higher in those with
cardiac disease, though the difference was not significant.
Pulmonary hypertension (PH) and severe cyanosis and so en
are considered as risk factors for mortality after noncardiac
surgery, though no evidence has been obtained for this. Clini-
cal expenence has suggested that children following palliative
surgeries such as shunt surgery and the Glenn procedure can
tolerate noncardiac surgery well. When anesthetic procedures
requiring mechanical ventilation are performed, prompt extuba-
tion may be preferable for ensuring favorable hemodynamics.

4, Adults With Congenital Heart Disease

{1y Cardiovascular Evaluation Prior to Noncardiae
Surgery

Patients with congenital heart disease planned to undergo non-
cardiac surgery should be evaluated for history of cardiac sur-
gery and the procedures used, presence/absence and type of
persistent heart lesions, complications and sequelae of heart
disease, clinical course after heart surgery, and current condi-
tion.

In patients planned to undergo low-risk noncardiac surgery
as defined in the ACC/AHA Guidelines,? routine preopera-
tive evaluation is sufficient. When hlgh- or intermediate-risk

nencardiac surgery is planned, patients should be evaluated
for cardiovascular abnormality in detail. If the results are poor,
cardiac surgery or catheter intervention prior to noncardiac
surgery may be considered.

(2) Cardiac Risk Factors During the Perioperative
Period

Table 11 lists common risk factors in adult patients with

congenital heart disease 2!

(3) Examinations Used in Preoperative Evaluation
of Risk Faetors

All patients with congenital heart disease require preoperative
evaluation with 12-lead ECG, chest X-ray, and echocardiogra-
phy. While arterial blood gas analysis, pulmonary ventilation/
perfusion scintigraphy, and Holter ECG may be necessary in
some cases, exercise stress testing and cardiac catheterization
are indicated for only a small number of patients.

(4 Criteria for Severity of Persistent Heart Lesions
Table 12 presents the criteria for severity of heart lesions re-
maining-after corrective surgery for congenital heart disease &

(5} Probiems Following Coerrective Surgery

Following corrective surgery for acyanotic congenital heart
disease, patients may experience embolism secondary to atrial
arthythmia/fibrillation; congestive heart failure due to a
residual shunt; severe PH; mitral insufficiency/stenosis or left
ventricular outflow obstruction following correction of atrio-
ventricular septal defect; and restenosis of repaired aortic
coarctation, among other conditions.

Patients born with cyanotic complex cardiac anomaly may
often require reoperation at a later age even if they are treated
with corrective surgery. Depending on the procedure of the
corrective surgery, patients may exhibit characteristic hemo-
dynamic changes for which special management may be
needed during noncardiac surgery. Patients with the condi-
tions listed in Table 12,% valvular regurgitation, or serious
arthythmia must be treated especially carefully. Patients with
following conditions need special care: for patients after atrial
switch operation, vena cava obstruction, pulmonary venous
stenosis, right ventricular dysfunction which acts as systemic
ventricle. For patients after atrial switch operation, pulmonary
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1. Dentaliu pper resplratory tract procedures

(1 Standard
Amoxicillin 3g PO 4l hour before: procedure)+amoxrc:l||n
1.5g PO.(6 hours after)

(2) High-risk patients
Ampicillin 2g+ gentamicin 1.5mg/kg v or IM (30 minutes
before procedure) + amoxicillin 1.5g PO (6 hours after)

(3) Al ergic to amoxmxllm/pemclllm
Erythromycin 19 PO (2 hours before procedure) + erythro-
mycin 0.5g PO (6hours after)
or
Clind: amycm 300mg PO (1 hourbefore procedure)+cllnda-
mycin 150mg PO (6 hours after) :

2 Gastromtestmallgemtourmary prooedures
¢ Standard :
Ampicillin 2g+gentam|cm 1.5mg/kg V. or IM.(30 minutes
before procedure); amoxicillin 1.5g PO (6 hours' after)

(2) Allergic to ampicillinfamoxicillin/penicillin
Vancomycin 1g IV +gentamicin 1.5mg/kg IV or IM (1 hour
before procedure); may be repeated 8 hours after

(3) Low-risk patients .
Amoxicillin 3g PO (1 hour before procedure)+amoxncx|lm

1.5g PO.(6 hours after)

PO, oral administration; 1V, intravenous injection; IM, intramuscu-
larinjection. )

Adapted from JAMA 1990; 264: 2919-2922#, with permission
from American Medical Association.

artery stenosis. Patients who had undergone Fontan operation
are prone to heart failure. About 10 years after the Fontan oper-
ation, patients are prone to develop supraventricular arrhyth-
mias, thromboembolism, protein-losing gastroenteropathy,
hepatic congestion, hepatic dysfunction, decrease in cardiac
function, or other abnormal conditions, and thus require care-
ful management.

(6) Problems With Uncorrected Congenital Heart Disense
No special perioperative management is required for non-
cardiac surgery in patients with congenital heart disease not
indicated for surgery such as small atrial or ventricular septal
defect and acyanotic tetralogy of Fallot. Many patients with
large uncorrected left-to-right shunt exhibit Eisenmenger syn-
drome, and the risk of noncardiac surgery is quite high in
these patients. Patients with cyanosis must be carefully man-
aged for hypoxemia, polycythemia, prevention of visceral
disorder, brain abscess, and infectious endocarditis.

(7y Important Aspects of Perioperative Management
Perioperative management of patients with a history of con-
genital heart disease who are undergoing noncardiac surgery
is petformed mainly toprevent heart failure, hypoxemia, and
arthythmias. Selective pulmonary vasorelaxants are effective
in patients with right ventricular failure. It is important to pre-
vent infectious endocarditis, air embolism, and brain abscess
in patients with cyanotic heart disease. Table 13 lists the
AHA’s recommendations on antibiotic treatment for the pre-
vention of infectious endocarditis.*

B, Aortic Diseases

(1) Diagnosis and Evaluation of Thoracic Aortic
Ameunrysw Daring Noncardiac Surgery
Table 14 lists the indications for surgical treatment of tho-

cations for Surgical Treatment (Inci

Indications for surgical treatment of true aortrc aneurysm
Class I: : :
‘» Ruptured aortic aneurysm

-+ Ascending aortic aneurysm associated with severe comph-
cations (aortic insufficiency associated with heart failure; or
cardiac tamponade).

*Sinus of Valsalva aneurysm 'associated' with intracardiac
shunt (ruptured sinus of Valsalva aneurysm)

»True TAA 26¢cm of maximal diameter
Class lla;

*True TAA =5cm in diameter in patients with Marfan syn-
drome

*True TAA 5 to 8cm in diamster
* Saccular aortic aneurysm

+True TAA associated with rapid expansion in diameter
(>5mm/6 months)

" Class IIb:
*True TAA 4 to Scm in diameter
In dlcahons for surgical treatment of false aortrc aneurysm

Class I: Al dlagnosed false aortic. -aneurysms not assocrated
with other organ injuries,

Class llb: False aortic aneurysm associated with other organ
injuries
Indications for surgical treatment of dissecting aortic
aneurysm
Class I

oType A acute drssechon W|th patent false ]um en (type I, 1l
dissecting, type lll retrograde)

* Aortic dissection with severe oomphcahons which surgery
may improve or prevent progression of ruptured false lumen,
‘redissection; cardiac tamponade, circulatory disorder asso-
‘ciated with loss of consciousness and paralysis, aortic
insufficiency associated with heart failure, myocardial
infarction, blood flow disturbance in the wsceral organs .or
the extremities. ; :

* Aortic dissection associated with aortic expansion (>6¢cm
of maximal diameter)

“» Chronic dissection associated with rapid aortic expansion
in diameter (>5mm/6 months)

Class lla:

« Aortic dissection not responding to blood pressure control
and pain drug control

* Aortic dlssectwn assocrated W|th Marfan syndrome
Class Iib: o
*Type A acute dissection with occluded false lumen '

« Aortic dissection 5'to 6¢m of maximal diameter

TAA, thoracic aortic aneurysm.

racic aortic aneurysm (TAA).

Most patients with true aortic aneurysm, other than those
with ruptured aortic aneurysm or impending aneurysm rup-
ture, are. asymptomatic.®5 When aortic aneurysm is sus-
pected on chest X-ray or other examinations, contrast CT or
magnetic resonance imaging (MRI) should be performed to
confirm the diagnosis.®% Avoidance of angiography is
increasingly common now.

False aortic aneurysm developes mainly after injury; but
is often overlooked during the period nmnedlately after its
development. Since the risk of rupture is high, patients diag-
nosed with false aortic aneurysm should be transferred as
soon as possible to institutions where appropriate treatment
is available.
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Class |

. Ruptured TAA

* False aortic aneurysm (excluding those
surrounded by significant adhesmn)

* Type A acute aortic dissection with paterit false
lumen

* Malignant tumors:

(advanced cancer, Perform aortic surgery
cancer requiring highly first or simultaneousty:
invasive surgery)

« Cholelithiasis

« Cerebral aneurysm

v

« Aottic dissection with severe complications which
surgery may improve or prevent disease
progression

» Gastrointestinal bleeding

» Strangulation ileus Simultansous surgery

v

Class |

« Ascending aortic aneurysm associated with severe
complications

* True TAA 26 cm in diameter

» Malignant tumors
{advanced cancer,
cancer requiring hlghly
invasive surgery)

« Gastrointestinal bleeding

+ Strangulation ileus '

+ Cerebral aneurysm

Perform aortic surgery
later or simultaneously

v

« Aortic dissection with expansion >6 cm of maximal
diameter

+ Ghronic dissection with rapid expansion of the
aorta in diameter (> 5 mm/8 months)

« Malignant tumors (slowly
progressive cancer,
cancer requiring less
invasive surgery)

« Cholelithiasis

Perform aortic surgery
first. or simultaneously

v

Class lla .

+ True TAA =5 cmin diameter in patients with-
Marfan syndrome

+ True TAA 5 to 6 cm in'diameter

¢ Saccular aortic aneurysm

» Malignant tumors
{advanced cancer,
cancer requiring highly
invasive surgery)

+ Gastrointestinal bleeding

« Strangulation ileus

* Cerebral aneurysm

Perform aortic surgery
later or simultaneously

v

» True TAA with rapid expansion of the aorta in

diameter (> 5 mm/6 months)

* Aortic dissection not responding to blood pressure
control and pain drug control

» Aortic dissection due to Marfan syndrome

* Malignant tumors (slowly
progressive cancer,
“cancer requiring less Perform aortic surgery

invasive surgery) first or simultaneously
« Cholelithiasis y

b 2

Class 1lb

* True TAA 4 to.5 cmin d;ameter :
+ False aortic aneurysm associated with other organ

» Malignant tumors:
-(advanced cancer;
cancer requiring highly
invasive surgery)

+ Gastrointestinal bleeding

« Strangulation ileus

» Cerebral aneurysm

Perform aortic surgery
later

v

injury
+ Acute aortic dissection with occluded false lumen
¢ Aortic dissection 5 to 6 cm of maximal diameter

A /\ /\ A

+ Malignant tumors (slowly’
progressive cancer,
canger requiring less —
ihvasive surgery)

~kCholel|th|asxs

Perform aortic surgery
first or simultaneously

Fignre 3. Guidelines for priority of aortic surgery and noncardiac surgery: TAA, thoracic aortic aneurysm,

Patients suspected to have acute aortic dissection should
undergo contrast CT to confirm the diagnosis under strict
blood pressure control. Treatment of type A acute aortic dis-
section should be prioritized even when noncardiac surgery
is planned. Antihypertensive therapy is the treatment of first
choice for patients with type B acute aortic dissection.

(2) Management of Aortic Apenrysm During
Nencardiac Surgery

During noncardiac surgery, patients with aortic aneurysms
should be carefully observed for ischemic heart disease and
severe hypertension, that frequently co-exist. Although there
have been few reports about aortic aneurysm rupture during
the perioperative period of noncardiac surgery, per1operat1ve
blood pressure control has been reported to be effective in
preventing rupture of aortic aneurysms.5*-7! When hyper-
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