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Summary

Mechanical devices are sought to support insufficient or
paralysed striated muscles including the failing heart.
Nickel-titanium alloys (nitinol) present the following two
properties: (i) super-elasticity, and (ii) the potential to as-
sume different crystal structures depending on temperature
and/or stress. Starting from the martensite state nitinol is
able to resume the austenite form (state of low potential en-
ergy and high entropy) even against an external resistance.
This one-way shape change is deployed in self-expanding
vascular stents. Heating induces the force generating trans-
formation from martensite to the austenite state while cool-
ing induces relaxation back to the martensite state. This
two-way shape change oscillating between the two states
may be used in cyclically contracting support devices of
silicon-coated nitinol wires. Such a contractile device su-
tured to the right atrium has been tested in vitro in a bench
model and in vivo in sheep. The contraction properties of
natural muscles, specifically of the myocardium, and the
tight correlation with ATP production by oxidative phos-
phorylation in the mitochondria is briefly outlined. Force
development by the nitinol device cannot be smoothly reg-
ulated as in natural muscle. Its mechanical impact is forced
onto the natural muscle regardless of the actual condition
with regard to metabolism and Ca>’-homeostasis. The de-
velopment of artificial muscle on the basis of nitinol wires
is still in its infancy. The nitinol artificial muscle will have
to prove its viability in the various clinical settings.
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Scope of the subject

In a review in this issue of Swiss Medical Weekly [1]
Piergiorgio Tozzi discusses functions and applications of
new technologies that enable the construction of “artificial
muscle”. These devices, dubbed “smart materials”, appar-
ently may “behave” like biological systems by “converting
electrical energy into movement and contraction”. Contrac-
tion and expansion operates silently like “natural muscles”.
The author emphasises a variety of potential medical ap-
plications where these devices may restore or replace the
mechanical function of failing muscle including wrapping

around the heart for improvement of systolic contractility
or placing the new constructs on the atrium to support the
blood ejection into the ventricle during chronic atrial fib-
rillation. Further potential applications may include artifi-
cial sphincters to combat urinary and fecal incontinence,
restoration of eye blinking in patients with facial paralysis
due to stroke or nerve injury, reconstruction of peristaltic
esophagus and esophageal sphincter movement. These are
all clinically relevant ailments deserving intensive research
for ingenious resolutions. The purpose of this editorial is to
complement the review on artificial muscle [1] by focus-
ing on the questions what is similar and what is dissimilar
between natural muscle and the new constructs, what are
the biological consequences and potential dangers resulting
from the differences between them. First let's consider the
normal function of skeletal and heart muscle.

Contraction of natural muscle

The salient feature of natural muscle consists in its highly
structured arrangement [2] of the actin filament tracks and
the interdigitating bipolar myosin filaments in the middle
of the sarcomere (fig. 1). The motor domains of myosin in-
teract repeatedly with actin in an irregular manner thereby
pulling the actin filaments step-by-step toward the sar-
comere center. The irregular (stochastic) interaction of my-
osin crossbridges with actin allows for smooth sliding of
the filaments past each other and ensures continuity of
force generation. This cyclic actin interaction is tightly
coupled to ATP splitting which provides the energy for
contraction. Binding of ATP to myosin heads and the sub-
sequent release of the products ADP and inorganic phos-
phate induces a sequence of protein conformational
changes that governs the interaction of the crossbridges
with actin [3]. First, the myosin heads homing into the actin
binding sites are guided by long-range electro-static forces
while, second, the strong interaction that serves as starting
point for the power stroke, is primarily governed by hydro-
phobic protein-protein contacts. After the working cycle
has finished, a new ATP binds to myosin and the interac-
tion between the two proteins becomes weak. The cross-
bridge detaches from actin and hydrolysis of ATP resets the
original myosin conformation (recovery stroke) ready to go
again. In this way chemical energy is directly converted
into directional mechanical energy. Most importantly the

Swiss Medical Weekly - PDF of the online version - www.smw.ch

Page 1 of 7



Editorial

Swiss Med WKkly. 2011;141:w13319

length of both actin and myosin filaments does not change
during contraction (fig. 1).

In vitro motility assays using a feedback enhanced laser
trap system allows direct measurement of force and dis-
placement that results from the interaction of a single my-
osin molecule with a single suspended actin filament [4].
Discrete stepwise movements averaging ~11 nm were seen
under conditions of low load. Single force transients, av-
eraging 3—4 picoNewtons, were measured under isometric
conditions. Around 10 billion of myosin crossbridges are
required to keep a force of one gram in balance. The max-
imal isometric force development of striated muscle
amounts to around 4 kg per square cm. In vivo, myosin
crossbridge stroke distance depends on the resistance the
muscle has to work against. This distance tends to zero at
isometric contraction (no external work) when the muscle
is delivering internal work only, i.e., the myosin cross-
bridges remain relatively longer attached to resist the ex-
ternal force. Slower moving crossbridges in isometric con-
traction burn less ATP per force developed (higher effi-
ciency) than fast moving crossbridges in isotonic contrac-
tion (fast shortening of unloaded muscle).

The giant protein titin (the largest known human protein)
constitutes the stress-responsive elements (third sarcomeric
filament system) that protect the sarcomeres from being
overstretched and injured during passive extension by ant-
agonist skeletal muscles and during diastolic distension in
the heart [5]. One molecule of titin extends from the sar-
comere middle at the M-band over the entire half sar-
comere (~1 pum) right to the Z-disc. Titin is a modular
protein built for 90% of immunoglobulin and fibronectin
(FN3)-like domains; the remainder is composed of inser-
tions of unique sequences with different elastic properties.
Various isoforms in skeletal and cardiac muscles derive
from one single human titin gene. The titin isoforms con-
tain around 27,000 up to 38,000 amino acid residues with
molecular masses of 3000-4200 kDa. The titin springs af-
ford the sarcomeres long-range elasticity and determine
myocardial passive tension. In addition, titin may coordin-
ate the precise assembly of sarcomeres during muscle de-
velopment and cardiac hypertrophy.

I-band  Aband  I-band Figure 1
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Functional coupling of contraction
with energy production

This biological linear motor system was so successful dur-
ing evolution that it has been adopted by all kinds of stri-
ated muscle (skeletal and heart muscles). A variation of
the theme with much longer myosin and actin filaments
than in striated muscle, not organised in sarcomere units,
is found in smooth muscles. The sarcomere (1.9 up to 2.6
pum in length) presents the smallest contractile unit. In stri-
ated muscle the sarcomeres are longitudinally arranged in
series from few (in small muscle fibers) up to 10 thou-
sand and more in fibers of large muscles. 10 single myos-
in crossbridge steps of nearly 10 nm each would suffice to
shorten a sarcomere by 10%. Consequently all sarcomeres
in series shorten by the same distance and thus the en-
tire muscle would shorten by 10%. 5—15% shortening is
indeed the normal range for muscle contraction in vivo.
Sarcomeres of similar size and structure are found in the
muscles of the Etruscan Shrew (smallest living terrestrial
mammal with a body weight of 2 gm and heart weight of
12 mg) as well as in the largest living mammal ever, the
Blue Whale (body weight of ~100,000 kg and heart weight
of 600 kg) [6]. Likewise the maximal mechanical perform-
ance of all sarcomeric muscles ranges between 40 and 200
Watt per kg muscle. In striated muscle the performance ef-
ficiency in relation to ATP consumption is around 50% [7].
The energy consumption by muscle contraction must,
however, be balanced with the energy supply by the cell
metabolism. Considering the energy required for restitution
of the ATP used for contraction and for the subsequent
relaxation processes as well, the overall efficiency drops
to about half (~25%). This implies that in a complete
contraction-relaxation cycle the metabolic restitution pro-
cesses operate at a similar efficiency like the chemo-mech-
anical transduction of the contractile machinery. The ul-
timate efficiency delivered by the muscle is further di-
minished to ~10% by internal friction and counterforce
of the antagonist muscles. Similarly, also myocardial con-
traction works with an overall efficiency of around 10%
[8]. In skeletal muscle the energy consumption increases
1000-fold when going from rest to isometric contraction
[7]. By going from isometric to isotonic contraction (fast
contraction under low load), the energy consumption in-

Sarcomere shortening of mammalian skeletal muscle. (A) Electron micrograph of sarcomere displaying A-band
¢ (anisotropic) consisting of myosin thick filaments with the interdigitating actin filaments and the M-band proteins
in the middle. The I-band (isotropic) contains the thin actin filaments reaching from the Z-discs (black) toward

the A-band. The third filamentous structure (not visible in the graph) consists of the giant protein titin. Each titin
1§$§§ molecule extends from the sarcomere middle over half the sarcomere length to the Z-disc. Several dozens

==

additional proteins are associated with the three major structural proteins. (B) During muscle contraction the
sarcomeres shorten by sliding of the actin filaments toward the sarcomere center while the myosin and actin
filaments preserve their original length. (C) The sliding of the two filamentous systems is brought about by
repetitive fixation of the myosin heads (crossbridges) at actin, bending toward the sarcomere middle, followed

Z M z by detachment and fixation again in a new position. This cyclic movement of the myosin heads is coupled to
@ ‘%WE:H__}'M@ ] ATP hydrolysis that provides the energy. In reality the myosin heads are not moving in concert like the athletes

& ]
(5]
(22

in a rowing boat (as depicted in (C)) but are moving irregularly (stochastic).
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creases a further three times. This drastic increase in energy
consumption occurring within a fraction of a second re-
quires fast and precise coordination with the energy pro-
ducing metabolism. This coordination is ensured by the
Ca®" signal that triggers contraction by Ca®" binding to
troponin-C on the actin filament [9]. At the same time Ca®"
also stimulates the ATP production by activating the phos-
phorylase kinase (catabolism of muscle glycogen), key en-
zymes of the tricarboxylic acid cycle in the mitochondrial
matrix and the ATP synthase (complex V of the respiratory
chain) at the inner mitochondrial membrane [10]. The in-
timate coupling of mechanical work with metabolism is de-
cisive for cardiac function and particularly traceable in the
heart.

Heart failure may be due to
myocardial starving

The hypothesis that the failing heart is nutritionally
starving has lately been plausibly discussed [11, 12]. The
heart amounts to 0.4% of a 70 kg human, yet it consumes
~10% of the total energy expenditure at rest. During phys-
ical activity the heart can raise its performance from 10
Watt at rest up to a maximal output of ~100 Watt in an ath-
lete at peak activity. The heart pumps 70 ml blood per beat
(stroke volume), ~5 liters per min, 300 liters per hour, 7000
liters per day, 2.5 mill liters per year, and around 210 mill
liters during a life time of 80 years (corresponding to a train
with 10,000 tank wagons). The brain (1.3 kg) accounts for
almost 2% body weight and consumes around 20% of the
total energy expenditure [13]. The total brain performance
oscillates around 20 Watt during day and night (merely a
dim 20 Watt bulb). On a per organ weight basis this is less
than half the output of the heart at rest, let alone under
10-times higher load. This illustrates how mechanical work
is much more expensive than information processing.

The costs for ATP to support myocardial contraction is un-
der normal conditions met to 70-90% by catabolism of free
fatty acids via beta-oxidation, the tricarboxylic acid cycle
(Krebs cycle) and oxidative phosphorylation (respiratory
chain) in the mitochondria. To bring the energy from the
mitochondria to the different energy consuming structures
in the cardiomyocyte (primarily contracting myofibrils and
ion pumps such as Ca>"-pumps and Na'/K'-pumps), the
energy-rich phosphoryl group is transferred by the creatine
kinase (CK) from ATP to creatine giving rise to ADP and
phosphocreatine. This transphosphorylation occurs in the
mitochondrial intermembrane space. The ADP is quickly
re-phosphorylated to ATP at the mitochondrial inner mem-
brane. The phosphocreatine is in equilibrium throughout
the cytoplasm and its phosphoryl group is readily trans-
ferred once more to ADP where energy in the form of
ATP is required. CK and creatinephosphate represent an
efficient transport shuttle between the mitochondria where
ATP is produced and the cellular loci where energy is re-
quired [11].

In normal ventricular tissue intracellular concentrations are
8—10 mmol/L for ATP, <50 pmol/L for ADP, <1 mmol/L
for inorganic phosphate (Pi), and >200 mmol/L for the
phosphorylation potential (PP). The ratio of ATP / ADP
Pi, represents PP that determines the free energy available

from hydrolysis of ATP to drive the ATP-requiring re-
actions [11]. Biochemical tools cannot provide accurate
measures of these phosphate compounds. This only became
possible with the advent of nuclear magnetic resonance
(NMR) spectroscopy and positron emission tomography
(PET). The entire cardiac ATP pool just suffices for a few
heartbeats. It would be exhausted within one minute at rest
and in 10 seconds at high workload [14]. Therefore, ATP
needs to be furnished continuously. The heart generates
~30 kg ATP per day (~50 times its own weight). The phos-
phocreatine pool constitutes the immediate back-up sys-
tem for ADP re-phosphorylation in the cytoplasm. The
total creatine concentration amounts to 30-40 mmol/L of
which about two thirds are phosphorylated [15, 16]. This
energy-rich phosphocreatine pool is of paramount import-
ance since its phosphotransfer rate to ADP by the CK is
~10-times faster than that for ATP production by oxidat-
ive phosphorylation in the mitochondria. In severely fail-
ing heart the levels of phosphocreatine and ATP decline by
60-70% and 30-40%, respectively. Under high energy de-
mand additional substrates such as glucose, pyruvate, lact-
ate and ketone bodies are incurred for ATP production (the
heart is an omnivore). The relative contributions of the dif-
ferent metabolic pathways for ATP production change in
response to changes in fuel supply, hormonal and neural
signals; but all these alternative pathways for ATP produc-
tion are considerably slower than is re-phosphorylation of
ADP from phosphocreatine. Of note, the contractility of
isolated muscle fibers from failing hearts tested in vitro
is usually undistinguishable from those of healthy hearts.
Taken together, the unfaltering mechanical activity of the
heart throughout the entire life and its tight coupling to
metabolism presents a formidable task for a potential arti-
ficial muscle. Any physical activity of the heart muscle im-
prints its characteristics on metabolism and tissue remodel-
ing.

Nitinol as artificial muscle

Although natural muscles are chemically powered with a
high-energy-density fuel such as ATP, artificial mechan-
ical elements (actuators) may be driven by piezoelectric,
electrostrictive, or electrochemical principles [17]. In addi-
tion, chemically powered artificial muscles based on poly-
mer gels have also been demonstrated many years ago.
Most of these devices depend on large amounts of energy
that renders their application in biology impracticable at
present. The properties of newly developed nickel-titanium
alloys, also known as nitinol, seem better suited for the
construction of “artificial muscles” for medical applica-
tions [1]. Its outstanding properties are twofold; one is the
so-called super-elasticity or pseudo-elasticity. The elast-
ic deformation of conventional materials such as stainless
steel or cobalt-based alloys is limited to about 1% strain
whereby elongation increases and decreases linearly (pro-
portionally) with the applied force. Deformation of nitinol
by more than 10% strain can be elastically recovered.
Nitinol is an intermetallic compound that may assume two
kinds of crystal structures: a cubic crystal structure above a
certain transition temperature referred to as austenite, and
at lower temperature a more complicated monoclinic crys-
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tal structure known as martensite [ 18]. Variation in temper-
ature or application of stress can induce the phase trans-
ition between the two. Upon reversion from the martensite
to the original austenite structure, regardless of whether
the martensite phase was deformed, nitinol assumes its ori-
ginal shape. From this backward phase transition derives
the second remarkable property of nitinol dubbed “shape
memory”. That has, of course, nothing to do with memory.
The austenite has a lower potential energy (higher entropy)
than the martensite state. The transition between the two
states can be triggered by energy input from the environ-
ment such as heat or stress. In other words, the austenite
configuration presents the stable equilibrium. The martens-
ite state then presents a local minimum in the potential en-
ergy landscape of nitinol that can persist until the local
energy barrier is overcome and transition to austenite is
triggered. Nitinol may be deformed or compressed at low
temperature and subsequently heated to recover its original
austenite shape. As an aside, memory applies to a totally
different type of quality in the nervous system, namely be-
ing able to encode and store incoming new information in
variable brain structures. Storage of new information goes
along with increased order concomitant with lower entropy.
The oscillation between the austenite and martensite phase
can be exploited for technical and medical uses. Depending
on the macroscopic structure great forces can be produced
by preventing the reversion of deformed martensite to aus-
tenite. Early self-expanding nitinol stents were first com-
pressed, percutaneously placed into the vessel and finally
heated to the transition temperature for expansion [19].
Today’s nitinol stents are self-expanding without the need
for post-deployment heating. This is achieved by manufac-
turing the nitinol material to respond to a defined temperat-
ure range. To avoid premature expansion, the compressed
stent is placed in a retractable protective covering during
delivery. This transformation is known as “one-way shape
memory” effect.

Nitinol wires subject to repetitive heating may concom-
itantly contract and relax by oscillating between the two
physical states, and may thus be used as muscle replace-
ment. However, there are still substantial caveats with con-
tinuous use (see below). In the case of repetitive contrac-
tions, electrical heating causes the wires to contract by go-
ing from a pre-set elongated form (martensite) to the short-
er austenite conformation. On cutting off the electrical cur-
rent, the nitinol wires transform (below the critical trans-
ition temperature) back to the original elongated martensite
form ready for the next cycle. This is known as “two-way
shape memory” effect. However, the working efficiency is
rather low around 10%. Internal friction and tissue resist-
ance will further lower the overall efficiency of nitinol arti-
ficial muscle considerably.

Nitinol is exceedingly difficult to manufacture because it
requires an exceptionally tight compositional control [20].
It is typically composed of 50-51% nickel by atomic per-
cent (55-56% by weight percent). Small changes in the
composition can change the transition temperature of the
alloy significantly. Titanium is very reactive and may com-
bine with oxygen or carbon. Every reacted titanium atom
will be drawn from the nickel-titanium lattice thus shifting
the composition and lowering the transformation temperat-

ure. Convenient super-elastic temperature ranges are from
—20 up to +60 °C. A combination of heat treatment and cold
processing is essential in controlling the properties of nitin-
ol production for different purposes [20].

Known unknowns

In the accompanying review Tozzi [1] discusses a variety
of potential medical applications for nitinol devices as ad-
junct for muscle support or for fully fledged muscle re-
placement. The experience of the research group in
Lausanne extends to atrial assist devices comprising radi-
ally arranged, silicone coated, nitinol wires suspended in
a plastic ring 40-55 mm in diameter. The plastic ring can
be sutured onto the external surface of the right atrium.
This mechanical support device has been tested in vitro in
bench models as well as in vivo in sheep [21]. In vivo the
device was operated by intermittent electric currents of 10
V, 300 mA for 100 ms powered by a battery. The impulse
rate was controlled by a pacemaker-like unit that senses the
ventricular activity and triggers the current after a delay of
200-500 ms. Measurements were taken during rapid atri-
al pacing (600 beats per min) of healthy sheep provoking
hemodynamics like in atrial fibrillation. Despite the moder-
ate force development, the assist device improved the right
atrial ejection fraction (RAEF) from 7% during rapid pa-
cing to 21%. In sinus rhythm without rapid pacing, the
baseline RAEF was 41%.

About half of the patients with chronic end-stage heart
failure suffer from atrial fibrillation despite previous ab-
lation treatment [22]. Factors responsible for the decrease
of cardiac output during atrial fibrillation are loss of syn-
chronous atrial mechanical activity, irregular ventricular re-
sponse, rapid heart rate, and impaired coronary flow. The
atrial nitinol support is thought to restore the coordinated
pump function of the fibrillating atria with the ventricles
and to reduce the risk of atrial embolism [21].

Several questions regarding the atrial support by nitinol ar-
tificial muscle may be asked: (i) what is the transition tem-
perature of the presently used nitinol wires. Nitinol has a
poor thermal conductivity. In addition, the wires are em-
bedded in an insulating silicon sheet. Although the highest
temperature measured at the right atrial surface was around
40 °C, the actual temperature of the wires might be con-
siderably higher and the heat is difficult to remove. Can
that interfere with the relaxation process that depends on
fast cooling below the transition temperature. (ii) Further-
more, where the silicon-coated wires are in direct contact
with the atrial surface a great deal of the heat will flow loc-
ally through the tissue to be removed by the blood stream.
These local thermal fluxes might not show up in temperat-
ure measurement of a wider surface area. (iii) Although the
nitinol wires of today may allow for billions of transition
cycles in vitro what is the potential life time in vivo when
these cycles are connected to force delivery. (iv) The heart
is beating 35,000,000-times per year. Could the rapid tem-
perature fluctuations affect the wires as well as the silicon
coating and limit their lifetime. (v) Electropolished (with a
thin titanium oxide surface layer) nitinol stents have excel-
lent corrosion resistance with breakdown potentials great-
er than 800 mV whereas the breakdown potential of non-
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electropolished stents ranges around 200 mV. What is the
approximate breakdown potential of the employed nitin-
ol wires. (vi) The atrial assist device is equipped with a
transcutaneous energy transfer system for recharging the
implanted battery. What is the capacity of the battery and
how often does it require recharging.

Unknown unknowns

The unknown unknowns are potentially more dangerous
than the known unknowns. While the physico-mechanical
properties of nitinol alloys can be defined, the biological
repercussions by artificial assist devices are unknown, but,
nevertheless, most important. An advantage of the nitinol
atrial assist device is that it sits as backpack on the outside
surface of the atrium and has no direct contact with the
bloodstream. Anticoagulation therapy is not required and
the danger of infection is drastically reduced as compared
to the conventional ventricular assist devices (VAD).
Nevertheless, signs of acute (within a couple of days) and
chronic (over 4 weeks) inflammation show up where the ar-
tificial muscle is in contact with the atrium, though neither
tissue necrosis nor apoptosis was observed. Long-term ef-
fects have not been tested so far, but it may be expected that
the constant friction between the sutured nitinol device and
the wall surface during the contraction-relaxation cycles
entertain chronic inflammation and fibrosis. While the
nitinol device supports the transport of the blood from the
atrium to the ventricle, chronic inflammation and fibrosis
could be accompanied by progressive remodeling affecting
the Ca?"-homeostasis, metabolism, and electrical proper-
ties. In patients all three aspects can and should be ad-
dressed by appropriate pharmacological treatment in con-
junction with the mechanical nitinol device. Only a concer-
ted effort can have a fair chance to combat or at least to
delay the inexorably fatal disease of end-stage heart failure.
Another important question pertains to the indication:
when should the atrial nitinol device be applied, at which
time point in the course of progressing chronic heart fail-
ure, or at what severity of the disease. No data are available
at present. The nitinol device permits a thoracoscopic min-
imally invasive implantation. In fact, two such devices
could be placed, one on the right and he other on the left
atrium [21]. Although the hemodynamic performance of
the atrial nitinol device is significantly lower than is the
case with current VADs, it could, nevertheless, be used as
bridge-to-transplant (the most common application of cur-
rent VADs) for critically ill patients awaiting heart trans-
plantation. It could also be used as so-called bridge-to-
bridge if a long-term VAD with greater surgical risks than
with the nitinol device is envisaged after stabilisation or
improvement of multiorgan failure. Since the permanent
success of sinus rhythm after cardioversion and/or catheter
ablation is rather low (40-60% success), implantation of an
atrial nitinol device could also be considered to serve as
long-term treatment of atrial fibrillation.

Conventional VADs (mostly implanted in the left ventricle
(LVAD) and in 20-30% of patients also a second device in
the right ventricle (RVAD)) maintain or improve mechanic-
al function of severely failing hearts by pumping the major
portion of the blood volume. Transcriptome profiling indic-

ates, however, that mechanical unloading by different VAD
types (pulsatile and nonpulsatile VADs) does not evoke a
gene activity pattern supportive of reverse remodeling [23].
Even though the VAD mechanically unloads the myocar-
dium, the heart muscle might still work under conditions
where the energy support does not match the energy de-
mand. This may be one reason for the observed discrep-
ancy between recovery of function and transcriptome pro-
file. Any mechanical overload affects the gene expression
profile. Under mechanical overload the gene expression
profile displays a tendency to partly revert to the fetal
expression program [10]. Although these changes are ad-
aptive in order to cope with the increased workload and
may be reversible upon mechanical support, beyond a cer-
tain limit they become irreversible precipitating myocardial
failure. Probably most VADs are implanted at advanced
disease stages when reversion to the normal is no longer
possible.

Similar considerations also apply to the atrial artificial
muscle device. It will be interesting to assess the gene ex-
pression pattern after application of the atrial nitinol sup-
port. The question whether the atrial support can reverse
the gene expression programme towards normal or not,
may depend on the time point of the disease course at
which the device is applied. In early stages with atrial fib-
rillation (AF) as prominent symptome the altered gene ex-
pression may not have reached the point of no return. AF
with high excitatory frequency imposes high energy con-
sumption on the atrial wall. Lowering frequency and mech-
anical support at this early stage could restore gene ex-
pression together with the metabolic, Ca®>" handling, and
electrical strains to a normal range close to a healthy heart.

Da capo

As opposed to conventional alloys, the nickel-titanium al-
loys (nitinol) are of commercial interest since they can
recover from various deformations to the original crystal
structure, a property called “shape memory” [18-20]. The
“one-way shape memory effect” allows for one single
movement against an externally set resistance as in self-
expanding vascular stents, surgical suture clips, orthodont-
ic brackets in dentistry, resilient glasses frames, temper-
ature control systems, underwire bras, and many others.
The design of “artificial muscle” adopts the principle of
the “two-way shape memory effect” with nitinol oscillating
between two types of crystal structures (as described
above). Such devices are foreseen to support the function
of insufficient natural muscles including the failing
myocardium and to replace missing muscles altogether. To
call these devices “artificial muscles” is, however, a eu-
phemism if not a misnomer. Besides limited mechanical
support the artificial nitinol muscles have nothing in com-
mon with natural muscles. In particular their contractile
force cannot be smoothly regulated which is a fundamental
property of natural movement with graded intensities. The
mechanical impact is forced onto the natural muscles re-
gardless of their actual condition with regard to metabol-
ism, Ca®*-homeostasis and electrical sensitivity. It could be
that the enforced mechanical impact on the gene expres-
sion profile further precipitates deterioration of the muscle
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to be treated. Taken together, the development of artificial
muscle on the basis of nitinol wires is still in its infancy.
Although a great number of applications can be imagined,
the nitinol artificial muscle will have to prove its viability
in the various clinical settings.
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Figure 1

Sarcomere shortening of mammalian skeletal muscle. (A) Electron micrograph of sarcomere displaying A-band (anisotropic) consisting of
myosin thick filaments with the interdigitating actin filaments and the M-band proteins in the middle. The I-band (isotropic) contains the thin actin
filaments reaching from the Z-discs (black) toward the A-band. The third filamentous structure (not visible in the graph) consists of the giant
protein titin. Each titin molecule extends from the sarcomere middle over half the sarcomere length to the Z-disc. Several dozens additional
proteins are associated with the three major structural proteins. (B) During muscle contraction the sarcomeres shorten by sliding of the actin
filaments toward the sarcomere center while the myosin and actin filaments preserve their original length. (C) The sliding of the two filamentous
systems is brought about by repetitive fixation of the myosin heads (crossbridges) at actin, bending toward the sarcomere middle, followed by
detachment and fixation again in a new position. This cyclic movement of the myosin heads is coupled to ATP hydrolysis that provides the
energy. In reality the myosin heads are not moving in concert like the athletes in a rowing boat (as depicted in (C)) but are moving irregularly
(stochastic).
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