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Abstract

Since the last two decades, restorative dentistry has been witnessing an in-
creased acceptance of the use of the well-known all-ceramic materials for the
fabrication of single dental restorations, such as inlays, onlays, crowns, ante-
rior and posterior fixed partial dentures (PFPDs). These restorations certainly
offer the potential for better biocompatibility coupled with superior aesthetic
qualities, especially when compared with the conventional prostheses made
from porcelain that is fused with metal ceramic restorations. However, brit-
tleness and extreme sensitivity of all-ceramic materials to micro-like defects
or cracks that are inherently present, or may grow, in their microstructure
during different laboratory fabrication steps, during necessary clinical ad-
justments, or from post-placement chewing activity, remain major short-
comings of these dental restorations. In fact, many researchers are of the opi-
nion that the improved mechanical properties can significantly improve the
lifetime of all-ceramic restorations and result in enhanced reliability. There-
fore, efforts of researchers, as well as manufacturers, have been directed to-
wards the improvement of the mechanical properties in order to overcome
such limitations. This article reviews the characterization of the most impor-
tant mechanical properties that can delineate the behavior of all-ceramic
dental materials upon loading. These include fracture mechanics, the brittle
nature of ceramics, the relationship between microstructural features and
fracture behavior, sources of cracks and flaws that may initiate a fracture and
the effect of different fabrication procedures and/or clinical adjustments on
the mechanical behavior of dental ceramics are also reviewed and discussed.
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Microstructural Features, Microcracks

1. Introduction

Tooth loss is a major oral health problem that has plagued humankind for cen-
turies. It has inevitable and adverse effects on physical, mental and emotional
health. In fact, tooth loss occurs for a variety of reasons: 1) dental caries; 2)
trauma; and 3) gum diseases. Since time immemorial, man searched for a relia-
ble method of restoring missing teeth; the search has persisted, and several ma-
terials and procedures have been tried. Samples of tooth replacement prostheses
made from gold wire, ox bone or wood have been found in ancient Egyptian
times [1]. In 1000 AD, the Chinese developed ceramics [2], which, while not
originally intended for tooth replacement, have been used for the purpose of
restoring missing teeth ever since.

For several years, man has had an interest in ceramics. Ceramics were one of
the most sophisticated materials available to human during the Stone Age, and
this material has maintained its significance so far [3]. Additionally, ceramics are
perhaps the best materials available for replicating functions and aesthetic quali-
ties of a complex human tooth. Dental ceramics, based upon porcelain, were first
used by Alexis Duchateau to fabricate complete dentures in the late 1700s [4]. In
1900, Land introduced porcelain jacket crowns, which were constructed from
feldspathic or aluminous porcelain and were baked on a thin platinum foil [5].
Due to their poor mechanical strength and the difficulty in reproducing precise
marginal fit, these jacket crowns often failed, and their use was restricted to an-

terior teeth [5].

1.1. Metal Ceramic Restorations

The metal ceramic technology matured in the 1950s following various adjust-
ments to the key feldspar-quartz-kaolin composition and years of evaluations
and trials [3]. This advancement resulted in more reliable metal ceramic restora-
tions. The fabrication of such prostheses takes place by firing porcelain at high
temperature to a metal coping that fits a prepared tooth. However, a fracture or
cracking of the porcelain layer (veneering) upon cooling was a major problem
that often occurred, which was attributed to the thermal expansion incompati-
bility between the metal coping and the veneering porcelain [5]. This further
encouraged research and experiments that led to the development of leu-
cite-containing (high thermal expansion mineral) feldspathic porcelain. This
mineral allowed for a better adjustment of the thermal expansion mismatch be-
tween metal coping and the veneering porcelain layer [5]. It also played a signif-
icant role in placing the veneering porcelain in compression, which favorably
provided increased resistance to shattering or fracture. The successful perfor-

mance and reliability of such restorations have led to substantial improvements
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in alloy substrates and veneering porcelains. Moreover, they have encouraged a
widespread acceptance of these restorations [6].

Despite the fact that metal ceramic restorations have been the norm for either
single or multiple tooth prostheses [7], certain variables have been highlighted as
conceivable limitations of these restorations. For instance, poor aesthetics that
resulted from difficulty in producing the required translucency, and unfavorable
metal margin visibility, particularly in the anterior teeth and poor biocompati-
bility, were the most common drawbacks of these restorations [8] [9] [10]. A
source of failure of such restorations is delamination that takes place between
the porcelain veneer and the underlying metal coping. Moreover, some base
metallic components, which are routinely used as reinforcing substructures, may

corrode or cause allergic response [11].

1.2. All-Ceramic Restorations

There has been a long history of success in restorative dentistry using a combi-
nation of metal substructures and ceramic veneer materials. In spite of this, the
limitations of such restorations, as well as the need for cautious tooth prepara-
tion, have encouraged further improvements in ceramic products and various
techniques. Numerous attempts have been made to produce a ceramic system
that allows the fabrication of crowns and fixed partial dentures without the use
of supplementary metal reinforcing.

Recent revolutions in dental materials fabrication and processing technologies
that have taken place in the last two decades have resulted in the development of
a wide range of all-ceramic materials. This holds promises for a much wider ap-
plication of more reliable all-ceramic restorations in both the anterior and post-
erior segments of the oral cavity [12]. An all-ceramic restoration is essentially
fabricated by one of the following two methods: 1) the entire restoration is made
from low crystalline content and translucent porcelain/ceramic, which is subse-
quently stained and glazed to achieve the optimal aesthetics; 2) a stronger, but
relatively opaque, ceramic core is first fabricated and then veneered with weaker,
but more aesthetic, conventional porcelain (veneering material) [13]. The bond
between ceramic core and the veneering layer is achieved through the chemical
affinity between the two materials [14]. Diminishing the use of the opaque metal
substrate resulted in better translucency, which in turn imparted excellent aes-
thetic features. This advent has provided patients with excellent color features,
wear resistance, low thermal conductivity and excellent biocompatibility. Accor-
dingly, the interest in the use of all-ceramic restorations by clinicians and pa-

tients has considerably increased.

2. All-Ceramic Restoration Systems

There is a wide range of all-ceramic systems that are currently available for the
fabrication of single or multiple units’ dental restorations. All-ceramic systems

can be classified into three main categories [15]:
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* Glass-based ceramics;
* Glass-infiltrated ceramics (In-Ceram groups);
* Non-glass-based (polycrystalline) ceramics.

Despite the superior aesthetics, inertness, and biocompatibility offered by
all-ceramic restorations, and the modern advances in the materials science and
processing technologies, the clinical application of these types of restorations has
been significantly limited by the lack of sufficient strength, fracture toughness
and the brittle nature of ceramics [16]. As a result, all-ceramic restorations have
had a poor survival rate, particularly when compared to the metal ceramic res-
torations. In addition, the existence of pores or structural defects, and the intrin-
sic proliferation of micro-like flaws, defects, or imperfections during processing
or chewing have decreased the clinical performance of all-ceramic materials.
Consequently, these have hampered their broader use, particularly in the post-
erior segments [17]. In order to understand and overcome this limitation, it is

firstly necessary to understand the concept of fracture mechanics.

3. Fracture Mechanics

The role of the mastication forces and resultant stresses that may cause either
deformation or fracture of a dental restorative material in the oral cavity is a very
important consideration of dental materials science [18]. A fracture is mostly
caused by a single-overload event, or multi loaded (fatigue). Fracture mechanics
defines the behavior of a material containing a defect or crack to external stress
[18]. It provides a basis for predicting the behavior of structural materials con-
taining cracks varying in sizes [19] [20] [21] [22]. Crack propagation and sub-
sequent fracture are the major problems that result in the structural failure of
brittle materials.

The fracture is initiated when the stress intensity level at the crack tip (K) ex-
ceeds a critical (K)). The stress intensity factor is determined by a combination
of applied tensile stress (o), crack length (a), and a dimensionless constant (¥)
that varies according to the stress mode, crack shape, and fracture test geometry,
and is defined as K =oY+/a [23] [24] [25]. The stress intensity factor charac-

terizes the magnitude of the localized stress field in the vicinity of the crack tip.

4. Brittleness

It is true that structural materials behave differently under external load (stress).
Ceramics are mechanically affected by their brittle nature, which in turn defines
their tendency to catastrophic failure when external stresses surpass their elastic
limit. While ductile materials, such as metals and alloys, present an appreciable
amount of plastic deformation when stressed beyond their elastic limit, brittle
materials, such as glasses and ceramics, fail catastrophically without plastic
strain (Figure 1(a)) [26]; that is at or near their proportional limit. This is de-
spite the fact that ceramics are brittle materials, but not necessarily weak. How-

ever, in many instances, brittle materials are incapable of exhibiting strength
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Figure 1. Illustration of the different behaviors of brittle and ductile materials upon ten-

Most favourably

oriented crack

sile stresses. Brittle materials are unable to minimize the effect of tensile stresses at the
crack tip by plastic deformation (a) [26]; schematic illustration of different cracks that
can cause fracture in a brittle material stressed by tensile forces (b) [27].

suggested by intrinsic atomic bonding, and hence may fracture at stresses much
below their actual strength [24]. Therefore, a liability to fracture will definitely
remain a limiting factor in the design of brittle materials submitted to intermit-
tent forces. All-ceramic components are not an exception.

Owing similarity to all brittle materials, all-ceramic restorations fail in ten-
sion, because they are unable to absorb a sufficient amount of elastic strain
energy prior to fracture. They are also sensitive to micro-like defects that are in-
herently present within surface or the bulk of ceramic materials, or may grow as
a result of thermal, chemical, or mechanical processes. Moreover, cracks may
also develop during in-service mastication. These cracks (Figure 1(b) [27] and
Figure 2(a)) act as localized stress concentrators, and may lead to a catastrophic
failure due to a probable defect-induced fracture. It has been advocated that the
clinical failure of restorations made from all-ceramic materials is very often as-
sociated with their brittleness, poor mechanical properties, and sensitivity to de-

trimental cracks [28].

5. Role of Cracks in Brittle Materials

In many clinical cases, the failure of brittle materials, such as dental ceramics, is
associated with structural defects or flaws [29]. Therefore, when studying the
properties of these materials, it is occasionally important to examine the struc-
tural elements, and defects that might be present. This allows for a proper un-
derstanding of the relation between defects, structural elements and properties.
Once this is established, a better understanding of the properties of materials is
possible. Usually, the structural investigations are performed at macroscopic or
microscopic levels. Understanding the role of the microscopic flaws or defects,

such as cracks, is very essential in explaining the behavior of most structural
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(b)

Figure 2. Detrimental cracks within the glass matrix of a leucite-based glass ceramic ma-
terial (a); leucite crystals are embedded in the glass matrix of a leucite-based glass ceramic
material (b).

materials under load. Crack initiation, orientation and propagation can signifi-
cantly dictate the mechanical behavior of brittle materials [26] [30]. In fact, the
majority of dental ceramics encompasses a minimum of two defect populations:
processing defects or scratches, and surface cracks [5] [31]. Hypothetically, the
size of a defect’s tip is similar to the space among atoms in a structural material.
The accumulation of stress at the tip of a flaw can cause localized stress to rise to
the factual strength of a material at a relatively low stress magnitude. As a result,
a crack is developed when the theoretical strength is surpassed at the flaw’s tip
and the bond ruptures. Consequently, this leads to crack propagation through
the material, if the crack isn’t opposed, deflected, or arrested by a hindrance.
Ordinarily, this disperses further energy. In such a situation, it should be noted
that the type of stress is significantly relevant; tensile stresses at the vicinity of
crack tip cannot be reduced in a brittle material. As a result, cracks may propa-
gate, thereby causing an ultimate fracture at low-average tensile stress. This in-
dicates the significant effect of crack sharpness, orientation, distribution, and in
particular the size [21]. The crack size is highly influential in this respect. This
can be explained on the basis of the stress concentration concept. Most fractures
favorably propagate from the largest cracks, assisted by the orientation and the
magnitude of the most detrimental forces, tensile stresses.

One of the most essential characteristics of critical cracks in brittle materials is
the so-called slow crack growth phenomenon. In fact, cracks can grow slowly
and steadily. This may take place even at stresses below the critical level. It takes
place in a suitable environment, such as the oral cavity, where liquids, such as
water or saliva, are present. It is suggested that this occurs when water molecules
react with the crack tip, causing a breakdown of the metal oxide bond with sub-
sequent hydroxides formation. Under mechanical forces, a crack can grow in a
slow manner, until it reaches a critical size; that is sufficient to cause fracture. In
such a condition, the strength may deteriorate over time, thereby leading to a
shorter lifetime of the dental restoration. Therefore, factors such as distribution
of crack size, shape, and orientation are extremely crucial in determining the

mechanical strength of dental ceramics.
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6. Mechanical Properties

The stability of a structural material under mechanical stress is evaluated by as-
sessing its mechanical properties [32]. Plastic deformation or fracture of mate-
rials that takes place under applied mechanical forces is significantly affected by
the microstructure of materials [33]. For example, the responses of materials to
external forces can cause a shape change or disintegration only if these forces are
adequately high i.e, above the endurance level. In this instance, the resistance of
a material to any structural alteration, either in shape or dimension, is due to the
capability of the interatomic forces that override the extrinsic forces [34].
Mechanical properties are a subgroup of physical properties that are deter-
mined by the principles of mechanics. Essentially, they delineate the behavior or
reaction of a specific structure to the applied external forces [35]. They reveal the
elastic or plastic behavior of a structure when force is applied, thereby indicating
its capability for a load-bearing application. Mechanical properties are also
helpful in identifying and classifying structural materials. The following are the
most important mechanical properties that need to be evaluated when structural
materials are designed to resist external mechanical forces: 1) elastic modulus; 2)

flexural strength; 3) fracture toughness; 4) hardness; and 5) poison’s ratio.

6.1. Elastic Modulus

The well-known concept of stress and strain is most often used to specify me-
chanical properties. Stress is the force intensity at any point in a body submitted
to a load [36]. Stresses must be defined according to their magnitude and direc-
tion [37]. In relation to the direction, they can be classified into three types: 1)
tensile stress, which is a load that creates a stretch or elongation of a body; 2)
compressive stress, which is the load that tends to shorten or compress a body;
and 3) shear stress, which is the resistance to a twisting motion or sliding of one
part of a body over another.

Whenever stress is applied, it results in deformation or strain. Strain is a term
that describes how a material reacts to stress. Under applied force, strain de-
scribes the approximate deformation in shape and size of either elastic or plastic
materials [36]. In response to a mechanical force, materials undergo a change in
dimension; this is called deformation. When a material reverts to its original size
and shape upon stress removal, the deformation is called elastic. If a permanent
change in the shape is caused by the removal of the stress, the deformation is
called plastic [38].

Elasticity, also termed as Young’s modulus or Elastic modulus, represents the
stiffness of a material within the elastic range when tensile or compressive forces
are applied [39]. It is also an indication of the amount of reversible deformation
that will occur in a structure when a load is applied to it. The interatomic or in-
termolecular forces of a material determine its elastic properties. Owing to the
fact that this property is strongly dictated by these forces, a material will have the
same elastic modulus value if a compressive or tensile force is applied. Moreover,

it is independent of any heat or mechanical treatments [4].
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The knowledge of the elastic modulus is clinically relevant, because it may as-
sist in the selection of a restorative material with more similarly deformable
properties to those of the material it is replacing. For example, when a restora-
tive material has comparable elastic properties to those of the tooth structure,
the differential deflection, which normally occurs at the tooth restoration inter-
face and is considered harmful to marginal bonding, can be decreased. In a den-
tal restoration, such as all-ceramic single or multiple units, a high Elastic mod-
ulus is often required. It is desirable that a material undergoes limited deflection
on loading and returns to its original shape after it has been stressed. It has been
reported that increasing the elastic modulus of a supporting core structure of a
dental core, made from all-ceramic material, might be a way of improving the
ability of fracture resistance of all-ceramic dental materials [40] [41] [42]. Ac-
cordingly, the elastic modulus might be a basis for selection of core made out of

these materials.

6.2. Hardness

Hardness is a frequently reported mechanical property that results from the in-
teraction of other mechanical properties, such as strength, proportional limit,
and ductility [43]. Despite the difficulty in defining this term, it is widely known
as a measure of the resistance to the permanent surface indentation or penetra-
tion [16] [44].

Since all-ceramic materials are highly sensitive to flaws or defects, hard mate-
rials should have the potential of resisting surface notches, scratches, or flaws,
from which some detrimental cracks are initiated. Therefore, hardness is a very
significant mechanical property, especially when brittle materials are mechani-
cally assessed. During mastication, the in-service resistance to scratching might
be dictated by the surface hardness. Hardness also indicates the ease of grinding,
finishing, and polishing of a dental restoration during laboratory fabrication
steps. In addition, the significance of measuring hardness, when all-ceramic res-
toration is the treatment choice, is that it may delineate the abrasiveness (wear)
of a material to which the natural dentition may be submitted [16]. Hence, simi-
lar hardness characteristics of an all-ceramic restoration to that of the enamel
might minimize the harmful effect of abrasion during contact; however, this is
significantly affected by the polishing and/or glazing status of the ceramic ma-
terial [45] [46] [47]. Various types of all-ceramic dental materials are used for
core constructions. These cores are covered with thermally compatible porcelain
veneering material. This would render the effect of core’s hardness inconsequen-
tial. This is applicable even though dentition can come into direct touch with
core materials, in non-aesthetic areas, where the bulk of core material is de-
signed to be thicker, for further strength enhancement, in areas submitted to

high tensile forces, such as the connector area.

6.3. Strength

The maximum amount of stress applied on a material leading to fracture, and
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subsequent structural failure is known as strength [48]. Unlike the elastic mod-
ulus, it is a measure of forces over a specific region of a stressed structure rather
than attraction between atoms [3]. It is an important mechanical property that
determines the performance of brittle materials [49] [50]. However, microcracks
and processing defects that inherently grow during thermal or mechanical
processes can significantly influence strength measurement [51] [52]. Therefore,
strength is considered a conditional property. Furthermore, an appraisal of
strength is significantly influenced by a number of variables, some of which in-
clude the following: 1) testing design; 2) specimen geometry; 3) polishing pro-
cedures and testing environments [53] [54].

Brittle materials, like dental ceramics, are much stronger in compression than
in tension. In addition, since ceramics are unable to alleviate tensile stresses at
the tip of microstructural defects, such as cracks, through inelastic deformation,
they are substantially weaker in tension than in compression. This also explains
why dental restorations normally fail in areas of tensile stresses [3] [55]. Strength
of brittle materials is usually assessed using flexural techniques; these techniques

are generally easier to conduct than pure tensile techniques [56].

Weibull Modulus

The statistical measure of strength is expressed by the mean strength with stan-
dard deviation and coefficient of variation. However, ceramics usually have a
large variation in strength as a result of the effect of different sizes of internal
processing flaws, which makes the results unpredictable sometimes. Hence, it is
arguable whether the mean strength of the brittle ceramic materials is reliable
and can portray their actual strength [57] [58].

The most important reason of fracture is the size and shape of a critical
pre-existing crack or flaw within the area of maximum tensile stresses. The larg-
er the crack or pre-existing defect size, the lower the tensile strength at which the
materials fracture [51] [59]. In addition, the other two influential factors to be
considered during the brittle testing are the size and shape of specimens. For
example, large samples are more likely to contain larger flaws than those in small
samples. As a result, the largest flaw is more likely to propagate and the sample
fails at lower stresses. This indicates the importance of the sample volume, which
is directly relevant to the fracture strength of brittle materials (volume depen-
dence of strength) [59]. The influence of specimen volume was incorporated in-
to strength appraisal when Weibull, a Swedish physicist, proposed the concept of
survival probability 2,(V}) instead of the common average strength, to describe
the strength of brittle materials. The survival probability of samples at an applied
stress (o) having the identical volume (V) can be stated by the following equa-

P.(Vo)= EXp{_(U/Uo)m}

where ¢, and m are constants and o is the applied tensile stress [60] [61]. When
the applied tensile stress is set equal to zero, the previous expression results in
P(V,) =1, and all samples survive. As the stress increases, the samples fail, and
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P(V,) becomes consequently smaller. At o= oo, all the samples break and Z,(1})
= 0. If the ois set equal to ¢ in the formula the result is 2,(1;) = 1/e = 0.37. So,
0, is the stress that allows 37% of the samples to survive. The exponent constant
m indicates how quickly the strength falls, as ¢, is approached. This is called the
Weibull modulus [18] [59]. The Weibull modulus characterizes the distribution
or variability of strength data. The lower the value of m, the greater the variabil-
ity of the strength is, whereas higher m values correspond to the uniform distri-
bution of remarkably consistent flaws with narrower strength variations [58]
[59] [60]. The previous in vitro studies on strength of dental ceramics reported
that the Weibull modulus (2) ranged from 5 to 15 [29].

6.4. Fracture Toughness

Fracture toughness is the critical stress intensity level in a loaded body at which a
given flaw starts growing [16] [62]. It indicates the ability of a material to resist
rapid crack propagation and its consequent catastrophic failure [63]. Fracture
toughness is considered an intrinsic property and an appropriate parameter that
can indicate the structural performance of brittle materials. Unlike strength, it is
a genuine characterization of a mechanical behavior, as it is normally indepen-
dent of the size or density of surface flaws [64] [65] [66].

Measurement of the fracture toughness of a specific ceramic material not only
imparts insight into the ability of a material to resist crack propagation, but also
influences the thermal shock resistance [67]. Another important feature of frac-
ture toughness is its ability to indicate a material’s serviceability in the oral cavity
[50] [68]. Furthermore, when studying fracture behavior and toughening me-
chanisms of brittle materials, the fracture toughness data often produce useful
information concerning the role played by the crystalline phase within the glass

matrix.

6.5. Poisson’s Ratio (v)

Axial loading in tensile or compressive mode is accompanied by a simultaneous
axial and lateral strain. If a material is under tensile load, it elongates in the di-
rection of the load, and there is a reduction in the cross section area. In case of
the compressive load, there is an increase in the cross section area [4]. Poisson’s
ratio is the ratio of the lateral to the axial strain within the elastic range. This
mechanical property is related to the nature and symmetry of the interatomic
bonding forces [3]. Most engineering materials have Poisson’s ratio values of
approximately 0.3 [3]. Brittle materials exhibit no permanent reduction in cross
section during the tensile loads, whereas the ductile materials display a consi-

derable reduction in the cross sectional areas [4].

7. Discussion

7.1. Appraisal of Mechanical Properties

During the last two decades, dental restorations made from all-ceramic materials

DOI: 10.4236/jbnb.2021.124006

66 Journal of Biomaterials and Nanobiotechnology


https://doi.org/10.4236/jbnb.2021.124006

M. Albakry

have generated considerable interest owing to their excellent aesthetic properties
and biocompatibility. Hence, the use of these restorations has been rapidly in-
creasing. However, the inherent brittleness of these materials along with severe
sensitivity to microcrack-like defects have limited their broader use and re-
stricted their application to fairly low stress-bearing areas. The mechanical
properties of these brittle materials are crucial and must be considered when
these materials are chosen for bear loading, such as dental restorations, fabri-
cated from all-ceramic materials.

The science of engineering materials identified flexural strength, fracture
toughness, Young’s modulus, hardness and Poisson’s ratio as important me-
chanical properties that delineate the behavior of brittle materials, such as
all-ceramic dental restorations. All-ceramic materials can be used for the con-
struction of inlays, onlays, crowns and fixed partial denture. In the oral cavity,
where the mastication regularity creates different modes of intermittent forces,
some of which are tensile, compressive, and complex stresses, these materials are
stressed and may fracture. The appraisal of the mechanical properties of these
materials provides useful information for selecting the appropriate material and
application technique. It is true that the clinical applications of all-ceramic res-
torations should be defined through long-term clinical studies. However, the
conducting of clinical studies is often associated with a number of difficulties re-
lated to, for instance, time, costs, number of patients, and influence of variables.
Moreover, there is a scarcity of preclinical studies o