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Abstract

Classical mechanical methods for testing whole bone have been critically assessed in a previous review where their limitations in terms
of precision, accuracy and the amount of data yielded were described. This article describes the use of optical metrology methods and
their novel adaptation to the study of whole bone response to mechanical load. Such methods overcome many of the limitations of
mechanical testing: they do not require contact with the tested sample, are non-destructive, can be conducted on wet samples, and results
comprise deformation maps of entire surfaces. The concepts upon which each method is based are reviewed, and examples of their use in
biomechanical studies of bone are presented. Potential future applications that are expected to make significant contributions to the
understanding of whole bone mechanics are outlined.
� 2007 Elsevier Ltd. All rights reserved.
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Introduction

Whole bones appear in a large variety of shapes and
sizes, and it is reasonable to assume that their shape is
related to their function. Yet the nature of this association
is only partially known. A thorough understanding of the
relationship between the structure of bone and its function
is of importance to clinicians and researchers alike, and will
help them to understand the normal behaviour of whole
bones during physiological loading, to identify areas of
peak stresses which are more likely to fracture during
intense activity, and allow the prediction of effects of vari-
ous genetic defects, disease processes and drug treatments.

An important cause contributing to the incomplete
understanding of the structure-function relationship of
whole bones is the fact that quantitative description of
mechanical behaviour under load is a most challenging
and technically difficult endeavour. In a previous review
(Sharir et al., in press) we described the methods currently
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used for this purpose, mainly mechanical testing proce-
dures. Optical metrology methods offer an alternative
approach to measure displacements on the surface of whole
bones, and yield data of substantially greater value than
can be obtained by mechanical testing methods. Their main
advantage lies in their whole-surface measurements and
they can be performed without the need to destroy the sam-
ple, in fact without even touching it. Optical metrology
shows great promise in overcoming shortcomings of tradi-
tional mechanical testing methods, and elevates the study
of whole bone mechanics to a higher level.

By using optical metrology, whole bones can be loaded
by a variety of modes, and the surface displacement field
(or the surface stresses in the case of photoelasticity)
recorded. In essence, a measurement is obtained from each
pixel in the field of view. The number of pixels is dependent
upon optical resolution, and is usually around 105. Results
obtained experimentally by optical methods are similar to
those that would be obtained by a very large (and in prac-
tice impossible) array of strain gauges.

Optical methods provide full-field surface measurements
of either stress (photoelasticity) or displacements and
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Fig. 1. An example of the stress fringes created by a 3-point bending
experiment using a beam made of photoelastic material. When the beam is
loaded the material has two refractive indices, which are related to the
developing stress. When polarized light passes through the beam, the stress
patterns become apparent.
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strains (various interferometry methods and digital image
correlation). These basic concepts of the mechanics of
materials were explained in Sharir et al. (in press). Full field
measurements, be they deformation, strain or stress, have
several advantages and can be used to identify local strain
or stress peaks and gradients, which would be missed by
measurements made by traditional methods with few strain
gauges. This is particularly significant in the case of inho-
mogeneous, anisotropic, graded biological materials. They
are also similar in nature to the results of finite element
analysis, and therefore facilitate model validation. Further-
more, the full-field data set makes it possible to vary finite
element models in terms of material properties until the
predicted numerical results agree with measured results,
so providing deeper insight into local material properties.

Optical metrology methods: basic principles

All optical metrology methods are based in one way or
another on interference, which is an optical phenomenon
that occurs when two or more waves overlap each other
in space. The superposition principle states that the result-
ing wave field is the sum of the original wave fields. The
resultant intensity, however, is not merely the algebraic
sum of the intensities but also depends on the phase differ-
ence between the different waves. Thus, interference may be
constructive or destructive (further details can be obtained
from any basic textbook on optical physics).

In the previous review we defined and explained in detail
the basic concepts and terms used in discussing the
mechanics of materials and objects (Sharir et al., in press).
In this article, terms such as stress, strain, Young’s modu-
lus and Poisson’s ratio will be used without further expla-
nation, and for clarification the reader is referred to
Sharir et al. (2008).

Stress-measuring interferometry technique

Objects loaded by an external mechanical load (tension,
compression, bending, etc.) experience stress and strain that
have a spatial distribution throughout the object. The stress
state can usually only be inferred from the strain state since
most methods measure strains or displacements (from which
strains can be calculated). The only exception is the method
of photoelasticity, which was one of the first optical metrol-
ogy techniques to be used for the study of whole bones.

Photoelasticity relies on the property of birefringence
(double refraction) that certain so-called photoelastic mate-
rials exhibit when subjected to stress. When photoelastic
birefringent materials are loaded, they have two different
refractive indices when light passes through them. Further-
more, the magnitude of the refractive indices at each point
is directly related to the state of stress at that point. When
using this method, the structure under investigation is coated
with a photoelastic material, or a replica made of photoelas-
tic material is produced whose geometry is identical to that
of the structure investigated. When such a sample is illumi-
nated by polarized light after loading, its birefringence
causes the light to become refracted along the two orthogo-
nal principle stress directions. The difference in the refractive
indices leads to a relative phase retardation between the two
component waves. The two waves are then brought together
in a polariscope, and interference takes place. As a result
fringe patterns form, which depend on the relative retarda-
tion. These fringe patterns allow the determination of the
state of stress at the surface of the object tested (see Fig. 1).

Despite its appeal as a method capable of mapping sur-
face stress distributions, photoelasticity has several inher-
ent limitations. When a sample is coated with a
photoelastic material, potential errors include a mismatch
of Poisson’s ratio (for definition, see Sharir et al., in press)
between the coating material and the investigated struc-
ture, incorrect light incidence, uneven coating thickness
and the potential reinforcing effect of the photoelastic
material (Murphy and Prendergast, 2005). When a replica
is used, only the geometry is simulated, and the complex
material properties are not taken into account. Further-
more, replicas or coated models cannot interact in a biolog-
ically-relevant way with physiological fluids, thus in essence
a dry sample is tested and further reduces the general appli-
cability of the experimental results.

Several studies have used photoelasticity to investigate
bone and bone-implant mechanical behaviour (Meyer
et al., 2002; Peindl et al., 2004). However, since they all
used replicas made of photoelastic resin, the effect of bone
structure could not be evaluated and the results only
showed trends, since the material tested was homogeneous
and isotropic; a far cry from the complex, anisotropic and
graded bone material evaluated.
Deformation-measuring interferometry techniques

Interferometry techniques used for optical metrology
are based on illumination of the investigated sample by
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coherent laser light and on the resulting interference phe-
nomena that occur in various ways. These methods are
capable of detecting sub-micron displacements. The more
modern techniques include holographic interferometry
(HI) and electronic speckle pattern interferometry (ESPI).
The following is a short description of these techniques,
and some examples of their use.

Holographic interferometry

Holography is a general term describing techniques
based on recording and reconstructing wavefronts. Holo-
grams are patterns produced by the interference of object
and reference beams, and are recorded on a recording med-
ium (Pedrini et al., 2006). Holographic interferometry (HI)
allows the comparison of wavefronts recorded at different
instants in time. When HI is used to measure the surface
deformation of loaded samples, a hologram of the
unloaded sample is obtained and stored. The hologram is
then allowed to interfere with a wave scattered from the
loaded (and therefore deformed) sample. The phase differ-
ence between the pre-load and post-load wave fronts is cal-
culated and used to determine the deformation that
occurred during this time interval.

Early applications of this technique used photographic
plates as the recording medium. This process was time con-
suming, especially in the development of the photographic
films required. In recent years, charge coupled device
(CCD) sensors and powerful computing resources have
made it possible to directly record the holograms and evalu-
ate them digitally by computer simulation (digital holo-
graphic interferometry). Two procedures can be used: (1)
Double exposure interferometry, in which two exposures
of the sample are made on the same hologram, i.e. pre-
and post-loading. By reconstructing the hologram, the two
waves scattered from the sample in the two states will inter-
fere. (2) A single recording of the sample in the unloaded
state is made, and then the hologram is processed and
replaced in the same position as in the recording. By looking
through the hologram it is now possible to observe the inter-
ference between the non-constructed sample and the wave
from the sample in its original position. Thus, deformation
can be followed in real time by observing dynamic changes
in the interference pattern.

Digital holographic interferometry is very sensitive to
vibrations so the signal-to-noise ratio tends to be small.
This is especially true when relatively low-resolution
recording devices (CCD camera or metal-oxide semicon-
ductor [CMOS] sensors) are used. When samples are
measured in a water medium, currents and vibrations in
the water increase the difficulty of obtaining reliable
results. Noise reduction can be achieved by using faster,
higher-resolution recording devices, and taking all pre-
cautions possible to damp out vibrations. It should be
kept in mind that the large number of data points gener-
ated often allows statistical methods to overcome this
limitation.
Osten and co-workers (Alexeenko et al., 2004; Pedrini
et al., 2005) have reviewed the potential of HI in biome-
chanics. They described a system which uses two laser
sources and two fast CCD cameras. The latter concurrently
record the out-of-plane and in-plane deformation compo-
nents. Further refinement of this system, using ultra-fast
and high-resolution cameras and use of three lasers and
three fast cameras will allow experiments to follow the
deformation of loaded samples in previously unattainable
detail and obtain all three displacement components, so
significantly extending the potential application of HI to
the study of biological samples.

One of the first reports of the use of double exposure HI
in the study of whole bones described the measurement of
strains on the surface of artificial femora made of glass
fibre epoxy composite (Katz et al., 1998). The femora, with
and without implants, were loaded in compression along
their long axes. It should be noted that the behaviour of
femoral replicas made of homogeneous and isotropic mate-
rial only yields information on the effect of the bone’s
geometry on the strain fields. The authors showed that
implantation resulted in significant alterations in the femo-
ral strain patterns. In particular, significant decreases in
peak strains in the upper half of the bone (the region which
contains the implant) were observed. This observation con-
firmed the suspected phenomenon of stress shielding in
implanted bones, where the implant, which is much stiffer
than the surrounding bone, bears most of the stress, and
the bone experiences lower than physiological stress. This
causes bone loss (the biological response to strains below
�1500 microstrain (Frost, 2000)) and makes the bone more
susceptible to fracture under non-physiological impact
loading, like a fall. For example, Uhthoff and Dubuc
(1971) plated osteotomised canine femora for periods rang-
ing from 2 to 30 weeks, and documented significant cortical
thinning as a result.

Double exposure holography was also used to determine
bone deformation (swelling and shrinking) due to thermal
stress (Kozuchi et al., 2002). Thermal stresses were used
because they were simple to apply. The experimental results
were compared to measurements made with a thermo-
graphic measuring system, and a good correlation was
found between the temperature and displacement distribu-
tions. It was shown that the deformation fields differed
according to the point which was used for the application
of the heat source.

Electronic speckle pattern interferometry (ESPI)

Another optical method which allows whole-field mea-
surement of displacements of optically-rough surfaces (that
is, surfaces in which the roughness is greater than the wave
length of the beam used) is ESPI. It is based on the obser-
vation that when an optically-rough surface is illuminated
by a coherent source of light, the reflected light beams
interfere locally with each other, creating a grainy image
termed a speckle pattern that changes when the specimen
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is loaded. The differences between patterns of images
obtained before and after applying load are used to detect
shifts in the phases of speckles. These phase differences cor-
respond to surface displacements, and their magnitudes can
be determined using one of several available phase-shifting
algorithms. Phase unwrapping allows the determination of
the entire displacement field (Jones and Wykes, 1989; Vest,
1979).

A schematic representation of an ESPI system is shown
in Fig. 2. One of the main advantages of this method is its
extreme sensitivity, which allows detection of displace-
ments as small as tens of nanometres (the limit of detection
is �k/30, where k is the wavelength of the laser light; typ-
ically several hundreds of nanometres). There are several
additional ways to use speckle-based methods. One
method, called shearography, deserves special mention,
because it allows direct measurements of displacement
derivatives, which can be related to strains. Shearography
is based on causing interference between rays returned
from two neighbouring surface points. When two such
points lie on the same Cartesian axis and are very close
to each other, the relative phase change (occurring before
and after deformation) can be related to the partial deriv-
ative of the deformation along that axis. One of the advan-
tages of this set-up is its reduced sensitivity to vibrations
(Schmidt et al., 2003b).

The potential of ESPI to measure deformations of
loaded biomineralised tissues such as bones increased sig-
nificantly after it was demonstrated that such measure-
ments can be made with the sample submerged in
physiological solution (Shahar et al., 2006; Zaslansky
et al., 2005, 2006). This is essential for the investigation
of biological specimens.
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Fig. 2. Schematic representation of an electronic speckle pattern interferometry
two beams and directed at the sample. The sample is located within a sealed w
charge coupled device (CCD) camera records the speckle images of the sa
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ESPI has several limitations. It is extremely sensitive to
ambient vibrations. The signal-to-noise ratio tends to be
small, especially when samples are measured in a water
medium, and currents and vibrations in the water further
decrease it. Noise reduction can be achieved by using fas-
ter, higher-resolution recording devices, and taking all pre-
cautions possible to damp out vibrations. The use of ESPI,
therefore, requires an isolated environment that usually
includes an acoustically-insulated system mounted on top
of a floating optical table. Once again, it should be kept
in mind that because so many data points are generated,
statistical methods can usually overcome this limitation.

Another limitation of ESPI is the requirement that
applied loads must be small to avoid large displacements
that could lead to de-correlation. Therefore, when larger
loads are of interest, they must be reached by a series of
small and consecutive incremental loads, with displacement
fields determined for each increment, and then summed.

Lastly, obtaining the three components of displacement
requires changing the laser configuration during measure-
ments, and this process requires time (depending on the
speed of the camera, typically several seconds). This makes
ESPI less suitable for dynamic measurements. A novel
approach taken to shorten the acquisition time of in-plane
and out-of-plane deformations was reported by Rodriguez
and co-workers (2004) who developed an ESPI system that
allowed easy, precise and rapid alteration of the direction
of the laser beams illuminating the surface of the object
by use of optical fibres attached to a rotating platform to
split and guide the light beam. To demonstrate the abilities
of their system, they measured the surface displacements of
a human mandible resulting from two different loading
locations. However, in this preliminary study only the gen-
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eral low-resolution pattern was evaluated and quantitative
displacement data were not obtained. It should also be
noted that this set of experiments was performed on dry
specimens, and therefore does not represent the real defor-
mations this bone will undergo under physiological load.

In recent years, ESPI has been applied in several whole
bone investigations. Samala et al. (2005) described the use
of ESPI to measure the strain distribution of the femur of a
mouse in response to two loading modalities (axial loading
on the femoral head and medio-lateral loading at the knee).
They showed that the strain distributions caused by each of
the two modes of load (which represent two clinically-dif-
ferent scenarios) are very different, and related their results
to the different osteogenic-stimulus capacity.

Kessler et al. (2006) studied the effect of malrotation of
the tibia relative to the femur after knee replacement and
showed that even minor misalignment resulted in signifi-
cant strain increase in the tibia. They speculated that this
may lead to implant loosening. Furthermore, the increase
in strain was underestimated by standard strain gauge mea-
surement, but the sensitivity and full-field nature of the
ESPI method were able to detect the phenomenon.

Another potential use of ESPI was recently reported by
Mohr et al. (2006) who assessed the process of fracture
healing by harvesting mid-sagittal sections of fracture cal-
lus from sheep eight weeks after mid-tibial osteotomies.
The fractures were stabilised with an external fixator frame.
The slices were subjected to axial compression, and the
strain distribution in the entire callus was measured by
ESPI. Slices with complete bony bridging were shown to
have higher stiffness than those consisting mostly of con-
nective tissue bridging. Highest strains in all sections were
seen in the fracture gap.

Digital image correlation

Digital image correlation (DIC) is an optical metrology
technique which is based on entirely different principles
from those of interferometry-based techniques described
thus far. DIC is performed by matching high-resolution
structural patterns or colour-sprayed random image pat-
terns of the surface of objects before and after they are
placed under load. Displacement fields can be determined
using photogrammetry to compare images of the sample
before and after load application. An array of measure-
ment points is digitally superimposed on the image of the
sample in the pre-load state, to define the locations of dis-
placement measurement. The image processing system
stores a small sub-area based on its unique surface texture
surrounding each measurement point in the preload image
(either the inherent texture of the sample or by use of
spraying a contrast agent), and a search is performed in a
defined area in the post-load, deformed image.

The displacement search procedure is performed by one
of a variety of image correlation algorithms. The algorithm
determines the position of the deformed points with respect
to the undeformed image. The method detects rigid body
motion and deformation. The resulting deformation fields
can be smoothed and differentiated, thus yielding the sur-
face components of the strain tensor (for a detailed descrip-
tion of strain and its relationship to deformation, see Sharir
et al., 2008).

Digital image correlation has several advantages over
measurements by ESPI. It is much less sensitive to ambient
vibrations, can detect rigid body motion, can simulta-
neously measure 3D displacements and has a high dynamic
range (microns to millimetres). Its main disadvantage com-
pared to ESPI is its lower sensitivity, which is determined
by the field of view, but it can detect displacements up to
the order of 0.3 l (Schmidt et al., 2003a,b).

In the last decade, several research groups have reported
a wide array of applications of DIC for the measurement of
displacements and strains of loaded biological tissues. The
most-often investigated tissues were cortical bone, cancel-
lous bone and articular cartilage; other tissues were also
studied, from individual cells to the wall of bovine arteries,
the bovine hoof horn and the bone-cement-implant system
(Zhang and Arola, 2004).

Professor Dan Nicolella and his co-workers have pub-
lished a series of elegant papers in which they examined
the high-resolution strain distribution within small samples
of cortical bone by DIC (Nicolella et al., 2001, 2005, 2006;
Nicolella and Lankford, 2002). In these studies, they asso-
ciated and related local strain variations to meso-scale
structural elements such as osteocyte lacunae and micro-
crack tips, and compared them to the global strain of the
entire sample. They found that for global sample strains
at �2000 microstrain, the local strain at the osteocyte lacu-
nae reached values as high as 12,000–15,000 microstrain,
and even �30,000 microstrain near crack tips (see Fig. 3).
The work demonstrated that while the global strain, as
measured by strain gauges, is in the physiologically
accepted range (2000 microstrain), much higher strains
are measured locally. This observation has a major impact
on the various strain-driven theories of the bone remodel-
ling process.

At this time, DIC has not been used to measure defor-
mations of entire bones. However, the advantages of this
method over interferometry methods (especially the low
sensitivity to vibrations and ability to measure large defor-
mations) make it particularly suitable for this purpose.

Future horizons in the study of whole bone mechanical

function by optical metrology

The study of the mechanical behaviour of whole bones is
only at its initial stages. While it seems reasonable to
assume that the extremely complex three-dimensional
geometry and intricate material distribution and architec-
ture of bones, and the hierarchical, complex and graded
nature of the materials of which they are made, all play
important roles in their response to mechanical loads, real
understanding of these relationships is currently lacking. In
the past, studies of such questions were hampered by the



Fig. 3. Local strain distribution overlaid on a photomicrograph of
cortical bone. Note principal strain peaks near osteocyte lacunae and
microcrack tip. (Figure kindly provided by Professor Dan Nicolella).
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inherent limitations of the available mechanical methods of
investigation.

The application of advanced optical metrology tech-
niques to the study of whole bones has much future poten-
tial. The addition of such recent technological advances as
extremely fast CCD cameras, which can obtain images at
rates of up to 10 kHz, and readily available powerful com-
puting power that can easily handle vast quantities of data
in real time, will allow researchers in the field of whole
bone function to use interferometry techniques and digital
image correlation to answer questions which seemed
beyond our reach only a short time ago.

The most basic and intriguing question is that of the
deformation (and resulting strain) distributions of whole
organs under various types of load. Until recently it was
considered impossible to elucidate the strains and stresses
occurring in bones of complicated shape and structure.
While optical metrology techniques show great promise
in this respect, attempts to use these methodologies to
investigate this question are only beginning.

Bones demonstrate a large assortment of shapes and
sizes. Within each bone the different hierarchies are them-
selves distributed in a very varied way. There are areas
which are more mineralised than others, areas with second-
ary osteonal bone while other areas have primarily parallel
lamellae, areas with thick cortex and others with very thin
cortex, areas with or without cancellous bone, and so on. It
is reasonable to assume that most of these variations have a
mechanically-based significance, but our understanding of
this significance is incomplete, and can only be based on
speculation with very little experimental support. Testing
whole bones with optical metrology methods can allow a
much more detailed exploration of the mechanical signifi-
cance of the shape and structure of bones. The data col-
lected by such testing could shed light on the process
leading to the development of bone morphologies, help
explain the skeletal effects of diseases and genetic defects,
and assess the response of the skeleton to treatments.

The organ bone must be both stiff (to resist deformation
under the action of muscles), tough (to bear load without
breaking) and have minimal weight so as to decrease the
energy cost of locomotion (Currey, 2002). The solution
nature found to these conflicting demands is a structural
motif common to almost all bones in all species – an outer
cortical shell of varying thickness, which surrounds cancel-
lous bone in some regions. The cortico-cancellous struc-
tural arrangement raises the question: what is the

mechanical function of the cancellous bone component? Only
a small number of studies have tried to address this ques-
tion experimentally, and results have been limited due to
methodology limitations. Using optical metrology it is
now possible to obtain a quantitatively precise and accu-
rate answer to this question.

Bones can be loaded while an optical measurement
method is used to measure surface displacements. Since
the methods are non-destructive as long as loading is lim-
ited to the elastic region, the load can be removed and
the bone treated to remove a predetermined amount of
cancellous bone from a selected region (quantified by a
post-removal microCT scan). The loading experiment can
now be repeated, and surface displacements of the modified
bone measured. Direct comparison can be made between
the displacement and strain fields pre- and post-removal
of cancellous bone, showing quantitatively the effect of
the removal of specific cancellous bone regions. Prelimin-
ary results of such an experiment conducted in our labora-
tory on rat femora (unpublished data) have demonstrated
an obvious difference in the maps of displacement distribu-
tions between the two states (see Fig. 4).

One of the most outstanding attributes of all optical
metrology methods is their compatibility with the results
obtained by finite element analysis. The finite element
method (FEM) is an engineering numerical method com-
monly-used to determine the stresses, strains and deforma-
tions of structures of complex geometry and material
properties when placed under load. Using optical metrol-
ogy methods it is possible to create a model of a whole
bone, and then experimentally test the same bone under
conditions identical to those simulated in the numerical
analysis, measuring displacements with optical metrology.
The measured full-field surface deformation data set can
then be used in combination with finite element models,
such that material properties assigned to the theoretical
model are varied until the predicted numerical results agree
with measured surface deformation results. This is referred



Fig. 4. Preliminary results from axial compression of a rat femur, with the displacement field measured by an ESPI system. MicroCT images of the intact
proximal femur (a) and the proximal femur after part of the cancellous bone was removed (b), and the corresponding axial-direction displacement fields of
the intact femur (c), and the femur after part of the cancellous bone was removed (d).
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to as reverse engineering. It could be used, for instance, to
significantly improve the precision of the estimate of
Young’s modulus of the cortical bone, compared to esti-
mates obtained by 3- or 4-point bending tests conducted
on whole bones (see Sharir et al., 2008).

Another biologically-intriguing question involves load
transfer between bones through joints. Optic metrology
methods could supply detailed answers to questions of
both basic and clinical nature. Load could be applied to
the articular surface of a bone and the displacement fields
in the bone’s epiphysis, articular cartilage and sub-chon-
dral bone could be measured. The load could be physiolog-
ically applied by attaching the corresponding bone to the
upper anvil. Such investigations are particularly difficult
to perform because of the strongly viscoelastic nature of
the soft tissues involved in load transfer.
An area which has received much attention in recent
years is bone fracture mechanics. This discipline involves
the investigation of microcrack propagation in bone, up
to catastrophic fracture. In particular, the question of
how cortical bone is able to withstand fracture, either after
long-term cyclic loading or during trauma, is currently
unresolved. The answer to this question has far-reaching
implications to human and animal health, since failure of
protective mechanisms is relatively common, especially in
young active athletes (stress fractures) and in the aging
population (osteoporotic fractures). It has become increas-
ingly clear that the fracture process in bone will have to be
modelled using non-linear fracture mechanics models,
rather than the simpler linear elastic ones, because in bone
the size of the process zone is very large compared with the
size of the crack. However, direct experimental evidence for
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these models is lacking. This need is particularly well-suited
to the use of ultra-fast cameras and digital holographic
interferometry which enable dynamic measurement of the
deformation and strain fields associated with crack propa-
gation near the tip of the crack, in an area in which linear
elastic predictions fail.

Conclusions

Optical metrology methods make it possible to study
and obtain data on the mechanical behaviour of whole
bones. Many exciting questions related to the mechanical
behaviour of whole bones, which could not be addressed
up till now because of limitations of mechanical testing
methods, can now be examined. The data thus generated,
combined with numerical modelling, could contribute sig-
nificantly to our understanding of the challenging ques-
tions concerning structure-function relations in these
important organs.
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