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Summary
does not account for the dramatic difference in mechanical
properties. This suggests that there are differences in the
elastin and collagen fibre architecture of these vessels. The
descending aorta contains dense bands of tendon-like, wavy
collagen fibres that run in the plane of the arterial wall,
forming a fibre-lattice that runs in parallel to the elastin
lamellae and reinforces the wall, making it very stiff. The
aortic arch contains a very different collagen fibre-lattice
in which fibres appear to have a component of orientation
that runs through the thickness of the artery wall. This
suggests that the collagen fibres may be arranged in series
with elastin-containing elements, a difference in tissue
architecture that could account for both the lower stiffness
and the extreme extensibility of the whale’s aortic arch.
Thus, both the structure and the mechanical behaviour of
the lamellar units in the aortic arch and aorta of the whale
have presumably been modified to produce the unusual
mechanical and haemodynamic properties of the whale
circulation.

The aortic arch and the descending aorta in the fin whale
(Balaenoptera physalus) are structurally and mechanically
very different from comparable vessels in other mammals.
Although the external diameter of the whale’s descending
thoracic aorta (approximately 12 cm) is similar to that
predicted by scaling relationships for terrestrial mammals,
the wall thickness:diameter ratio in the whale (0.015) is
much smaller than the characteristic value for other
mammals (0.05). In addition, the elastic modulus of the
thoracic aorta (12 MPa at 13 kPa blood pressure) is about
30 times higher than in other mammals. In contrast, the
whale’s aortic arch has a wall thickness/diameter ratio
(0.055) and an elastic modulus (0.4 MPa) that are
essentially identical to those for other mammals. However,
the aortic arch is unusual in that it can be deformed
biaxially to very large strains without entering a region of
high stiffness caused by the recruitment of fully extended
collagen fibres. Chemical composition studies indicate that
the elastin:collagen ratio is high in the aortic arch
(approximately 2:1) and that this ratio falls in the thoracic
(approximately 1:2) and abdominal (approximately 1:3)
aortas, but the magnitude of the change in composition
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Introduction
The arterial system of mammals is constructed so that the
elastic properties and the dimensions of the major arteries are
matched to cardiac frequency in a way that allows the
propagation and reflection of pressure waves to minimize the
load on the heart (Milnor, 1982). Typically, the central
components of this system, the aortic arch and the thoracic and
abdominal aortas, are highly distensible pressure vessels that
gradually decrease in size (geometric taper) and gradually
increase in stiffness (elastic taper) with distance away from the
heart, and the precise taper of the central arteries creates a
wave-propagation system that allows pressure waves reflected
from peripheral reflecting sites to arrive at the heart
approximately one half-cycle out of phase with the next
outgoing pressure wave. Thus, reflected waves combine
destructively with outgoing waves to lower the pressure against

which the heart must work. Typically, the circumferential
elastic modulus at in vivo pressure rises by a factor of four from
the arch to the distal abdominal aorta, and arterial diameter at
in vivo pressure decreases by about 50 % over the same
distance.
Diving mammals show a modification of this general pattern
in that the aortic arch is significantly enlarged relative to the
thoracic aorta, forming a structure commonly called the aortic
bulb, and this modification is thought to alter the
haemodynamics of the central circulation as an adaptation for
diving (Drabek, 1975; Shadwick and Gosline, 1995). Recently,
the arterial haemodynamics of the fin whale was evaluated
through an analysis of the mechanical properties of its major
arteries (Shadwick and Gosline, 1994), and it was discovered
that there is a major discontinuity between the aortic arch and
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the thoracic aorta. That is, the gradual taper characteristic of
terrestrial mammals is replaced by a dramatic rise in the elastic
modulus of the arterial wall material and a dramatic drop in
arterial diameter at the transition between the aortic arch and
the thoracic aorta.
The haemodynamic consequence of this abrupt transition is
that there is a strong impedance mis-match between the aortic
arch and the thoracic aorta that effectively decouples the arch
from the remainder of the caudal arterial tree. The lowstiffness, large-diameter aortic arch functions as a central
windkessel that provides the majority of the arterial
capacitance for the whale, and the high-stiffness thoracic and
abdominal aortas function largely as rigid conduits that provide
little capacitance and are not likely to be tuned to return
pressure waves that will combine destructively at the aortic
arch. Although these modifications to the major arteries appear
to be correlated with the requirements of diving, the fin whale
and its relatives are the largest animals in existence
(approximately 40 000 kg body mass), and these modifications
may also reflect the requirements of large body size.
The purpose of the current study is to determine the nature
of the structural modifications that have occurred during the
evolution of the whale’s central arterial system to create these
unusual properties. Typically, the wall of the mammalian aorta
is an elastic tissue that contains three major components:
(1) the rubber-like protein elastin, (2) the rigid, fibrous protein
collagen, and (3) smooth muscle cells that synthesize the
elastin and collagen and also provide a degree of active control
of wall mechanical properties. These three components are
found in thin layers that are arranged in repeating lamellar
units, each of which is about 15 mm thick, that contain thin
layers of elastin and collagen and a thick layer of smooth
muscle cells (Wolinsky and Glagov, 1964, 1967; Rodin, 1980;
Clark and Glagov, 1985). The elastin lamellae and collagen
fibres run parallel to each other and to the cells, but the collagen
and elastin do not appear to be linked together. The lamellar
units are arranged concentrically to form continuous bands of
elastic tissue to resist the wall tension from the arterial blood
pressure. Because the tension in a pressurized cylinder
increases in direct proportion to vessel diameter, it is necessary
for animals to increase the thickness of the aorta as body size,
and hence aortic diameter, increases. Wolinsky and Glagov
(1967) showed that the thickness-to-diameter ratio of the aorta
at mean arterial pressure remained constant at a value of 0.05
for a series of mammals of different sizes. The increase in
thickness with size is achieved by the addition of apparently
identical lamellar units, and this creates an aortic wall design
in which the circumferential wall tension due to blood pressure
is approximately 2 N per lamellar unit per metre of vessel
length, regardless of animal size. One implication of this wall
design is that the structure and properties of the mammalian
lamellar unit appear to have been conserved through evolution
in mammals, although there has never been a systematic
investigation of this hypothesis. This leads us to the
fundamental question addressed in this paper.
Although it is clear that the whale’s aortic arch is much less

stiff and much larger than its aorta, it is not clear whether the
sizes of these vessels have been modified relative to those of
normal mammals, or whether the structure and mechanical
properties of their lamellar units have been modified. The
analysis presented in this study will show that there have been
significant changes in macroscopic dimensions through
evolution, as well as changes in material properties due to major
modifications in the architecture of the collagen fibre lattice.

Materials and methods
Arterial samples
Arteries were obtained during the summers of 1985 and
1986 at the whaling station at Hvalfjördur, Iceland. Fin whales
(Balaenoptera physalus Lacépède) were delivered by catch
boats to the whaling station within 24 h of death, and arterial
samples were obtained during the 1–2 h flensing operation.
Animals from which samples were obtained ranged in length
from 17 to 20 m, and they were estimated to have body masses
between 35 and 40 metric tons. Age determinations were not
available. Following mechanical tests, arterial samples were
preserved in 10 % formalin. Other samples were frozen for
later analysis.
Collagen and elastin content
Elastin content was determined from the analysis of samples
from two whales; one set of samples was collected in June
1985 and analyzed within 5 months, and the other was
collected in June 1986 and analyzed within 9 months. Samples
of arterial tissue were blotted and weighed to determine wet
mass. They were then minced, freeze-dried and weighed to
determine the dry mass and the total water content. Weighed
portions of these dry samples were treated with 0.1 mol l21
NaOH in a boiling water bath for 60 min to quantitatively
isolate chemically pure elastin (Soskel et al. 1987). Purified
elastin samples were then washed in distilled water, freezedried and weighed.
Collagen content was determined from amino acid analysis
of samples of weighed, dry arterial wall from a single whale,
collected in June 1986. Tissue was stored for 9 months prior
to analysis. Samples of the arterial media were hydrolysed in
6 mol l21 HCl at 105 °C, and amino acid analysis was carried
out to determine the hydroxyproline content using a Beckman
amino acid analyzer. Collagen content was calculated on the
basis that hydroxyproline, at 109 residues per thousand, makes
up 14 % of the mass of mammalian collagen (Miller, 1984).
However, because elastin contains a small amount of
hydroxyproline, it is necessary to correct for the
hydroxyproline contribution from the elastin in each sample.
Dolphin elastin contains 2.5 residues per 1000 hydroxyproline
(Sage and Gray, 1979), making the elastin contribution quite
small in the case of the thoracic and abdominal artery samples,
but the very large elastin content of the aortic arch tissue made
the corrections essential for reasonable determination of the
collagen content.
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Tensile tests
Samples of whale aortic arch were dissected into rectangular
strips, with the long axis oriented in the circumferential
direction of the artery, for the preparation of samples that could
be tested to reveal the circumferential stiffness of purified
arterial elastin. The strips were autoclaved for 12 h (100 kPa,
120 °C) in order to produce a collagen-free and mechanically
stable form of elastin (Partridge et al. 1955; Lillie et al. 1994).
Tensile tests were conducted on an Instron 1122 tensometer,
using pneumatic grips to hold the test strips, which were kept
moist during the test period. The tissues were extended up to
75 % at a rate of 10 mm min21 for several cycles of
conditioning until repeatable responses were obtained.
Force–extension data were used to calculate engineering stress
seng:

seng = F/Ao ,

(1)

where F is force (in N) and Ao is initial cross-sectional area (in
m2), and engineering strain «eng is given by:

«eng = DL/L0 ,

(2)

where DL is the change in sample length and L0 is the initial
length. Young’s modulus (E), defined as:
E = Dseng/D«eng ,

(3)

was calculated for the region of linear behaviour that occurred
at strains above 0.3.
Purified elastin samples contain a mesh of elastin fibres and
lamellae that are separated by water-filled spaces, which
contained collagen and cells in the intact tissue. In order to
obtain a cross-sectional area that does not include these spaces,
we calculated true elastin cross-sectional area from
measurements of elastin dry mass. That is, after testing, the
sample was dried at 105 °C and weighed, and the hydrated
mass was calculated by assuming that the elastin fibres contain
0.66 kg water per kilogram dry elastin (Lillie and Gosline,
1990). The hydrated volume was calculated, assuming a
density of hydrated elastin of 1.183103 kg m23, and the elastin
cross-sectional area was determined by dividing the volume by
the unstretched length of the hydrated test sample. This is the
same procedure used to calculate the cross-sectional area of
elastin in whole arteries from composition data (see hydrated
volume estimates in Table 2); so even if the water content and
density values are not precise, the predicted modulus based on
this procedure will produce comparable results. Similar
experiments were conducted on elastin rings isolated from pig
thoracic aortas.

Results and discussion
Arterial dimensions and mechanical properties
In order to determine whether the aortic arch in the whale
has been enlarged or whether the thoracic and abdominal aortas
have been reduced, it is necessary to determine what vessel
dimensions are appropriate for a mammal weighing
35–40 metric tons. Wolinsky and Glagov (1967) surveyed the
diameters of thoracic aortas at mean arterial pressure for a
series of terrestrial mammalian species ranging in size from a
mouse (0.028 kg) to a pig (approximately 200 kg). In Fig. 1,
the data from this study are shown on a log–log plot, and linear
regression analysis indicates a highly significant power
function relationship which can be expressed as:
da = 3.65Mb0.358 (r2=0.95, P<0.001) ,

(4)

where da is aortic diameter (in mm) and Mb is body mass (in
kg). Fig. 1 shows this regression line, and extrapolation of this
line to the body mass of a typical, 37.5 metric ton fin whale
gives a predicted external diameter of the thoracic aorta of
158 mm. Inflation experiments described previously
(Shadwick and Gosline, 1994) indicate that, at mean arterial
pressure (estimated as 13 kPa), the external diameter of the
thoracic aorta from an 18 m long male fin whale is
approximately 130 mm. The measured value (square symbol in
Fig. 1) falls well within the 95 % confidence interval of the
regression line (dashed lines), and it appears that the external
diameter of the thoracic aorta is in accordance with the
dimensions seen in other mammals. This implies, therefore,
that the aortic arch has been dramatically enlarged relative to
the remainder of the arterial tree.
This conclusion, that the aortic arch is dramatically enlarged
in the whale, is shown clearly in Fig. 2A. This figure gives the
external arterial diameter along the length of the arterial tree
to reveal the nature of the geometric taper in the major arteries

Aortic diameter (mm)

Histology
Samples of arterial tissue were fixed in formalin at zero
pressure, dehydrated in an alcohol series, embedded in wax,
sectioned and stained with Verhoff’s elastin stain and with
picro-Ponceau (Humason, 1972). Other samples of formalinfixed arterial media were washed in tap water, frozen and cryosectioned for inspection using a polarizing microscope, with or
without a first-order red filter.
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Fig. 1. Relationship between external aortic diameter (da) at mean
arterial pressure and body mass (Mb). The data were digitized from a
linear graph in Wolinsky and Glagov (1967) and log-transformed to
establish the scaling relationship. The broken lines show the 95 %
confidence limits of the prediction from this scaling relationship, and
the single square symbol at a body mass of 37.5 metric tons gives the
measured external diameter for a fin whale.
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Fig. 2. Comparison of geometric taper (A) and elastic taper (B) for
the fin whale (solid line and filled circles) and the dog (dashed line).
In A, the external arterial diameter is normalized to the length of the
thoracic aorta. In B, the incremental modulus values are from inflation
tests at mean arterial pressure. The whale data are taken from
Shadwick and Gosline (1994) and the dog data are from McDonald
(1974) and Campbell et al. (1981).

of a fin whale and of a dog. The whale dimensions are based
on measurements taken from a single, 17.7 m long female, and
the dog dimensions were taken from two 20 kg dogs
(McDonald, 1974; Campbell et al. 1981). For this comparison,
the arterial diameter has been normalized by the length of the
thoracic aorta (i.e. from the root of the arch to the diaphragm).
The normalized diameters of the thoracic and abdominal aortas
of the whale and the dog are remarkably similar along their
entire length, and this confirms the conclusion above that the
dimensions of the thoracic aorta seem appropriate for an
animal of its size. The normalized diameter of the whale’s
aortic arch, however, is clearly different from that of the dog.
The whale arch has nearly twice the normalized external
diameter of the dog arch and, at the midpoint of the whale arch,
the volume per unit length, based on internal dimensions, is
about seven times that of the whale thoracic aorta. Indeed, this
huge volume expansion in the whale arch is one of the key
factors that allows the majority of the arterial compliance in
the whale’s central circulation to be located in the aortic arch.
The other feature is the dramatic difference in the mechanical
properties of the walls of the arch and the aorta.
Fig. 2B shows a comparison of the elastic taper of the arterial
tree of a fin whale and of a dog. The modulus values are for the
biaxial, circumferential, incremental modulus obtained from
inflation tests at mean arterial pressure. In the arch region, the
modulus of the whale elastic tissue is essentially identical to
that of the dog, but in the thoracic and abdominal aortas there

is an abrupt increase in the modulus of the whale tissue which
makes this material about 30 times stiffer than that of the dog.
The rise in modulus at this transition is probably even more
abrupt than that indicated in Fig. 2B, as it appears to occur over
a distance of about 10 cm, or less than 5 % of the total length
of the thoracic aorta. In the thoracic and abdominal regions, the
stiffness of the whale elastic tissue remains unchanged, but
there is a gradual three- to fourfold increase in the modulus of
the dog tissue, so that at the distal end of the arterial tree the
whale:dog modulus ratio has fallen to about 10.
Taken together, the data in Fig. 2 suggest that the structural
and developmental changes that have moulded the whale
arterial tree have caused a dramatic enlargement of the arch
region, but the similarity in mechanical behaviour suggests
little change in the composition and structure of the lamellar
units of which it is composed. In contrast, thoracic and
abdominal aortas in the whale appear to have dimensions
appropriate for the animal’s size, but the very high stiffness of
these vessels suggests a dramatic change in their composition
and structure. Detailed analyses of vessel wall composition,
mechanical properties and structure indicate that these
preliminary conclusions do not tell the full story.
Connective tissue composition
Water content was determined for multiple samples from
two whales, and constituted about 75 % of these tissues, as is
typical of other mammalian arteries (McDonald, 1974).
Specifically, the mean water content of the aortic arch
(75±1.5 %, mean ± S.D., N=5) was not significantly different
from that of the thoracic and abdominal aortas (73±3.3 %,
N=13). Table 1 and Fig. 3 show the results of the connective
tissue analysis of the aortic arch, and thoracic and abdominal
portions of the descending aorta. The fibrous proteins elastin
and collagen together account for 58–67 % of the tissue dry
mass, and the major compositional difference between the
three tissues is that the elastin:collagen ratio is much higher in
the arch (approximately 2:1) than in the thoracic and
abdominal aortas (approximately 1:2 and 1:3, respectively).
This abrupt, fourfold change from elastin-dominated to
collagen-dominated composition that occurs at the junction of
the arch and the thoracic aorta parallels the form of the elastic
Table 1. The elastin and collagen contents of whale arterial
tissues
Arch
Thoracic aorta Abdominal aorta
(% dry mass) (% dry mass)
(% dry mass)
Elastin
40±1.4 (N=4) 21±5.6 (N=2)
Collagen
21±12.7 (N=2)
46 (N=1)
Elastin + collagen
61
67
Elastin/collagen
1.9
0.46

15±3.3 (N=5)
43±6.2 (N=5)
58
0.35

Values indicate the mean value for the percentage of dry mass ± S.D.
(N).
Data for elastin content are from two whales; data for collagen are
from a single whale.
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Fig. 3. Comparison of the elastin and collagen content in the major
arteries of the fin whale (filled bars) and the dog (open bars).
Composition is determined from dry mass content and expressed as
the ratio of elastin (E) content to the sum of elastin plus collagen (C)
contents. Data for the composition of dog arteries are from Milnor
(1982).

taper illustrated in Fig. 2B, but these quantitative differences
are not large enough to account for the 30-fold difference in
incremental modulus (Fig. 2B) at this junction. This suggests
that changes in wall structure as well as in wall composition
are needed to explain the properties of these connective tissues.
In contrast, the aorta of a dog shows a more gradual decrease
in elastin content and increase in collagen content along the
length of the descending thoracic and abdominal aortas
(Fig. 3), such that compositional changes alone are sufficient
to explain the observed threefold increase in incremental
modulus (Fig. 2B).
Volume fractions of collagen and elastin
In order to assess the potential contributions of elastin and
collagen to the tensile mechanical properties of the arterial
tissues, the effective load-bearing cross-sectional area of each
material must be known. This is not simply equivalent to their
mass fractions because the hydration levels, and therefore
density and volume, of collagen, elastin and cells differ. Using
the dry mass fractions of collagen and elastin, we calculated

Table 2. Volume fractions of hydrated elastin and hydrated
collagen in the whale aorta and their potential effect on
tensile circumferential stiffness of the vessel wall

Elastin volume
fraction, VE
Collagen volume
fraction, VC
Maximum Young’s
modulus due to
elastin (kPa)
Maximum Young’s
modulus due to
collagen (MPa)

Arch

Thoracic
aorta

Abdominal
aorta

0.15

0.08

0.06

0.12

0.28

0.27

142

77

58

160

380

370
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the hydrated mass and volume occupied by each component
(Table 2). These values are based on hydration factors (i.e. the
ratio of hydrated to dry masses) of 1.66 for elastin and 2.5 for
collagen (Shadwick, 1990) and on the density of dry protein
being 1.33–1.4 g ml21 (Lees, 1986). As an example of this
procedure, consider that a 100 g sample of intact, hydrated
aortic arch tissue, having a density of 1.07 g ml21, would
occupy 93 ml. Since elastin makes up 40 % of the dry mass and
the water content is 75 % by mass, this hydrated sample
contains 10 g of dry elastin. Then, 10 g (of dry elastin) 3 1.66
(hydration factor) equals 16.6 g of hydrated elastin, which
should have a density of 1.18 g ml21 and occupy a volume of
14.1 ml. This yields an elastin volume fraction, VE, of
14.1/93=0.15. Collagen volume fractions, VC, were calculated
in the same manner, and the results for aortic arch and thoracic
and abdominal aortas are given in Table 2. Note that the
relationship between volume fraction and dry mass for elastin
is different from that for collagen because of their different
hydration factors (Tables 1, 2).
Elastin and collagen contribution to arterial elasticity
Our tensile tests on elastin isolated from whale and pig
aortas yielded similar results. In both cases, autoclave-purified
elastin, when fully hydrated, was about 53 % by mass
interfibrillar water and 47 % hydrated protein. The Young’s
modulus of elastin, EE, calculated from tensile stresses based
on the effective elastin cross section, was 950 kPa for whale
elastin and 920 kPa for pig elastin. It should be noted that the
estimate for the whale is based on the assumption that the
protein hydration of whale elastin is identical to that of pig
elastin, and therefore the near equivalence of these results
should be viewed with some caution. However, there is no
reason to expect that the hydration level of whale elastin differs
significantly from that of pig elastin. These modulus values for
pig and whale aortic elastin are slightly lower than the tensile
stiffness of purified, single elastin fibres from bovine ligament
(1.2 MPa; Aaron and Gosline, 1981) because in the mesh-like
structure of the artery wall the elastin fibres are not oriented
entirely in the circumferential direction. The method used in
the current study compensates for the mesh structure and
allows us to compute an effective, circumferential crosssectional area. For the Young’s modulus of collagen fibres, EC,
we used a value of 1.7 GPa, based on studies of mammalian
tendon (Shadwick, 1990).
Next, we calculated the maximum artery wall stiffness that
could be achieved for each vessel if the elastin fraction alone
were responsible for resisting circumferential expansion under
pressure. The effective, circumferential cross-sectional area of
elastin was determined as above for the tensile test samples,
from VE, and the predicted stiffness was calculated as EE3VE.
This is 142 kPa for the aortic arch, and only 77 and 58 kPa for
the thoracic and abdominal aortas, respectively (Table 2). To
estimate the possible mechanical effect of full loading of the
fibrous collagen component, we assumed that at maximal
expansion the collagen fibres will be preferentially oriented to
resist the circumferential wall tension. As a rough estimate, we
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assume that the circumferential stiffness should be of the order
of 80 % of the stiffness of parallel collagen fibres. Thus, the
resulting maximum wall stiffness would equal EC3VC/1.25.
This is 160 MPa for the aortic arch but nearly 2.5 times greater
in the thoracic and abdominal aortas (Table 2).
Stress–strain behaviour
The data in Fig. 2B provide only a very limited basis for
comparing the elastic properties of arteries in the fin whale
with those in other mammals. One extremely important
property of arterial elastic tissues is that their stiffness (i.e.
elastic modulus) must increase rapidly as an artery expands,
and this implies a steeply rising, or J-shaped, stress–strain
curve. The main role of rising stiffness is to prevent the
formation of aneurysms (Burton, 1954; Roach and Burton,
1957; Gosline, 1980), which will occur for all cylindrical,
elastic pressure vessels if the circumferential elastic modulus
of the wall material remains constant. Typically, a mammalian
aorta functions under physiological conditions at
circumferential strains of around 0.5 (i.e. 50 % expansion), and
the strain increases by 0.05–0.1 (5–10 %) with each heartbeat
(Milnor, 1982; Armentano et al. 1991). Over this strain
increment, the stiffness of the artery wall material rises about
threefold, from about 200 kPa to about 600 kPa (Bergel, 1961).
Conventional dogma holds that the rubber-like protein
elastin provides low-stiffness, long-range extensibility to the
artery wall at low pressures and that as pressure increases in
the physiological range the modulus rises because wall stress
is gradually transferred to stiffer and stronger collagen fibres.
There has, however, never been a complete assessment of
artery wall properties in terms of collagen and elastin content
and fibre architecture because the complexity of the fibre
architecture makes an exact analysis extremely difficult. It
appears that the wall stiffness at diastolic pressure is due to the
elastin alone (Armentano et al. 1991), but this has not been
verified quantitatively. The extreme difference between the
tissues of the whale arch and aorta makes it possible for us to
attempt a quantitative analysis, and this may provide insights
into the design of the connective tissue fibre-lattices that
control the subtle characteristics of shape in the stress–strain
curves of arterial elastic tissues.
Fig. 4A shows stress–strain curves for the whale aortic arch,
derived from results presented in Shadwick and Gosline
(1994), but the data have been converted into engineering
stress and engineering strain so that it is possible to calculate
uniaxial Young’s modulus values that can be compared with
data from mechanical tests on isolated collagen and elastin
samples. The open circles show circumferential stress–strain
data from an untethered inflation experiment (i.e. biaxial test)
that have been converted into uniaxial values by the methods
of Dobrin and Doyle (1970) as described in Shadwick and
Gosline (1994). The filled circles show data from a uniaxial,
circumferential tensile test. It is clear that the stress–strain
properties derived in these two different tests are very similar.
Fig. 4B shows Young’s modulus values, obtained from the
stress–strain data by taking the derivative of the regression

equations described above. These modulus traces are plotted as
the solid (uniaxial test) and broken (inflation test) lines. The
vertical arrow indicates the circumferential strain produced by
mean arterial pressure (i.e. 13 kPa) in the whale, and the
physiological range of strains at pressures between 10 and
15 kPa is from 0.36 to 0.62. Over this strain increment of 0.26,
the Young’s modulus of the aortic arch material rises by about
50 %. This is quite unusual, as aortas typically show about a
threefold increase in their circumferential, incremental modulus
over a physiological extension of 10 % or less. Does this mean
that the aortic arch will form aneurysms? Tests on the intact
arch (Shadwick and Gosline, 1994) clearly show that it inflates
uniformly along its length without forming aneurysms because
the circumferential, incremental modulus of the wall material,
which differs from the Young’s modulus in that it takes into
account the decline in wall thickness with expansion, rises at a
rate that is sufficient to prevent the formation of aneurysms.
More interestingly, the modulus over the physiological
range is extremely close to that predicted in Table 2 from the
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Fig. 4. Circumferential material properties of the fin whale aortic arch.
(A) Engineering stress–strain data derived from inflation tests (open
circles) and tensile tests (filled circles). The lines are fourth-order
polynomial regressions. (B) The Young’s modulus obtained by
calculating the derivative of the regressions for the inflation test
(broken line) and tensile test (solid line). The vertical arrow indicates
the strain at mean arterial pressure (13 kPa) in inflation tests. Test data
are from Shadwick and Gosline (1994). The dotted lines labelled
collagen and elastin only are the moduli calculated for the collagen
and elastin contents of the aortic arch (Table 2).
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elastin content of the aortic arch (Fig. 4 dotted line, elastin
only). Note that the predicted modulus coincides with the
measured modulus at a strain that occurs between diastolic and
mean arterial blood pressure. This means that at physiological
pressures the wall tension in the aortic arch is supported almost
entirely by elastin, and this is consistent with the observation
that the elastin lamellae in an artery become straight at diastolic
pressure (Wolinsky and Glagov, 1964). This is the first time
that arterial properties have been predicted quantitatively from
elastin content and properties, rather than from the assumption
that the linear portion of the stress–strain curve at diastolic
pressure arises entirely from straightened elastin lamellae
(Armentano et al. 1991).
The Young’s modulus falls at strains below the
physiological range, presumably because the elastin lamellae
are not straight, and thus the wall stress is not distributed
evenly between all elements of the elastin mesh. At strains
above the physiological range, the modulus of the material
increases above that of elastin alone, and this is consistent with
wall stress being transferred to collagen fibres. However, it is
clear that this transfer is far from complete, even at strains well
above the physiological range. The upper, horizontal, dotted
line labelled ‘collagen only’ indicates the modulus expected
from the collagen content of the aortic arch (Table 2). This
prediction is based on the assumption that all collagen fibres
are fully extended and thus carry load like the collagen fibres
in a stretched tendon. Even at strains approaching 1.0 (i.e.
100 % extension), the modulus of the arch material is more
than 100-fold lower than the prediction. Thus, the collagen
fibres comprising 12 % of the wall volume (Table 2) are far
from being fully extended. Without additional morphological
information, it is not possible to reach definite conclusions
about the architecture of the collagen fibre lattice, but it is very
likely that this architecture is quite unusual because it allows
such large-scale expansion with little stretching of the collagen
fibres.
Fig. 5 shows a similar analysis for the thoracic aorta. The
stress–strain data in Fig. 5A are derived from a tethered,
circumferential inflation test (open triangles) and a uniaxial,
circumferential tensile test (filled triangles) from Shadwick and
Gosline (1994). Again, the data are converted to engineering
stress and strain to facilitate comparison with data for elastin
and collagen, and again the stress–strain curves from these two
tests are very similar. Young’s modulus values have been
determined by finite difference over each interval of strain and
are plotted in Fig. 5B using the same symbols. The strain at
mean arterial pressure for the thoracic aorta is indicated by the
vertical arrow, and the full physiological range of strain is
between 0.425 and 0.441. That is, the physiological expansion
of this artery is less than 2 %, and over this range the Young’s
modulus increases by about twofold. Again, we see unusual
elastic properties over the physiological range, but in this case
the high stiffness and corresponding lack of extension, as well
as the small change in stiffness, suggest a material that is
dominated by collagen.
The dotted lines in Fig. 5B show the mechanical behaviours
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Fig. 5. Circumferential material properties of the fin whale thoracic
aorta. (A) Engineering stress–strain data derived from inflation tests
(open triangles) and tensile tests (filled triangles). (B) Young’s
modulus values calculated at each increment of strain. The lines are
polynomial regressions fitted to the modulus data. The vertical arrow
indicates the strain at mean arterial pressure (13 kPa) in inflation tests.
Test data are from Shadwick and Gosline (1994). The dotted lines
labelled collagen and elastin only are the moduli calculated for the
collagen and elastin contents of the thoracic aorta (Table 2).

predicted from the elastin and collagen contents of the thoracic
aorta (Table 2). The ‘elastin only’ line falls well below the
modulus lines over almost all of the strain range, and it is lower
by a factor of about 100 for the physiological range of strains.
Thus, elastin has essentially no role in the physiological
function of this artery, in spite of the fact that elastin occupies
8 % of the hydrated volume of the vessel wall. Surprisingly,
even at very low strains, well below the physiological level,
the thoracic aorta material has a Young’s modulus that is twoto 30-fold higher than that predicted from its elastin content.
Thus, in this unusual vessel, collagen carries the majority of
the wall stress at strains that in ‘normal’ arteries are carried
entirely by elastin.
The ‘collagen only’ line is well above the Young’s modulus
at mean arterial pressure, and this indicates that the vessel wall
properties that determine its physiological function are not
created by collagen fibres that are fully straightened and
uniformly carrying wall stress in the physiological range. The
rapid transition from low stiffness to high stiffness, which
starts at a strain of about 0.40 (Fig. 5B), makes the stress–strain
curve for the thoracic aorta look remarkably like that for a
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tendon. Tendons are tensile, rope-like structures constructed
from bundles of parallel collagen fibres, but the fibres are
crimped rather than perfectly straight. As a consequence,
tendons show a J-shaped stress–strain curve in which modulus
rises in a toe region that extends to strains of 0.03–0.1 (3–10 %
extension) before the collagen fibres are extended and the
tendon enters the linear region of high-stiffness behaviour
(Diamant et al. 1972; Fung, 1993). Interestingly, at the highest
strains achieved in the inflation and tensile tests, the thoracic
aorta material reached Young’s modulus values that were
about one-quarter that expected for fully extended, tendon
collagen fibres. The test results presented in Fig. 5 were limited
by the size and strength of the apparatus and transducers used
in these tests. If the tests could have been continued to failure,

it is likely that higher modulus values would have been
observed. Considering the similarity between the properties of
the thoracic aorta and tendons, it is probable that the thoracic
aorta contains tendon-like, crimped fibres, and polarized light
microscopy will confirm this.
Structure of the lamellar units in artery wall elastic tissues
Figs 6 and 7 show the morphology of elastic tissues from
the thoracic aorta and the aortic arch at the light microscope
level. Figs 6A and 7A show bright-field images of cross
sections stained to reveal the elastin lamellae, which appear as
dark, horizontal lines. All mammalian arteries contain elastin
lamellae (stained black in these sections), which are separated
by layers of collagen fibres (stained light red) and by smooth

Fig. 6. The structure of the lamellar units in the fin whale thoracic aorta. (A) Bright-field view of a cross section stained to reveal the elastin
lamellae, which appear as dark, horizontal bands. Scale bar, 100 mm. (B) Polarized light view of a stained cross section at higher magnification
to demonstrate the organization of the lamellar unit, with collagen fibre bundles (yellow), elastin lamellae (black) and muscle cells (light brown).
Scale bar, 25 mm. (C) Polarized light view of a tangential section taken with a first-order red filter, revealing bands of collagen fibres that run
in the plane of the section. The pattern of wavy collagen fibres within the collagen bundle is clearly visible. Scale bar, 20 mm. (D) Polarized
light view of a tangential section with a first-order red filter showing three wide bundles of collagen fibres running in different directions in the
plane of the section. The horizontal fibre bundle in this figure runs in the circumferential direction in the aorta. Scale bar, 100 mm.
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muscle cells (stained light brown) to form lamellar units. The
current model for the lamellar unit (Clark and Glagov, 1985)
contains four layers (muscle cell – elastin – collagen – elastin),
rather than just muscle–collagen layers alternating with elastin
lamellae, as was originally thought (Wolinsky and Glagov,
1964).
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The relationships derived by Wolinsky and Glagov (1967)
for the diameter, thickness and number of lamellar units of the
thoracic aorta as a function of body size allow us to predict the
wall thickness and lamellar number for the whale thoracic aorta
and possibly also for the whale aortic arch. The wall
thickness:diameter ratio should be 0.05, and lamellar units
should be 15 mm thick, giving approximately 65 lamellae per
millimetre of wall thickness at mean arterial pressure. The
thoracic aorta of the whale has a predicted external diameter
of 15.8 cm at mean arterial pressure and, thus, the predicted
thickness of 0.79 cm should contain 510 lamellar units. If the
arch fits the pattern established for aortas of other animals, then
the whale aortic arch, with a measured external diameter at
mean arterial pressure of about 37 cm, should be 1.85 cm thick
and should contain about 1200 lamellar units.
Measurements of these parameters are listed in Table 3.
Wall thickness and external diameter values were obtained
from the results of inflation experiments described in Shadwick
and Gosline (1994). The thoracic aorta has a
thickness:diameter ratio of 0.015, which is less than one-third
of the expected value. The lamellar number for the thoracic
aorta (170±11, N=10), obtained by counting the number of
dark elastin bands across the full thickness of the vessel wall
at several locations, is much less than expected for a vessel
with an external diameter of 13 cm, and the consequence of the
low lamellar number is that the tension per lamellar unit
(4.8 N m21) is 2.5 times greater than expected. The lamellar
units, however, are of normal thickness. For a thoracic aortic
wall thickness at mean arterial pressure (13 kPa) of 0.21 cm and
total lamellar number of 170, lamellar thickness is between 12
and 13 mm.
The aortic arch has a thickness:diameter ratio of 0.055,
which is similar to the expected value. The total lamellar
number for the aortic arch was obtained by dividing the arch
wall thickness by the mean thickness of lamellar units. Mean
lamellar thickness (55±5 mm, N=6) was obtained from
measurements of 10–20 lamellar units at several locations
through the thickness of the arch wall in frozen sections that
spanned the full wall thickness. For a wall thickness of 4.5 cm
and a mean lamellar thickness of 55 mm, the total lamellar
number is about 820. When the arch is strained to its in vivo
state, wall thickness becomes 1.95 cm, and therefore lamellar
thickness at mean arterial pressure is about 24 mm, a value that
is considerably larger than predicted. The tension per lamellar

Fig. 7. The structure of the lamellar units in the fin whale aortic arch.
(A) Bright-field view of a cross section stained to reveal the elastin
lamellae, which appear as dark, horizontal lines. Scale bar, 100 mm.
(B) Polarized light view of a cross section at higher magnification to
demonstrate the organization of the lamellar unit, with collagen fibre
bundles (yellow), elastin lamellae (black) and muscle cells (light
brown). Scale bar, 25 mm. (C) Polarized light view of a tangential
section showing short segments of collagen fibre bundles that emerge
from the plane of the section at steep angles. This indicates their radial
orientation in the wall of the arch. The section is about 12 mm thick.
Scale bar, 25 mm.
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Table 3. Structural scaling in the aorta of an 18 m long fin whale
Aortic arch

Diameter (cm)
Thickness (cm)
Thickness:diameter
Lamellar thickness (mm)
Total lamellar number
Total wall tension (N m−1)
Tension per lamella (N m−1)

Thoracic aorta

Predicted

Measured

Predicted

1.85
0.05
15
1200
2400
2

37
1.95
0.055
24
820
2150
2.6

15.8
0.79
0.05
15
510
1020
2

Measured
13
0.21
0.015
13
170
820
4.8

All dimensions are referenced to an inflation pressure of 13 kPa.
Predicted values are derived from allometric data taken from Wolinsky and Glagov (1967). Measured values for external diameter, wall
thickness and thickness:diameter ratio come from inflation tests (Shadwick and Gosline, 1994). See text for further details of the measurements
for lamellar thickness and total lamellar number.
Circumferential wall tension per unit vessel length is defined as pressure × internal radius.

unit in the arch (2.6 N m21), although slightly above the
average expected value, is well within the range observed by
Wolinsky and Glagov (1967).
These comparisons of expected and measured lamellar
properties reveal two important features. The lamellar units in
the thoracic aorta carry higher tension than expected, and the
lamellar units in the arch are thicker than expected. The
micrographs in Figs 6A,B and 7A,B give a hint of the changes
that have occurred in the lamellar structure of whale arteries.
The thoracic aorta (Fig. 6A,B) has normal-looking lamellar
units near the inner surface, in which all four layers of muscle,
elastin and collagen are arranged as suggested by the model of
Clark and Glagov (1985), However, very little muscle tissue is
visible over the majority of the thickness of the aorta, and it
appears that muscle spaces are largely filled by thick layers of
collagen. The lamellar units in the aortic arch (Fig. 7A,B) have
the normal complement of four layers throughout the thickness
of the wall, but the lamellar unit is thickened by elastin
lamellae that are very thick (approximately 5–7 mm in Fig. 7B,
which would make them approximately 4 mm at mean arterial
pressure) and by an unusually thick collagen layer.
The distribution of the collagen layers is shown clearly in
the high-magnification, polarized light micrographs in Figs 6B
and 7B. These sections have been stained for elastin, collagen
and muscle, as above, but the ordered molecular structure of
collagen makes collagen fibres highly birefringent in polarized
light and thus easy to identify. In the thoracic aorta (Fig. 6B),
the yellow collagen bands are separated by very dark elastin
lamellae. In the aortic arch section (Fig. 7B), the collagen
fibres appear as yellow areas between the very dark, horizontal
elastin lamellae and somewhat lighter smooth muscle cells.
The elastic tissues from both the thoracic aorta and the arch
contain large amounts of collagen, but this conclusion is at
odds with the results of the stress–strain analysis, which
suggested that the thoracic aorta is very strongly dominated by
collagen but that the arch material is much less collagendominated than normal arteries. The only way that this
apparent contradiction can be explained is if the structure of

the collagen fibre-lattices in the aorta and the arch are very
different.
Architecture of the collagen fibre lattice
In the thoracic aorta, the bands of collagen have an
appearance that is nearly identical to that of the crimped
collagen fibres that exist in tendons. The long yellow stripe at
the centre of Fig. 6B is a large bundle of collagen fibres whose
orientation is nearly parallel to the plane of this section and
thus is maximally birefringent. Since this is a cross section, this
collagen bundle runs in a circumferential direction within the
artery wall. Collagen bundles at different locations in this cross
section appear less birefringent and extend for shorter distances
in the section because their orientation is different.
Longitudinal fibre bundles would not be visible in this section
because collagen fibres are not birefringent when observed
end-on, and bundles oriented at some intermediate angle,
winding helically around the axis of the aorta, would appear as
short, birefringent segments.
Returning to the circumferential fibre bundle at the centre of
Fig. 6B, note the pattern of bright and dark bands. This
banding pattern arises from the wavy path that individual
collagen fibres follow within the fibre bundle. This wavy
structure is revealed more clearly in Fig. 6C, which shows a
tangential section of a single bundle of collagen fibres at high
magnification. The colour in this figure arises from the use of
a first-order red filter that makes it much easier to distinguish
the direction of molecular orientation in a complex birefringent
object. Areas of the field that are pink have little or no
birefringence, and in this case pink coloration indicates areas
occupied by elastin or regions of collagen fibres that run
parallel to the polarizer or analyzer (i.e. vertical or horizontal
in this figure). Birefringent areas are coloured either yellow or
blue, depending on the local orientation of the collagen fibres
relative to the polarizer–analyzer axis. The collagen fibres have
an overall orientation that runs horizontally in this figure, but
where the fibres run downwards to the left they appear blue,
and where they run upwards to the left they appear yellow. This

Connective tissue design of whale arteries
picture clearly establishes that the overall direction of collagen
fibres in these wavy bundles runs at right angles to the blue
and yellow stripes. Fig. 6C also allows us to visualize the
wavelength and wave amplitude of the waves present in the
fibre bundles. The fibres appear to have a diameter of about
1–2 mm, and the wavelength is about 15–20 mm in this bundle.
The large amplitude of the wave indicates that these collagen
fibre bundles must be stretched to large extensions before the
fibres are straightened and the bundle approaches maximal
stiffness. Indeed, inflation tests (Shadwick and Gosline, 1994)
indicate that in vivo the thoracic aorta is stretched
longitudinally by 22 % through its tethering to the skeleton and
is expanded circumferentially by at least 40 %. Thus, the
waviness apparent in this figure will be substantially reduced
in vivo.
Fig. 6D shows, at lower magnification, a nearly tangential
section that passes through three lamellar units and reveals
collagen bundles that run in three different directions. This
section was cut in approximately the outer 10 % of the medial
layer, where the density of collagen fibres is somewhat higher
than in the central layers, and it was selected to show the
different orientations that can occur in the vessel wall. Sections
taken towards the centre of the artery wall would be similar,
but the range of fibre orientation within any single section
would not be as wide as that in Fig. 6D. However, the relative
densities of collagen and elastin are similar, and the full range
of fibre orientations that occur in the mid-wall of the artery is
greater than that shown in Fig. 6D.
Taken together, these micrographs indicate a collagen fibre
architecture in the whale thoracic aorta that is different from
that observed in other mammals. Wavy collagen fibre arrays
exist in other arteries (Ling and Chow, 1977; Clark and
Glagov, 1985; Canham et al. 1991), but elastin-rich thoracic
aortas do not normally contain such wide expanses of wavy
collagen fibres that are locked in such close register. It seems
likely, therefore, that one important feature of the design of
this vessel is that all the collagen fibres have a similar wave
pattern, so that the modulus can rise quickly over a very
narrow range of strain (see Fig. 5). In this sense, the aorta is
very tendon-like in its construction. If individual fibre
bundles had very different wave patterns, then some would
become taut at low strains while others would become taut
only at large strains, and this would spread the rise in stiffness
over a broad range of strain. However, the aorta is loaded
biaxially, whereas a tendon is loaded in uniaxial tension.
Thus, a tendon has all its crimped fibre bundles running
parallel to each other, while the fibre bundles in the aorta run
in many directions to resist both longitudinal and
circumferential wall stresses. It is likely, therefore, that the
precise orientation of the collagen fibre bundles is also of
considerable importance. If all, or at least most, fibre bundles
are to carry the wall stress equally and allow the wall stiffness
to rise rapidly, then there should be a close matching of the
fibre waviness and the bundle orientation to achieve the
tendon-like material properties.
The situation in the aortic arch seems to fall at the other
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extreme. Stress–strain properties indicate a material whose
stiffness rises very slowly with increasing strain, and thus
precisely ordered bands of uniformly wavy collagen bundles
are very unlikely. The polarized light micrographs in
Fig. 7B,C show that this is indeed the case. The yellow,
birefringent areas in the arch cross section (Fig. 7B) may seem
to have a similar appearance to that of the thoracic aorta, but
this is definitely not the case. At several locations it is possible
to observe bright bands that appear to run at large angles
relative to the orientation of the elastin lamellae. This shows
that some collagen bundles run in a direction that has a radial
component of orientation within the arch wall. These collagen
bundles are not the same as the tendon-like bands seen in the
aorta, which arise from crimped or wavy collagen fibres in
tight arrays. The collagen fibre bundles in the arch actually
have a component of radial orientation, and this can be
demonstrated by careful observation under the polarizing
microscope. If the cross section is rotated, these fibre bundles
go dark when they are aligned with the polarizer or analyzer
axis, and this process clearly reveals that the majority of
collagen fibres in the aortic arch have a significant radial
component of orientation.
The radial orientation of the collagen is seen more clearly in
tangential sections. Fig. 7C shows a tangential section in
normal polarized light, without the first-order red filter,
because the arch material is dominated by non-birefringent
elastin and muscle, and it would appear almost entirely pink
with the filter. The bright collagen fibre bundles stand out
clearly from the dark elastin and muscle-rich areas. The most
important feature of this micrograph is that all the bright areas
(collagen fibre bundles) are very short, indicating that the
collagen bundles pass through the plane of this section at fairly
steep angles. It is clear that the collagen bundles all have a
significant radial component to their orientation, and therefore
many, or perhaps most, of the collagen fibres run in directions
which would allow them to attach one elastin lamella to
another in the radial direction. This section, however, comes
from a sample that was fixed without pre-stretch to the in vivo
state. At mean arterial pressure, the arch will be expanded by
about 50 % in both the circumferential and longitudinal
direction, and thus, the collagen fibre bundles will be oriented
much closer to the tangential plane in vivo. It remains likely,
however, that the collagen and elastin units in the arch material
are arranged in series, rather than running parallel to one
another, as is apparently the case for the whale thoracic aorta
and for lamellar units in other aortas. The series models
proposed by Brown et al. (1994) for the organization of elastin
and collagen in the highly extensible wing ligaments of birds
may provide insights into the organization of the whale aortic
arch, but these wing ligaments all show a rapid rise in stiffness
that is associated with the transfer of wall stress to a collagen
fibre lattice that ultimately runs in parallel with the elastin
fibres. The failure of the whale aortic arch material to show a
sharp rise in stiffness, even at very high biaxial strains,
suggests a unique organization that remains to be explained in
detail.
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Significance of the results
This study provides clear documentation of dramatic
modifications that have occurred in the evolution of the fin
whale central arterial tree. These modifications include
changes to vessel dimensions and dramatic changes in the
structural organization of the lamellar unit of the vessel wall.
The aortic arch is larger than expected for an animal of its size,
but the ratio of wall thickness to vessel diameter appears
normal. However, at the microscopic level, the lamellar units
show a marked change in both the thickness of elastin lamellae
and in the organization of the collagen fibre-lattice. The
possibility that collagen and elastin may be arranged in series
would explain the unusually large expansion of the arch and
the small rise in the elastic modulus over the physiological
range of pressure, properties that allow this vessel to form the
major compliance structure in the whale’s circulatory system.
However, the details of the organization of the lamellar unit
remain to be determined. The thoracic aorta appears to have an
appropriate external diameter, but the wall thickness and
lamellar number are much smaller than expected. As a
consequence, the tension per lamellar unit is higher than the
norm for mammals. The mechanical behaviour indicates a
tendon-like material that is dominated by collagen, behaviour
that is appropriate for a non-compliant vessel. The microscopic
structure reveals collagen fibre bundles that are very tendonlike in their organization. Again, the details of collagen fibre
waviness and orientation remain to be determined.
It is important to note that the microscopic data presented in
this paper were obtained from material that was fixed without
a trans-luminal pressure to hold the connective tissue elements
in the orientation that occurs at normal physiological pressures.
Since both the arch and the aorta undergo considerable
circumferential and longitudinal strain to reach their in vivo
dimensions, the collagen fibre orientations that determine the
physiological properties will be quite different from those
shown in our micrographs. Before we can fully understand the
structural basis for the mechanical properties of these arterial
tissues, it will be necessary to establish the structure in a series
of vessels that have been perfusion-fixed at a range of pressures
that span the physiological range. However, it may be
particularly difficult to obtain this information for whale
arteries. The whale’s aortic arch has a volume of about 60 l and
a wall thickness of nearly 2 cm at mean arterial pressure;
perfusion fixation could be a major challenge!
To date, no one has been able to explain the mechanical
properties of any elastic artery in terms of the threedimensional organization of its collagen fibre-lattice. Attempts
using X-ray diffraction to determine the distribution of
collagen fibre orientation in pig thoracic aorta (Roveri et al.
1980) failed because X-ray diffraction cannot distinguish the
long-range orientation of a collagen fibre from the local
orientation associated with fibre waviness. This approach was
successful in predicting the properties of dried arteries (Bigi et
al. 1981), but in dried arteries the non-collagen matrices stiffen
to form a rigid fibre-reinforced composite in which there is no

possibility of wavy collagen fibres straightening with applied
load. Thus, differences between fibre orientation and fibre
waviness are immaterial in dried arterial tissue. However, in
hydrated tissue, the difference between fibre orientation and
waviness is important, and it must be quantified before
mechanical properties can be predicted. Canham et al. (1991)
showed that it is possible to use quantitative polarized light
microscopy with a three-dimensional stage to document the
orientation and waviness of collagen fibres in cerebral and
coronary arteries fixed at physiological pressures. When this
type of information becomes available for whale arteries or for
other elastic arteries, mathematical models that relate
mechanical properties to elastin fibre and collagen fibre
distribution functions, such as the one produced by Lanir
(1979) for skin, will allow us to address some of the structural
issues raised in this study and may provide a full, quantitative
explanation for the mechanical behaviour of these unique
blood vessels.
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