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Abstract.

The mechanical properties of the large bowel have been largely neglected
to date. A method was established using the rat colon to mechanically
test colonic tissue. The method involved 10 mm rings of colon being
tested mechanically at right angles to the long axis of the colon. Tests
chosen to measure "strength" were burst strength and tensile strength.
"Stretch" was measured by percentage elongation and width of the colon
at burst. The internal diameter of the colon at zero stress and the thick-
ness of the colon wall, at rest were taken as reference dimensions.
Viscoelastic properties were measured by stress relaxation and hysteresis

in the rat and stress-relaxation in the human.

Post-mortem material was the only practical source of non-diseased colonic
tissue across the spectrum of age. The tests used were not affected
significantly by death or time after death. Because colons required to be
trans;;orted from Uganda to be tested in Edinburgh, a method of preserv-
ing mechanical properties during storage had to be devised. The method of
choice was salt, mechanical properties as tested being well preserved for at

least 35 days.

Twenty-two adult Edinburgh colons (age range 19 to 81) and 17 adult
Kampala colons (age range 14 to 62) were studied. In addition, 10
Edinburgh children's colons (age range 28 weeks gestation to 4 years) and
3 Kampala children's colons (age range 36 to 40 weeks gestation) were
tested. Segments from an ascending, transverse, descending and sigmoid

colons were tested in each case.
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The tensile strength of the human colon declined with age (P <0,05).
Once adult life was reached its capacity to stretch remained fairly
constant, except in the sigmoid colon, where there was a fall in stretch
capacity with age (P <0,001 ). The diameter of the colon fell with
increasing age in adult life (P <0,05), this was most pronounced in the
Edinburgh colon. Viscoelastic properties were unaffected by age. There

were no consistent sex differences in mechanical properties.

The Kampalan colon had a significantly greater tensile strength than its
Edinburgh counterpart (P <0,05). The distal but not the proximal colon
had a greater stretch capacity in the Kampala group (P <0,001). The
viscoelastic property of stress relaxation was similar in both groups.

Children's colons were similar in the two race groups.

Comparing those colons with and without diverticular disease in the

Edinburgh over 50 group, no differences were found in mechanical properties.

The results are discussed in the light of the few mechanical or structural
studies previously reported for the colon and also mechanical studies of
other tissues. Their relevance to the high incidence of diverticular disease
in Edinburgh compared with Kampala is discussed, together with theories for

the aetiology of diverticular disease.
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Introduction.

The structure of the bowel wall has been somewhat neglected in the

study of colonic disease. The obvious muscle thickening and the demon-
stration of high-intraluminal pressures by some groups of workers have
inspired many to regard diverticular disease as a disorder of function.

Painter in his book (1975) discussed some of the theories of relevance to

a structural disorder such as obesity, ischaemia and the site of entry of
blood vessels. There is little evidence to support the roles of obesity and
ischaemia but the relation of diverticula to entry sites of the blood vessels

in the bowel wall is well recognised (Drummond, 1917). Slack (1962)
described two rows of diverticula on each side of the colon emerging between

the mesenteric and antimesenteric taeniae.

Diverti cular disease becomes more common with increasing age in those
communities which eat a western, low-fibre diet. It is primarily a 20th
century problem in these communities (Painter and Burkitt, 1975).
Preliminary mechanical tests on post-mortem bowel have shown a decline
in tensile strength with age in all regions of the colon (Yamada, 1970).
There has been no study of the mechanical properties of the colon in high-

and low-fibre diet communities.

Parks and Connell (1969), Parks (1970) and Smith et al (1981) studied
the pressure/volume curves obtained with balloon distension of the living
colon. Balloon distension of the distal colon in diverticular disease did
not produce the pressure change in response to increasing volumes that
occurs in normal subjects. This phenomenon was not altered by surgical

resection (Parks, 1970), myotomy or treatment with bran (Smith et al, 1981).
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These results suggest there is a structural change in the bowel wall in
diverticular disease. What is not known is whether this change is a

primary or secondary change.

THE COLONIC WALL.

The colonic wall (Figure 1), as any biological tissue, is a composite
structure of collagen, elastin, reticular fibres, cellular and nerve elements
as well as smooth muscle. These materials are embedded in a matrix of
ground substance. The mechanical properties of the bowel wall are the

product of the materials within it and their interactions with each other.

As can be seen in Figure 1, the colonic wall comprises four principle
layers. The mucosa consists of columnar epithelium, lining the crypts
which contain glandular and cellular elements. The submucosa is composed
of a collagen network within a bed of ground substance and some cellular
elements. Nervous elements of the myenteric nerve plexus are found here.
The muscle layer consists of circular and longitudinal muscle. The circular
muscle is arranged as a tight spiral so that the individual fasciculi are
almost circular, whilst the longitudinal muscle is concentrated in three
bands called taenia, whose individual fasciculi cross from one side of a
taenia to the other over a distance of 200 mm or so (Pace, 1966). The
longitudinal muscle thus forms a loose spiral. The longitudinal muscle is
continuous around the outside of the circular muscle, and except where it
is concentrated into the taenia, it is thin. The two muscle layers are
connected at the edges of the taenia and there is a layer of connective
tissue between them. The fourth principle layer is the serosa, which is

essentially a peritoneal covering.
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Figure 1 : Structure of the human colonic wall.



BIOMECHANICS.

Biomechanics is the study of the structure and function of biological
systems by means of the methods of mechanics (Hatle, 1974). There

are obvious difficulties in relating the result of mechanical tests to such

a composite structure. One approach is to try to obtain the constituent
materials in pure form and test them individually. Thus approximately 80%
of the dry weight of tendon is collagen; the ligamentum nuchae of
ungulates contains 80% elastin: and synovial fluid is a relatively pure form

of protein-glycosaminoglycan complex which constitutes ground substance.

Another approach is to systematically remove the constituents of a
composite structure, one by one, by enzymolysis and test what remains.
Enzymolysis has the disadvantage of removing bonds between the constituent
materials as well as the materials themselves, but is nonetheless a valid

approach (Hoffman et al, 1973).

A third approach is to test the whole tissue and interpret the results in
conjunction with the two previously mentioned approaches and with knowledge
of the structural composition obtained from light and electron microscopic

studies, and from microdissection of the tissue.

In this study we have adopted the third approach, that of testing the tissue
as a whole. Information presently available from other methods of approach

is limited with respect to the colon.

MECHANICAL DEFINITIONS.
Although mechanical descriptions of the behaviour of a material may be

difficult when applied to biological tissues, these descriptions provide the



essential framework for communication and comparison.

Stress : Stress is load per unit area. Thus a 240 pound man standing on
a brick twelve square inches in area exerts a stress of 20 pounds persquare
inch. In English speaking countries stresses have traditionally been expressed
in pounds per square inch, whereas the SI units are expressed as Newtons

per square metre (Nm™2).

At the molecular level the application of a stress means that the orientat-
ion of atoms is altered. Atoms are pushed together when a compressive
stress is applied (the man standing on a brick) or pulled further apart when

a tensile stress is applied (pulling on a rope).

Strength : Strength is the force or stress required to break a material.
(ie. to pull apart the interatomic bonds). Strength may be measured in

a number of ways: in tension or compression, by shear, torsion or bending.
Tensile strength is the most relevant method of measuring strength in the
colon, since the colon is subject to distending forces or stresses. Compress-
ive strength is relevant to skin and bone whilst shear strength is relevant

to the intima of blood vessels. The tensile strength of various commonly

used materials is shown in Table I.

TABLE I. Approximate tensile strength of various substances
(from Gordon, 1968).

Material Tensile strength (Nm~—2)
Commercial steel 400 x10°¢
Aluminium 70 x10°
Wood (spruce) along grain 100 x10°
Wood (spruce) across grain 3 x10°
Brick 5 x10°
Catgut 350 x10°
Silk 350 x10°
Tendon 100 x10°

Bone 140 x10°




Strain : Strain is the amount of stretch or elongation which occurs
when a load is applied to an object and is expressed as a ratio of the
original length. For example, if a rod 100 cm long stretches 1 cm
under load then it is subject to a strain of 1/100 (0,01 or 1%). Because

strain is a ratio it has no units.

Elasticity : A material is called elastic if the process of extension

and recovery is reversible and can be repeated many thousands or millions
of times. For example the 100 cm rod above when stretched extends to
101 c¢m, but on removal of the load will return to its original length of
100 cm. A good example of an elastic material is the spring of a watch

coils and uncoils 18,000 times each hour.

Plasticity : A material is said to be plastic when it does not recover
its original shape and dimensions on removal of a load. Plasticene and

putty are plastic materials.

Young's modulus : A modulus is a figure which describes a property of
a material. Young's modulus describes the elastic flexibility of a
material. For an ideal elastic material, stress is proportional to strain
so that graphically they may be plotted as a straight line (Figure 2).
Thus for any material stress/strain is a constant (e), and this constant

is termed the Elastic or Young's Modulus. That stress is proportional to
strain is only an approximation for non-biological materials, though this
relationship is reasonably accurate within a range of *1% of the neutral
or strain-free position. Young's modulus has the same units as stress,

Nm=2?, or pounds per square inch.



Stiffness : A material with a high Young's modulus (ie. a steep line

on a stress/strain graph (Figure 2) is stiff, a good example being steel
which allows strains at less than 1%. A material such as rubber is
flexible, which allows strains over 100%. The Young's modulus for various

materials is given in Table II.

TABLE II. Approximate Young's modulus (E) of various substances.

Material E (Nm-?)

Steel 210,000 x10® (Gordon, 1968)
Aluminium 73,000 x10®* (Gordon, 1968)

Bone 21,000 x10° (Gordon, 1968)

Wood 14,000 x10° (Gordon, 1968)

Rubber 7 (Gordon, 1968)

Elastin 3 x10° (Wainwright et al, 1976)
Collagen 1 x10° (Wainwright et al,1976)
Ground substance 1 -10 (Wainwright et al,1976)
Smooth muscle relaxed 1 x10° (Caro et al, 1978)
Smooth muscle active 2 x10° (Caro etal, 1978)

Stiffness is not the same as strength. A biscuit is stiff but weak, whereas
steel is stiff but strong. Nylon is flexible and strong, whilst raspberry

jelly is flexible and weak.

Viscoelasticity : Unfortunately composite biological materials do not

have constant stiffness, and stress is therefore not proportional to strain.
The stress/strain graph looks like that in Figure 3. Thus, it can be seen
that the Young's or Elastic modulus will be different at whatever point

one chooses to measure stress and strain. This would only present
mathematical problems in describing the Elastic modulus in terms of a
curve if the tissues were truly elastic, returning to their original dimensions
when the stress is removed. Biological materials exhibit some plasticity

in that they do not entirely return to their original dimensions. Plastic
behaviour is typical of a viscous liquid and therefore biological tissue is

said to be viscoelastic.



Stiff material

Stress

Flexible
— material

Strain

Stress - strain curve for truly-elastic material

Figure 2

Stress

Strain

A typical curve for a biological material. Stress
is not proportional to strain.

Figure 3



9.

The term viscoelastic implies some properties typical of a viscous liquid
and some properties typical of an elastic solid. When a stress is

applied to a homogenous engineering material such as steel (Figure 4a)
there is a constant strain registered for as long as the stress is held.
When the stress is removed the rod returns to its original length. When
a biological material such as bowel, skin or blood vessel is stressed,
strain lags behind stress (Figure 4b). On removal of the stress the

biological material does not return to its original length.

Stress relaxation : If a constant strain is applied the amount of stress
registered declines with time (Figure 5). This viscoelastic property is

known as stress relaxation.

Creep : When a constant stress is applied, the biological tissue

continues to elongate with time (Figure 6).

Hysteresis : This viscoelastic property refers to the failure of the

tissue to return rapidly to its original dimensions on removal of a stress.
After an elastic or steel rod has been stressed, the rod returns to its
original dimensions at the same rate as if deformed on applying the stress,
and thus no energy is lost in applying and relaxing the stress. This is why
a watch spring can uncoil and coil 18,000 times an hour without losing
energy. A viscoelastic material does not behave like this since on remov-
ing the stress, the stress/strain curve is steeper (Figure 7). This implies

that energy has been lost in the deformation.

CONSTITUENTS OF BIOLOGICAL TISSUES.

Biological tissues are composite structures and therefore their mechanical
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(a) Steel rod (b) Biological tissue

Stress Stress
A A time Atime
Stress Stress Stress Stress
applied removed applied removed
Strain Strain
p Mime A A time
Stre;s Stress Stress Stress
applied removed applied removed
Figure 4 Graph of stress (upper) and strain (lower) against time for
a rod (a) and typical biological tissue (b).
Stress Relaxation in response to a constant strain
Strain Stress
0 0
I I
Figure 5 Stress relaxation in a biological tissue where the strain

(extension) is held at time 0.



CREEP in response to a constant stress

Stress > Strain
Time Time
Figure 6 : Viscoelastic property of creep. Continued deformation
of the tissue with a fixed stress.
Stress

Time
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Hysteresis ratio is area B over A

r—

Figure 7 : Viscoelastic property of hysteresis.
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Properties result from all the materials comprising the structure and
their interactions with each other. The colon is a muscular tube arranged

in four layers as previously described.

Collagen : Collagen is the basic structural element for soft and hard
tissues in animals and man. It is a protein based on tropocollagen
molecules. A collection of tropocollagen molecules forms a collagen
fibril and bundles of fibrils form fibres. The arrangement of collagen
fibres within a tissue varies from tissue to tissue. Collagen is a strong,
stiff material being the main load-carrying and stress-bearing element
in biological tissues. Its tensile strength is in the order of 1x10® Nm™?

and Young's modulus is approximately 1x10° Nm~—2 (Fung, 1981).

Elastin : Elastin is the biological material which is closest to an ideal
elastic material in that its stress/strain relationship is almost proportional
or linear. Thus on removal of a load it almost returns to its original
dimensions with little energy lost to the system. It is a protein found in
vertebrates, present as thin strands in connective tissue. Its Young's
modulus is 3x10° Nm 2 (Wainwright et al, 1976). Elastin is remarkable
also in that it retains its elastic properties even after tissue fixation with

formalin or gluteraldehyde (Fung, 1981).

Elastin may be thought of as a network of globular protein molecules
which are compressed or restrained by the tendency of hydrophobic amino
acids to exclude water. When elastin is stretched water exposed to non-
polar side groups becomes ordered and the opening of the hydrophobic
region removes some of the restraints on the polymer chain. Thus on

stretching the water becomes more ordered and the polymer chain becomes
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less ordered (Wainwright et al, 1976). This is in fact different from
the underlying mechanism of elasticity in rubber polymers whose chains

become more ordered when stretched.

Ground substance : This is a hydrophilic gel containing glycosaminoglycans
and tissue fluid. Dense connective tissue contains very little ground
substance whilst greater amounts are to be found in loose connective tissue.
The hydrophilic forces within the gel result in ground substance not merely
being a viscous substance but also one which has a low modulus of elasticity,

in the order of 1-10 Nm—-2? (Wainwright et al, 1976).

Smooth muscle : Smooth, or non-striated muscle has in common with

other muscle tissue a contractile system based on actin and myosin molecules,
the system being dependent on ATP for energy. Change in the cell membrane
induces flux of Na® and K* ions and creates an action potential. A Ca™"
flux furnishes the excitation-contraction coupling. The arrangement of
smooth muscle packing varies from tissue to tissue. For instance the

pattern in guinea pig taenia coli is such that each muscle cell is surrounded
by about 12 others. The cells are not straight, but are interwoven with

one another. The extracellular space varies according to the site of the
smooth muscle. In intestinal smooth muscle it is in the order of 9-12%,
whereas it varies from 25-39% according to species for vascular smooth
muscle (Fung, 1981). The extracellular space contains a variety of

materials, including collagen, blood vessels, nerves, macrophage fibroblasts,

mucopolysaccharides and elastin.

Intestinal smooth muscle exhibits spontaneous contractions (Price, Patucci

and Fung, 1977) and intracellular recordings of colonic smooth muscle in
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man demonstrated regular action potential discharge at a rate of 22
cycles per minute (Duthie, 1979). Colonic contractions are found at two
frequencies in man, ie. at three cycles per minute and six to nine cycles
per minute (Duthie, 1979), possibly originating from a pacemaker region
to the right of the transverse colon. Intestinal smooth muscle is under

nervous and hormonal control.

SOME MECHANICAL CONSIDERATIONS.

Stress/strain curve of skin : In composite biological tissues such as skin,
viscoelastic, gel-forming glycosaminoglycans, elastin, cellular and reticular
elements are combined with stiff, high modulus collagen fibres. Skin is
capable of stretching to 150% or more of its original dimensions and is
therefore highly expansile. The colon, like skin, is an expansile structure
composed of the above elements but also has smooth muscle. However, it

has not been studied in the same detail as skin.

A stud)II of the stress/strain curve of an expansile tissue gives information
about the arrangement of collagen fibres within the whole structure. The
stress/strain curve of intact skin is shown in Figure 8. Collagen is a stiff
material and must therefore be arranged in a criss-cross network in order
that the whole structure may be expandable. This arrangement allows the
combination of strong stiff fibres within a readily expandable matrix of
ground substance and elastin. Examining the stress/strain curve for intact
skin (Daly and Odland, 1979) three phases may be identified (Figure 8).
Initially all the collagen fibres are slack (area A), then some fibres begin
to take up the stress (area B) and then they all become taut (area C).
Brown (1973) carried out an electron microscopic study of the effect of

stress on abdominal skin in vitro and showed that whilst in area A of
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the stress/strain curve the fibres are wavy, they straighten out in area B
and are all straight in area C. A criss-cross arrangement would not be
readily expandable if it consisted of a matrix of continuous fibres but
the collagen in a biological tissue such as skin (and presumably bowel)
is believed to be arranged in the form of a discontinuous network

(Wainwright et al, 1976).

Fibre angle : A further factor limiting the distensibility of the bowel

is the angle (9) between the individual collagen fibres (Figure 9). When
the angle becomes acute, stretching results in the fibres becoming rapidly
taught (areas B and C) and so registering a higher stress at a lower strain
than if the angle were more obtuse. Thus, if the fibre angle (9, Figure 9)
is small the tissue as a whole is stiffer (Figure 9c). The effect of stretch-

ing on the fibre angle can be seen in Figures 9a and 9b.

When the fibre angle is small (eg. parallel fibres in tendon), the material

is a tensile structure, capable of bearing high stress with little change in
length. If there is a large fibre angle embedded in an amorphous ground
substance, then the load is born by the viscoelastic ground substance

(area A, Figure 8) until the fibre angle reduces with stretch. Once the
angle is small the collagen fibres bear the load. This is the arrangement for

an expansile structure such as skin and presumably also for the bowel.

A light microscopic study of individual layers of bowel wall provides support
for such an arrangement of collagen fibres in the colon (Cavarlho, 1973).
The angle between the collagen fibres becomes more acute from the serosal
to the mucosal side (ie. more acute in relation to the transverse axis of

the organ). Thus on distending the bowel one would expect the layers to
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rupture from the mucosa to serosa since those layers with the most acute
angle bear stress first. This was not the finding of Burt (1931) who
demonstrated that the mucosal layer was the last to perforate when he
distended the colon with air. One explanation for this is that the mucosal
layer is possibly more elastic than the other layers. This would explain
why, if diverticular disease were related to a defect in the bowel wall,
the stiffer external layers break and allow the elastic mucosa to herniate

through, forming a diverticulum.

Law of Laplace : The properties of the bowel wall are further complicated
by the fact that the bowel is a cylindrical tube. The Law of Laplace, which
may be generally applied to vessels and tubes, states that the pressure
required to distend a tube against a given tension in its wall is inversely
proportional to the radius of the tube. A balloon, for example, is more
difficult to blow up when the radius is small than when it is large. In

the gastrointestinal tract the law indicates that relative to atmospheric
pressure, the tension required to balance a certain distending pressure

increases as the radius increases.

Sh = pr; ofrp = Sh/ri

Where .. .. S 1is the circumferential hoop stress relative to
atmospheric pressure

h is the wall thickness

p is the amount the internal pressure exceeds atmospheric
pressure

I, is the internal radius of the tube.

The circumferential hoop stress (rp/h) is twice the longitudinal stress
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(rp/2h) in a tubular structure. This is why, when tubes are distended,
the split formed when they rupture is longitudinal. Rupture occurs
because of the circumferential stress and then extends along the line
of least resistance. This happens when one fries a sausage and the
stuffing swells. It also happens when the bowel is distended with air

(Burt, 1931).

Pre-strain : Skin, blood vessels and bowel are in a permanent state

of tension in the body and on removal from a living or freshly dead

animal they shorten by 25-30%. This tension or pre-strain as it is some-
times called, is probably a device to counteract any changes in length as

the intraluminal pressure increases. If blood vessels obeyed Hooke's law (ie.
had a linear stress/strain curve), then the circumferential strain would also
be twice the longitudinal and a change in diameter of half a millimetre
would be associated with a change in length of the femoral artery of 25 mm.
It is obvious that a change of length of this magnitude cannot and does not

take place (Gordon, 1978).

Poisson's ratio : Another reason why such changes in length do not take
place when there is a change in diameter is the existence of Poisson's
ratio. When a rubber band is stretched it becomes noticeably thinner. The
change in length over the change in width when a material is stretched is
termed Poisson's ratio. Poisson's ratio is related to Young's modulus and
so if we know both Young's modulus and Poisson's ratio for a material we
can calculate the changes in length and width when a strain is applied.
Poisson's ratio is around 1/4 for metals and concrete, but for biological
tissues it is at least 1/2, if not higher (Gordon, 1978). The effect of

Poisson's ratio is that if we pull on an artery or membrane it will contract
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in the direction at right angles to the pull. However if there is already
a pre-tension in both directions at right angles to each other, as is the
case in the living animal, then the effects of these (tensions) stresses will
be additive and the resultant strains will be less than one would have

expected had either of the stresses been applied separately.

Viscoelastic design : The advantages of a viscoelastic design in living
tissues include the combination of expansibility, strength and maintenance
of shape. If the bowel were made of steel it would be strong, but unable
to distend like a pipe. If it were made of rubber like a balloon, it would
change its shape in response to an increase in pressure. As soon as a
cylindrical balloon is subject to a circumferential strain of 50% or more,
the inflation process becomes unstable and the tube will bulge out like a
snake eating a football and form an aneurysm. This theory can easily be
tested by blowing up a balloon. Viscoelastic design is essential for

expansile structures such as the bowel.

THE EFFECT OF AGEING ON THE COLONIC WALL.

If there is any truth in the theory that diverticular disease is in part a
mechanical disease then one should expect there to be a change in the
mechanical properties of the bowel with increasing age since the incidence
of diverticular disease increases with age (Parks, 1975).

Strength : Yamada (1970), quoting the work of Iwasaki, reported that
the tensile strength of the Japanese colon does fall with age in all regions
and when tested both longitudinally and transversely (Figure 10). As far

as | am aware no one else has published results on this issue.
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Smooth muscle : Pace (1966) examined the effects of ageing on colonic
musculature and connective tissue. Table III shows the thickness of

circular and longitudinal colonic muscle with increasing age.

TABLE Ill.  Thickness of the muscle wall of the ascending colon
with age (Pace, 1966).

Age Anterior taenia Circular muscle

4 months gestation 0,2 mm 0,3 mm

7 months gestation 1,3 mm 1,3 mm

5 years 3,3 mm 2,6 mm

43 years 5,3 mm 3,6 mm

85 years 9,0 mm 5,3 mm

Connective tissue : Connective tissue changes with age are :

1. Collagen . . progressive increases with age but the connective tissue

layer between the muscle coats is much reduced from the age of

10 years onwards. Individual collagen fibres increase in thickness up
to the age of 60 years or so, after which their thickness decreases
slightly. With increasing age the collagen bundles in the submucosa,
but nowhere else, begin to show fraying of their ends and their

staining reactions with Mallory and Van Gieson deteriorate.

2. Elastin . . this shows a progressive increase throughout life in all
layers of the colon. Individual fibres become shorter and thicker
and are less wavy and less regularly arranged. In the highest age
groups there are coarse, uneven fibres with such changes as granulation,

splitting, swelling and even hyaline degeneration.

3. Reticular tissue . . the number of fibres increases with age and there

is an increase in their waviness. In extreme old age there are marked
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changes in calibre and they stain brownish black rather than jet

black with silver.

Pace's work demonstrates that there is an increase in thickness in both
muscle and connective tissue with increasing age. Yamada's book reports
on the decline in tensile strength with age. Relating these is not easy
except that there is obviously some qualitative decline in the mechanical
integrity of these elements which more than offsets any improvement

expected by an increase in their number.

Elasticity : The effects of ageing have been studied in skin and blood

vessels in more detail. The initial elastic deformation region (Figure 8,

area A) of the stress/strain curve (Figure 8) decreases with age and yet the

final slope (Figure 8, area C) is similar to all ages. This suggests that the
stiffness of collagen fibres does not vary significantly with age in the. skin. If the
stress/strain curve is examined at low stress levels, the difference between young
and old skin can be seen in Figure 11. This behaviour is in fact similar to

that seen when elastin is enzymatically removed and one can thus suggest

that the effect is due to gradual destruction of the elastin network with

age. It is not necessary to destroy the elastin, but simply fragment it to

achieve this effect (Daly and Odland, 1979).

When the distance O-P is long the skin is inelastic and wrinkles appear.
Skin is only elastic at low stress levels, ie. during the initial deformation
(Figure 8, area A). Once collagen fibres start to carry the stress (Figure 8,

area B) the tissue behaves in a viscoelastic manner.

In the aorta the diameter increases with age as does the wall thickness.

The wall thickness increases more than the diameter relatively so that the
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ratio h/d increases with age. Accompanying these changes in dimensions
are interesting changes in elastic properties. In the thoracic aorta at
physiological pressure (100 mmHg) the incremental Young's Modulus
increases with age implying increasing stiffness. More peripherally, there
is no change or a fall. One explanation for this is that the diameter of
the aorta increases with age and thus is further along the strain axis of
its stress/strain curve (Caro et al, 1978). The same process might occur

in the colon.

Although measurable changes in the elasticity of skin and blood vessels
with age have been reported there is practically no study of elasticity in
the bowel. Yamada (1970) quoting Iwasaki's work stated that the ultimate
percentage elongation (strain at burst) was greatest in the 20-29 year age
group and declined to 84% of its maximum value between 60 and 89 years

of age.

Viscoelastic properties : Compression tests on live human skin also show age-
dependent properties (Daly and Odland, 1979). Figure 12 is a graph of
original skin thickness plotted against time for a compression test of skin

over the anterior aspect of the tibia. Skin thickness was measured ultra-
sonically and the graph shows that aged skin showed poorer elastic recovery

after compression over a 20 minute period.

Animal studies : It is possible that the increased incidence of diverticular
disease in the aged is related to a decline in mechanical integrity of the
colonic wall with age. This possibility is further underlined by studies of
the tensile strength of the colon in animals (Yamada, 1970). The colons
of dogs, cats, cows and even domestic fowl have a greater tensile strength

than the rabbit, an animal in which it has been possible to induce diverticula
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(Hodgson and Johnson, 1975). The only other animal in which diverticula
have been reported is the rat (Wierda, 1943; Carlson and Holzel, 1949), but
the tensile strength of its colon has not been studied previously. The rats
only developed diverticula after two years of low residue, high fat diet.
Two years is the average lifespan of the rat so that these diverticula only

developed when the rats were aged.

Diverticular disease is a disease associated with increasing age and a
Western diet. Although the mechanical properties of the colon have been
little studied to date there is evidence to suggest that there may be a wall
abnormality in diverticular disease. If the mechanical integrity of the colonic
wall declines with age this may explain why diverticulae are most common
in the aged. The effect of a western diet on the mechanical properties of

the bowel wall has nc;t been studied at all.

Biological tissues can not be assumed to behave like engineering materials.
Biological materials show viscoelastic behaviour and have non-linear stress/
strain curves. There are many problems both in selecting which tests should
be performed in order to give meaningful results and also in trying to study

what is a complex composite structure.

This study was designed to :

1 & Establish a method for testing the mechanical properties of the
colon.
2 Measure the mechanical properties of the rat and human colon and

the influence of age, sex, race and diverticular disease.
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Materials and Methods.

Rat.

SOURCES AND DIET.

Male, Sprague-Dowley rats fed on a vegetarian diet since weaning
(Table IV) were used to establish and test the method developed for
examining the mechanical properties of the colon. Their diet since
weaning is listed in Table IV.

TABLE IV. A : Diet fed to rats since weaning until 6 weeks of age.
B : Diet fed to rats from 6 weeks of age.*

A B

Ground wheat 46,0% Crude protein 17.0%
Ground oats 24,45% Crude oil 4,8%
Dried skim milk 2,5% Salt 1,15%
Dried yeast 2,5% Vitamin + mineral supplements 2,2%
Fish meal 15,0% (ingredients : barley, wheat,

Tallar fat 5,0% maize, middlings, soya bean

Salt 0,5% meal, white fish meal, soya oil,

Cod liver oil 0,5% molasses, limestone, salt,

Vitamin + mineral 2,5% methionine, vitamins and trace
supplements elements)

Inert binding agent 1,05%

Crude fibre 3,21% Crude fibre 3,7%

* Grain Harvesters Ltd, Algot 5 Rodent Diet No 482.

These rats were obtained from Nottingham School of Agriculture. From
weaning until transportation to Edinburgh both male and female rats were
fed on diet A, which is the female breeding diet used at Nottingham

School of Agriculture. This diet was given unrestricted to the rats. Diet B
was given on arrival at Ethicon Research Laboratories animal house, but

restricted by 10% of the amount an average rat would eat so as to avoid
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over- eating. The female rats obtained for the old versus young female
rat comparison were aged 6-9 months on arrival and were therefore fed
on diet A until this age and diet B subsequently. Their ages and weights
are specified for each experiment. Before removal of the colon the rat
was killed by carbon dioxide intoxication - a method which is painless and

panic-free since the rat merely falls asleep.

ANATOMY OF THE RAT COLON.

The large bowel of the rat consists of a caecum, colon and rectum. The
carcum does not occupy a constant position in the abdomen but the junction
between caecum and colon is obvious. The colon passes retroperitoneally

to become the rectum, a long structure in the rat. The rectum extends
from the upper abdomen to across almost the entire posterior abdominal
wall. Water absorption takes place throughout the length of the rat colon,
liquid faeces are present proximally but by the time the bowel becomes

retroperitoneal the faeces are concentrated into pellets.

METHOD OF REMOVAL.

Colons were removed immediately after death, except where otherwise
stated. Once removed, the faeces were gently squeezed out of the colon
irrigated with physiological saline to remove as much faecal residue from
the lumen of the bowel as was possible. When pre-strain was to be
measured the colon was marked with a Magic Marker before removal, the
distance between two marks being measured before and after with a ruler.
The colon was handled gently at all times, only the ends or mesentery
were held with forceps, and these ends were not used for the testing of

mechanical properties.
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One centimetre rings of colon were cut by hand with a fresh, sharp scalpel
blade with the colon laid alongside a ruler. If the colon was pinned down
no tension was put on it. This method of cutting was estimated by eye to
be accurate within a millimetre once the segment was cut. The cut was
always made at right angles to the long axis of the colon once any kinking
due to the attachment of the mesentery had been straightened out by
division of adherent bands of mesentery. A 10 mm ring of colon was

thus obtained for testing and placed in physiological saline at room

temperature.

MEASUREMENT OF DIMENSIONS.

Where measurements of the dimensions of the rat colon were made, an
adjacent ring of colon was opened by cutting along the long axis of the
bowel. The thickness was measured by placing the opened ring between
two microscope slides of known dimensions and placing the slides in a
Mercer No 54 gaugemeter. Care was taken to excise fat and mesentery
before measurement of the thickness. The slides served to spread the
compressive force of the tissue, minimising 'squash' effects. There is
nonetheless some 'squash' effect and the thickness was taken to be the
initial thickness once the pistons of the gaugemeter came into contact

with the slides.

Measurement of the internal diameter of the colon was necessary to
calculate the percentage elongation and to calculate the amount of strain
for viscoelastic tests. The method used measured the distance between
the top of the upper hook and the bottom of the lower hook as soon as
stress is registered on the recording chart (50g scale). Values obtained

are shown in Table V.
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TABLE V. Dimensions of the rat colon.

Internal diameter of

Thickness of rat colon rat colon
Male Proximal 0,55 mm Proximal 5,6 mm
(8 weeks) Distal 0,57 mm Distal 5,0 mm
240-270g Mean 0,53 mm Mean 5,3 mm
Male Proximal 0,65 mm Proximal 5,4 mm
(12 months) Distal 0,57 mm Distal 5,2 mm
370-435¢g Mean 0,61 mm Mean 5,3 mm
Female Proximal 0,54 mm Proximal 5,2 mm
(7 weeks) Distal 0,54 mm Distal 5,2 mm
185-195¢ Mean 0,54 mm Mean 5,2 mm
Female Proximal 0,65 mm Proximal 6,4 mm
(14-17 months) Distal 0,64 mm Distal 6,0 mm
260-300g Mean 0,65 mm Mean 6,2 mm

Initial plans to test the mechanical properties of strips of colon were
abandoned because strips were difficult to cut accurately. Although
testing methods for small strips have been reported (Yin and Fung, 1971)
these would have been time-consuming and would have jeopardised, if not

made impossible, the completion of this thesis.

TESTING METHOD AND MACHINERY.

An Instron 1026 (Figure 13) was used to test the tensile mechanical
properties of the rat colon. The machine used had a fixed lower clamp
and movable cross-head. It was capable of maintaining a constant strain
and cycling to constant strain but a pre-determined stress could not be
automatically applied. The load range was from 0-50 kg and the minimum

full-scale chart deflection was from 0-50g.

The rate of extension (equivalent to the cross-head speed of the Instron)
of the colonic rings was 50 mm/min for all experiments. Since the

internal diameter of the rat colon varies from 5-6 mm this gives a strain
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rate of 833-1000%/min (50/internal diameter times 100). 50 mm/min
is a conventionally used rate of extension. The stress/strain relationship

does not change very much as the strain rate is changed over a range

of 10,000 (Fung, 1981).

The stress registered whilst testing was recorded at a chart speed of

200 mm/min.

Stainless steel hooks, 2,25 mm in diameter, were used to test the mechanical
properties of the rat colon. These were adapted to fit the clamp holding
sockets of the Instron 1026. The rat colon ring was slipped onto the hooks
when they were almost touching so that they passed through the lumen of
the bowel. The application of the colon was an intricate procedure requir-
ing care not to damage the tissue. Non-toothed, blunt but fine forceps
were used. Testing was carried out by upward movement of the hook
attached to the cross-head from the fixed lower hook (Figure 13). These
hooks were of sufficient diameter not to cut through the tissue and there-
fore rupture of the rat colon usually occurred between the hooks, most

frequently at the mesenteric border.

The burst properties were tested in air at room temperature but the visco-
elastic properties were tested in physiological saline at 35-37°C. The test-
ing of burst properties took only a few seconds so that dehydration was not
felt to be a significant factor affecting the stress/strain characteristics.
The Instron 1026 had to be adapted for testing in physiological saline at
35-37°C (Figure 14). A large plastic basin in which a window was inserted

was adapted to fit over the lower clamp socket. Once this fitting was
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water-tight the basin could be filled with physiological saline from a water
bath which maintained the temperature at 37°C. The testing temperature
was never noted to fall below 35°C. The plastic basin was fitted with in-
flow and overflow pipes so that the saline could be pumped in. The inflow
pipe was plugged once the basin was full and the testing of viscoelastic
properties carried out. There was no circulation of saline during testing
since it was felt this would cause flickers on the chart recording stress/

strain characteristics.

Viscoelastic properties were studied after pre-conditioning the tissue at
100% strain for nine cycles. Preconditioning is necessary to obtain re-
producible results for viscoelastic testing (Fung, 1981). The reason that
preconditioning occurs in a specimen is that the internal arrangement of
the tissue changes with the cycling. By repeated cycling, eventually a
steady state is reached at which no further change will occur unless the

cycling routine is changed.

Nine cycles were necessary to reach this steady state and a tenth cycle
was used to study hysteresis. Stress relaxation was studied by stopping
the cycling process at 100% strain on the eleventh cycle. The reason why
100% strain was chosen was that the stress registered at lower degrees of
strain was too low to allow accurate study of the stress relaxation curve.
The normal stress registered for the rat colon at 100% strain was in the

order of 10-30g.

MEASUREMENTS.
All measurements were made on tensile tests, ie. measuring mechanical

properties by extension (increasing tension) of the tissue.
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Burst strength (BS) : The maximum stress registered as the tissue is
extended until it bursts. It has the units of stress. Measurements were
made in grams. Since collagen is the strongest material in the colonic

wall the burst strength is a measure of the strength of collagen.

Tensile strength (TS) : This is the burst strength divided by the cross-
sectional area of tissue under test. Units are therefore in this study in

g/mm?. These can be converted to Newtons/m? by multiplying by 0,98 x10°.

Young's modulus (M) : The stress/strain ratio measured between specified
points of stress on the stress/strain curve (Figure 15). These specified

points are given with each methodological experiment. The units are g/mm?.

L values (LO, L1, L2) : These may be understood by studing Figure 15.
They are measured on the stress/strain curve after drawing the best possible
tangent to the steep part of the slope and extending this to the baseline.
They are lengths in millimetres equivalent to the amount of extension (strain)
of the test ring. They are an attempt to derive a measure of elasticity from

the stress/strain curve (Daly and Odland, 1979).

LO is the distance from the origin of the stress/strain curve to the point
of intersection of the tangent and baseline. It is an in vitro measurement

since tissues are normally under prestrain in vivo.

.1 is the distance from the take-off point on the stress/strain curve, ie.
where stress begins to be registered to the point of intersection between

the tangent and baseline. L1 is also an in vitro test.

L2 is the distance from the point on the stress/strain curve where 2g

stress is registered to the tangent. The reason for this measurement is
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that the take-off point (L1 above) may be difficult to determine.

Percentage elongation (%E) This is calculated by expressing the amount
of extension of the tissue until it ruptures as a percentage of its internal
diameter at stress 0. Thus from Figure 15 it is OE x100%.

ID
Width at burst (WB) : This is the internal diameter of the ring as it
ruptures. It is therefore equal to the internal diameter at stress 0 (gauge

length) plus the distance OE (Figure 15).

Energy under the curve (J) : This is the area under the stress/strain

curve to burst. It is a measure of the energy required to burst the tissue.

Stress relaxation (SR) (Figure 16) : The stress registered in a tissue
exponentially declines with time when the tissue is held at a fixed strain.
The resultant curve can be plotted on a semilogarithmic graph of the ratio
of initial stress at any given time against log time. 100% strain was used
as the fixed strain level and stress decline followed for 3 minutes. A
Hewlett Packard 85 desktop computer with a magnetic plate was used to
convert the stress relaxation curve to a straight line. The computer
programme is listed in Appendix B (language - basic). The slope of the
semilogarithmic line was taken as a numerical value for stress-relaxation
and the r value was always greater than 0,9 and nearly always greater

than 0,98.

Hysteresis (H) (Figure 7) : The 10th pre-conditioning cycle was used to
calculate the hysteresis ratio. The area under the descending part of the

curve was expressed as a ratio of that under the ascending part.
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METHODOLOGICAL STUDIES.

The ultimate aim in studying the rat colon was to establish a method

for testing the human colon. Post-mortem colon is the only non-diseased
human bowel available, so that therefore it was necessary to investigate
the influence of the time after death at which the colon was removed from

the corpse on the mechanical integrity of the tissues.

An additional aim was to compare the African and European colon. This
necessitated storage and transportation of specimens back from Africa
since there are no facilities available in the continent for testing bio-
materials and the Instron 1026 is too large to transport. Thus the
preservation of mechanical properties using different methods of storage

had to be studied.

All human tissue must be irradiated before testing at Ethicon Research
Labora.tories, therefore the effect of irradiation had to be determined.
The irradiation process takes 9 hours so that material cannot be tested
on the same day as being collected. Therefore it was important to
define how long mechanical properties could be preserved in physiological

saline.

The following factors were investigated :

1. Test environment.

2. Maintenance of mechanical properties in physiological saline.
3. Storage mediums.

4,  Reproducibility of the method.

5. Length of storage.

6. Difference between proximal and distal colon and rectum.
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T Irradiation.

8. Time after death that colon is excised from corpse.

Some of these factors were studied simultaneously with others in balanced

design experiments and therefore the individual methodological experiments

carried out will be described rather than examining each factor individually.
The results are discussed on pages

Experiment 1 :

Aim - to determine the variation between adjacent rings of rat colon and

the variation between individual rats. The influence of test environment

was assessed.

Design - a Latin square based on three variables :

1. ring site (a, b or ¢) (contiguous segments), where (a) is the most
proximal ring and (c) the most distal.

2. the individual rat (1-6).

3. the test environment: saline, Earl's solution or air.

a b c Weight
RAT 1 A S E 390g Where: :
RAT 2 A S E 400g A .. Alr

S . . Saline

RAT 3 S E A 410g E .. Earl's solution
RAT 4 S E A 382g
RAT 5 E A S 410g
RAT 6 E A S 380g

Method - rats were 3 month old males, weighing 380-410g. These were
killed by the standard method of CO, intoxication. Testing was carried out

within 2 hours of death. Statistical analysis was by analysis of variance.

Results - as can be seen from the means in Table VI, the test environment

made no significant difference to the values obtained. There was only one



39.

significant difference for segment site. The Young's modulus between
25 and 100g of stress was greater the more proximal the segment. This
means that the proximal colon is stiffer than the distal. The numbers
tested are small however, and the conclusions drawn must therefore be
guarded. Sixteen analyses of variance were conducted so that by

chance one would expect one result to be significant at the 5% level.

TABLE VI. Results of Experiment 1, comparing three preparation
methods and three segment sites.

Preparation Method Segment (contiguous)

A 5 E A B C
Burst strength 326+ 43 342+75 327%50 346+ 37 32753 32375
(g)
Percentage 200+ 25 213+32 20719 20127 20125 219%23
elongation
Young's modulus 10 3  15+10 14% 8 17210 12% 5 9+ 4
(25-100g/mm?)
Young's modulus 47+16 58+22 58+18 6125 St 7 44%17
(125-200g/mm?)
L1 (mm) 33+ 3 33+ 7 33+ 4 31 6 34 5 33+ 2
L2 (mm) 29+ 5 23+ 4 23% 3 25+ 6 23% 2 27% 6
Width at burst 19+ 1 21% 1 20 2 20 2 20 2 20% 2
(mm)
Energy under 10+ 3 10+ 3 9% 2 10 1 9% 2 11+ 4
curve (K])
Statistical analysis = analysis of variance.
* M1 falls from A to C - t=2,41 11df P <0,05.

Same trend in M2 but this was not significant.

Experiment 2 :
The mechanically stabilised state - mechanical properties are constant for duration.

Aim - to confirm the development of a mechanically stabilised state when
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the colon is kept in physiological saline at 4°C and to determine its
duration. A mechanically stabilised state is one in which the mechanical

properties remain constant under the conditions of storage.

Design - a Latin square design was adopted. Three variables were tested :

1 segment site, five contiguous segments A to E, where A was the most
proximal segment and E the most distal.

2.  individual rat variation (rats 1-5).

3. mechanical tests were performed on 5 days (0,1,2,4,7 days of storage).

0 1 2 4 7 (days storage)

RAT 1 A B c D E
RAT 2 B A D E G
RAT 3 G D E A B
RAT 4 D E B & A
RAT 5 E c A B D

Method - six week old, male rats weighing 170-195g were killed in the
standard way by CO, intoxication and their colons were removed immediately
after death. The colons were emptied of faeces, irrigated with physiological
saline and then stored for the designated period of time (see above) in
physiological saline at 4°C. Testing was carried out at room temperature.

The following measurements were made:

. . Burst strength (BS)

. . Extension at burst (%E)

. . L values - LO, L1, L2

. . Stress relaxation (SR)

. . Hysteresis (H)

. . Energy under curve (])

. . Young's modulus - 25-100g (M1)
- 125-200g (M2)

Statistical analysis was by analysis of variance.
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Results - the rat colon may be stored for at least seven days in physiol-
ogical saline at 4°C without significant change in burst strength, percentage
elongation at burst, L values (L1 and L2), energy under the curve and
Young's modulus between 25 and 100g, and hysteresis ratio. For these

tests there is a mechanically stabilised state.

Stress relaxation rose after 24 hours of saline storage and the Young's
modulus between 125 and 200g progressively fell with each day of storage.
These changes suggest that the rat colon becomes less stiff and more

flexible with storage in physiological saline at 4°C.

Because there appeared to be little change in the mechanical properties of

the rat colon at Day 7, specimens being viscoelastically tested were stored
under the same conditions until Day 17. By this time the stress-relaxation
rose to 0,2350 and the hysteresis ratio to 0,98. However, of the five specimens
only three could be tested because the other two were unable to be extended
to 100% strain before rupture. It therefore appears that an increased steep-
ness of the stress relaxation slope and a rising hysteresis ratio are synonymous

with degradation.

Viscoelastic properties depend in part upon tissue hydration. The colonic
tissue may absorb water during 24 hours storage in physiological saline,

which may explain why its stress-relaxation slope is altered by Day 1.

Distally placed segments (D and E) were stronger and more elastic.
Percentage elongation, L2, stress relaxation, were all raised significantly
in these segments. The rat colon is therefore more elastic as it approaches

the rectum. There is also a macroscopic difference in the wall in this
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Values of results obtained in Experiment 2

TABLE VIIb.

segment site.
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region. Proximally the colonic wall has a spiral, striated appearance.
Distally it looks more like the rectum, somewhat homogenous without the

diagnonal striations.

The significant differences in the distal segments emphasize the importance

of balancing segment effects in subsequent experiments.

Reference to the L values in Table VII shows that the standard deviation
tended to rise with days storage in physiological saline at 4°C. This may

be indicative of tissue decomposition.

For nost measurements made a mechanically stabilised state exists for

up to a week. Subtle changes probably do occur due to tissue hydration,
even within this period. Variation and errors in testing, particularly of
elastic and viscoelastic properties would be minimised by testing in the

first 24 hours. There were no significant differences between individual

rats for any of the measurements made.

Experiment 3 :
Storage - Aim -
1. To establish a reliable method of storage for the rat colon which

hopefully would be applicable to the human colon.

2. To determine over what period of time the colon could be stored.
3. To determine the influence of irradiation on the rat colon.

4. The effect of time after death before removal of the colon from
the corpse.

Design - a Latin square design was adopted. Three variables were tested

with and without irradiation :
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a. storage medium (salt at 20°C and 4°C; storage at -20°C and
immersion in liquid nitrogen).
b. time after death before removal of the colon from the corpse

(0, 6, 24 and 48 hours after death).

c. length of storage (7, 11, 21 and 28 days).
0 6 24 48 hours after death
7 Salt Salt _20°C N,
20°C 4°C
11 Salt Salt N, -20°C
4°C 20°0
21 -20°C N, Salt Salt
20°C 4°C
28 N, 220°C  Salt Salt
4°C 20°C

Days storage

One square was completed as above with the large bowel irradiated and
one with the large bowel not irradiated. Both colon and rectum were

tested for each rat. One square = one rat, therefore 32 rats in all.

Method - seven week old, male, vegetarian rats were killed in the standard
way by CO, intoxication. The colon and rectum were removed from the
corpse after the designated interval. Those rats which had their large
bowels removed at 6 hours after death were left at 20°C after death,

but those which had their bowels removed at 24 and 48 hours after death
were placed in a sealed polythene bag at 4°C until their colons and rectums
were removed. This it was hoped would simulate the treatment and storage
of the human corpse after death. Irradiation was carried out on Day 0 in
physiological saline and the large bowel was placed into the appropriate

storage medium on Day 1. Storage in salt meant that the bowel was
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completely immersed in salt in a polythene bag. Those colons to be

stored at -20°C or in liquid nitrogen (-185°C) were put into a sealed
polythene bag and the bag placed in a deep freezer or liquid nitrogen

flask accordingly. Thirty-two rats were tested in all. Two rings were

cut from each colon and each rectum, one from the proximal end and one
from the distal end of each. Those rings stored at -20°C in liquid nitrogen
were allowed to thaw and return to +20°C before testing. Those rings
stored in salt were also tested at +20°C after rehydration for one hour

in physiological saline.

The following measurements were made :

1. Burst strength (BS).

2. Extension at burst (%E).

3. Width at burst (WB).

4. L values, L1 and L2.

5. . Young's modulus measured between the following set points of stress:
10 to 25g (M1) and 30 to 60g (M2). Lower set points were chosen
in this experiment because it was appreciated that these ranges of
stress were more likely to be in the physiological range. Also the
tissue was significantly weakened by liquid nitrogen storage and deep
freezing so that the previous set points were not applicable. The
set points in the first two experiments were considered to be too
far apart, since a curve more closely resembles a straight line over
a short distance than a long one.

6. Energy under curve (]).



Methodological results and conclusions
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Storage medium - burst strength was significantly preserved in the colons

which were stored in salt, although there was no significant result for the

rectum.

of salt storage for the rectum.

Neither burst strength nor percentage

The percentage elongation was significantly greater in the case

elongation appeared to be influenced by the temperature of salt storage.

Other measurements were unaffected by the choice of storage medium.

Since salt is cheap, readily obtainable and requires no special equipment

other than a polythene bag for storage it was the best of the tested

methods.

TABLE VIila.

Results - storage medium (Mean #SD).

Storage medium

Measurement Salt 20°C Salt 4°C -20°C Liquid NZ
Burst strength Colon 208,0 £37,0 220,0 £45,0 164,0*41,0 176,0% 29,0
(g) Rectum 176,0 £49,0 149,0 £25,0 161,0+32,0 157,0% 32,0
Percentage Colon 144,0 £20,0 129,0 £26,0 117,0+30,0 125,0%* 20,0
elongation Rectum 148,0 £29,0 135,0 £15,0 118,0*24,0 111,0%21,0
Young's modulus  Colon 13:8'% <3;3 14,3+ 54 15,2+ 4,9 15,3 4.4
(M1) (g/mm?) Rectum 14,6 £ 2,7 17,8& 3.7 16,3 + 4,1 16,8 4,6
(10-25g)
Young's modulus Colon 35,5+ 8,6 29,5+ 4,2 32,8 9,2 31,4+ 10,1
(M2) (g/mm?) Rectum 29,8+ 7,8 344 7,0 33,3% '5,1 36,0 8,4
(30-60g)
L1 (mm) Colon 20,5 + 4,3 19,4+ 34 17,3 44 17,6 £ 3,4
Rectum 16,4+ 7,6 13,7% 5,1 14,2 £ 41 13,8 4,1
L2 (mm) Colon 12,7 & 4.7 124+ 3,1 10,4 = 3,9 2,9% 2,4
Rectum 9,2+ 4,7 6,2+ 3,6 7,4 % 3,3 6,6% 3,0
Energy under Colon 63,0 £15,0 58,0 £14,0 42,0 £15,0 44,0+ 8,0
curve (K]J) Rectum 66,0 £16,0 55,0 £16,0 45,0 £10,0 46,0+ 9,0

For significance of analyses of variance see Table IX (P51).
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Time after death - time after death affected elastic properties. L values
fell and modulus values rose with increasing time after death. Both
changes imply greater stiffness in the colonic tissue, probably due to the
process of rigor mortis.

Other measurements were unchanged with time

after death between 0-48 hours.

TABLE VIIIb. Results - time after death (hours) (Mean * SD).

0 hrs

Measurement 6 hrs 24 hrs 48 hrs
Burst strength Colon  202,2+34,0 215,0%52,0 175,0%30,0 177,0%* 49,0
(g) Rectum 180,0 +20,9 160,0+26,0 175,0+420  129,0% 29,0
Percentage Colon 128,0 + 10,0 130,0 £25,0 124,0 £ 30,0 132,0% 34,0
elongation Rectum 134,0+11,0 124.0+11,0 120,0+32.0 134.0%39.0
Young's modulus Colon 12,5 + 4,8 16,8+ 2,6 155 5,1 13,8 4,0
(M1) (g/mm?) Rectum 13,8+ 2,6 15,7 % 1,7 12,8+ 50  183% 40
(10-25g)
Young's modulus Colon 25,0+ 4,1 37,4114 33,8 % 5,1 32,3 5,3
(M2) (g/mm?) Rectum 31,1% 4,2 33,0+ 40  398% 7.9 28,7% 7.8
(30-60g)
L1 (mm) Colon J1LB% 52 188% 37  1M0% 30 A23% 49
Rectum 18,5 * 4,1 15,1 3.2 15,3 5.8 9,4% 31
L2 (mm) Colon 156+ 2,8 10,7+ 2,8 9,4+ 1.9 9,8% 3,5
Rectum 10,7 * 3,5 84+ 17 7.2% 3.4 33+ 10
Energy under Colon 57,0 £18,0 58,0 £14,0 45,0 £14,0 48,0+ 15,0
curve (KJ) Rectum 59,0+10,0 47,0% 50  53,0%20,0 51,0%19,0

For significance of analyses of variance see Table IX (p S1).
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Length of storage - the percentage elongation rose with increasing length
or storage. Increased percentage elongation might represent deterioration
in the tissue. On the other hand very poor tissue is capable of very little
expansion before rupture so that this finding is difficult to interpret. A
constant length of storage was therefore chosen for the human study.

The other measurements were unaffected by length of storage between

7-28 days.

TABLE VIllc. Results - length of storage (days) (Mean + SD).

Measurement 7 days 11 days 21 days 28 days
Burst strength Colon 196,0 £63,0 188,0 £47,0  216,0 £21,0 169,0 =
(g) Rectum 145,0+35,0 152,0 22,0 183,0£45,0 162,0%
Percentage Colon 100,0 £23,0 130,0 £22,0 135,0 £11,0 150,0 £
elongation Rectum 102,0 +23,0 129,0 £15,0 131,0 £17,0 147,0 =
Young's modulus Colon NOT DONE 15,4 + 3.9 12,4+ 2,1 16,1 +
(M1) (g/mm?)  Rectum NOT DONE  189#* 3,8 14,7+ 33 15,1+
Young's modulus Colon NOT DONE 37,3+ 8,0 30,7 5,5 28,9
(M2) (g/mm?)  Rectum NOT DONE 36,0+ 7,3 32,7+ 4,1 31,2+
L1 (mm) Colon 20,7 = 4,7 17,3 & 4,7 17,0+ 2,3 19,9 +

Rectum 16,6 + 6,3 12,8 + 3.2 14,7 6,9 14,2 %
L2 (mm) Colon 13,1 4,7 9,9 + 44 11,3 2,5 11,0+

Rectum 8,6+ 4.9 56+ 3,1 8,4+ 3,6 7,0 %
Energy under Colon 52,0 £24,0 50,0 £17,0 58,0 = 8,0 48,0 £
curve (K]) Rectum  45,0%+13,0 47,0 £13,0 61,0 +14,0 58,0

For significance of analyses of variance see Table IX (p&] ).
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Irradiation - since only one out of sixteen measurements was affected

by irradiation, irradiation did not appear to be detrimental to the
mechanical properties of the colonic tissue. = The one measurement affected
was the modulus between 10 and 25g (M1) in the colon only, the tissue

becoming less stiff with irradiation (P <0,05).

TABLE VIIId. Results - irradiation (Mean * SD).

Measurement Irradiation No irradiation-
Burst strength Colon 196,0 * 36,0 188,0 = 51,0
(g) Rectum 155,0 + 31,0 167,0 £ 39,0
Percentage Colon 130,0 = 26,0 127,0 £ 25,0
elongation Rectum 124,0 £ 21,0 1310 =+ 310
Young's modulus  Colon 12,9 £+ 2,7 16,4 + 4,9
(M1) (g/mm?) Rectum 15,5 £ 8,5 17,0 £ 4,0
(10-25g)
Young's modulus Colon 295 £ 6,2 35,0 £ 8,9
(M2) (g/mm?) Rectum 30,1 £+ 7,6 35,9 £+ 5,7
(30-60g)
L1 (mm) Colon 19,0 + 2,8 18,4 + 4,9
Rectum 13,0 £ 4,1 16,0 £ 5,9
L2 (mm) Colon 12,0 = 3,1 10,7 £ 4,1
Rectum 7,9 £ 3,6 7,3 & 3.9
Energy under Colon 56,0 £ 14,0 48,0 £ 16,0
curve (K]) Rectum 51,0 £ 13,0 54,0 £ 17,0

For significance of analyses of variance see Table IX (p 57 ).
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TABLE IX. Summary of results of experiment 3 (for means * SD
see Table Viila-d)

Hours
Storage after Length of
Medium Death Storage Irradiation

Burst strength Colon * NS NS NS
(g) Rectum NS * NS NS
Percentage Colon NS NS e NS
elongation Rectum  ** NS ¥ NS
Young's modulus Colon NS NS NS *
(M1) (g/mm?) Rectum NS NS NS NS
(10-25g)
Young's modulus Colon NS * NS NS
(M2) (g/mm?) Rectum NS * NS NS
(30-60g)
L1 (mm) Colon NS NS NS NS

Rectum NS o NS NS
L2 (mm) Colon NS * NS NS

Rectum NS we NS NS
Energy under Colon i NS NS NS
curve (K]J) Rectum ** NS * NS
NS = not significant
® = P <0,05
e = P <0,01

Experiment 4 :

Aim - To check the effect of irradiation and salt storage on the mechanical
properties of the rat colon. Salt appeared to be the storage medium of
choice from Experiment 3 and human colons were to be irradiated before
testing. The effect of salt storage on viscoelastic properties had not been

previously tested.
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Method - Five 200-230g male, Sprague-Dowley rate (age 7 weeks) were
killed by CO, intoxication. Their colons were excised and four 10 mm
rings were cut from each. These segments were treated according to a
balanced design similar to those used in the previous experiments. Rings
stored in saline were kept at 4°C overnight. Those stored in salt and
irradiated were kept at 4°C. It was intended not to irradiate half of the
salt irradiated group but due to an administrative error all the salt stored
specimens were irradiated. Irradiation took place the day before testing,
using a dosage of 2,5 megarads over 9 hours. Specimens stored in salt
were irradiated in salt (ie. dehydrated). Dehydration reduces irradiation

damage.

Results — These are shown in Table X. Irradiation appeared to have no great
effect on burst strength, percentage elongation or L values. Although the
values for the saline irradiated group approached or reached statistical
significance the difference was not large (9% for percentage elongation,
17,2% for burst strength). Irradiation appeared to have no effect at all

on the salt stored group, possibly because salt storage dehydrates the tissue
which minimised the destructive effect of irradiation. Human colons were

to be irradiated in salt, thus irradiation would be unlikely to affect the

mechanical properties of the human colon as tested in this study.

Salt storage for 24 days preserved the mechanical properties of the rat

colon as well as saline storage overnight at 4°C.
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Results of Experiment 4.

53.

Saline 24 hrs Saline 24 hrs Salt 24 days
Non-irradiated Irradiated Irradiated
(5) (5) (10)
Burst strength 2440 *+43,0 202,0 +30,0* 246,0 % 69,0
(g)
Percentage 235,0 *21,0 2160 = 9,0%* 2250 £15.0
elongation
L1 (mm) 27,8 + 6,3 223 + 48 27,0 £ 7,6
L2 (mm) 18,75+ 5,2 17,75 + 3,1 19,0 + 27
* P <0,1
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Human.

Colons obtained at autopsy were used for testing of the mechanical
properties. There was no practical alternative to the use of post mortem
material since those patients who have colectomies have colonic disease
and it is not safe to biopsy the human colon at laparotomy when there

is no colonic disease.

REMOVAL OF COLONIC SEGMENT.
In the Edinburgh group the whole colon was recieved intact shortly after

autopsy.

The colonic segments were excised directly from the body in the Ugandan
colons. The reason for this difference was to accommodate the departments
supplying the colons and cause as little inconvenience as possible in order to
ensure continued enthusiasm. Approximately 10 cm of bowel were excised

from the following sites (Figure 17):
Ascending colon . . 5 cm from the ileocaecal junction, where the diameter
of the colon appears more uniform.

Transverse colon . . the mid transverse colon as judged by the attachment

of the greater omentum and the middle colic artery.
Descending colon . . 10 cm below the splenic flexure.

Sigmoid colon . . the middle of the sigmoid loop. In Scottish colons this
site is usually 20-30 cm below the site of removal of the descending colon

but the sigmoid loop is much longer in the African.

The segments were irrigated with tap water to empty them of as much

faecal material as possible. It was noted that the Ugandan colons were
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generally much cleaner than the Edinburgh ones before irrigation. The
ascending colon was the most difficult segment to adequately clean,

especially those from Edinburgh.

Once clean, the segments were placed in individually labelled polythene
bags containing coarse salt. The segments were completely covered with
salt and the bag sealed. Coarse sea salt (Edinburgh Real Foods) and
Analar salt were used for the Edinburgh colons and even coarser salt (Gift
of the EEC to Uganda) bought in the local market for the Ugandan colons.
Those Edinburgh colons which were tested within 24 hours were placed

immediately into physiological saline rather than salt.

EXAMINATION FOR DIVERTICULAR DISEASE.

The remaining colon was examined for diverticula. This included close
inspection of the colon and opening it along its entire elngth and examining
the mucosal surface for openings to diverticula after washing the faeces off
under a tap. The diagnosis of diverticular disease by muscle thickness
alone was not attempted. Only the Edinburgh colons were opened to
search for diverticular disease. The Ugandan colons were not opened because
the city mortuary in Kampala was short of water and to have prolonged my
presence there by searching for diverticula might have stretched their co-
operation beyond its limits. It would have been possible to have carefully
examined the colons in Makerere University post mortem suite at Mulago
Hospital, but initially it seemed unlikely that I would be obtaining material
there. Diverticular disease is known to be extremely rare in Africans and
there was certainly no evidence of diverticular disease on inspection of the

bowel from the outside.
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SOURCES.
Edinburgh colons were obtained from fiscal post mortems and from the
Pathology Department, Western General Hospital. Before the post mortem

examination the body was kept at 4°C once delivered to the mortuary.

Kampala colons were obtained from fiscal cases and the Pathology Department,
Makerere University. The body refrigerator/cold room broke down the week
before I arrived in Kampala and there was little chance of it being restored
to function in the short term. The bodies were therefore kept at room

temperature (approximately 20°C).

The date and time of death were recorded, together with the patient's age,
sex and cause of death. Concomitant diseases such as malnutrition, renal
disease, etc. were listed. Colons from patients with jaundice were excluded
as were those with bowel disease other than diverticular disease and those
who were receiving steroid therapy. Some of the Ugandans'ages were not
known since Africans often do not know their age and in these cases an
estimation of age was made by local people. The colons received in

Edinburgh and Kampala are shown in Tables XI to XIV.

It was noted that the Ugandan colons had hardly any fat in the mesentery
or the omentum. All the Edinburgh colons contained a great deal of fat
except for the babies. Having been to Uganda and observed life there, I
am confident that the Ugandans eat their indigenous diet; they certainly

do not eat a Western diet.

Three sigmoid and two transverse colons were obtained from the Edinburgh
patients (all over 50). Two were undergoin resection for diverticular

disease, one for mucosal prolapse and one for carcinoma of the colon.
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STORAGE.

The colonic segments were stored in salt for 28-35 days in a sealed

polythene bag. Edinburgh colons were kept in a cold room (4°C), except
when being transferred for testing. Ugandan colons were kept at 4°C

in a refrigerator for 7-10 days and thereafter were kept at room temperature.
When travelling by air the colons were taken as hand luggage so that they
were not subjected to extremes of temperature and pressure such as might

occur in the baggage hold.

IRRADIATION.

Irradiation of all colons was carried out according to the health and safety
protocol at Ethicon Laboratories, Sighthill Industrial Estate, Edinburgh.

2,5 megarads over 9 hours was delivered by their Cobalt 60 plant and the
temperature rose to 43°C during irradiation. Irradiation was carried out

a few days before testing. It was not possible to irradiate the colons at

a fixed interval before testing but the interval was always less than a week.

Those colons which were tested within 24 hours of removal were placed
inside a thermos flask containing ice. The colon itself was in physiological
saline in a polythene bag, the ice was not in direct contact with the tissue.

The temperature within the flask following irradiation was 16°C.

PREPARATION OF TISSUE FOR TESTING.

Those colons which were stored in salt were placed in physiological saline
at room temperature for 2 to 6 hours to allow rehydration before being
prepared further. The colonic segment was cleaned of mesentery and fat
and laid out on a cork base. Care was taken to lay the tissue on the

base without tension (pins were not used), and two rings were cut from



TABLE XI. Edinburgh colons (32).

Time AGE ( years )

after Birth

death to 1lyr 1-15 15-30 30-40 40-50 50-70 70+ Total
0-12h 2 = 2 = “ = 3 7
12-24h 2 - 1 1 - 3Cl - 7
24-36h 3 = = = 1 de ld 7
36-48h 1 = 1 - 1 1 1 5
48+h 1 1 1 - 1 ld 1 6
Total 9 1 5 1 3 7 6 32

d = denotes 1 patient with diverticular disease.

Age range 24 weeks to 81 years.

Cause of death - 22 adults (12 male, 10 female)

Violence (RTA, fall) = 6
Suicide = 5
Myocardial infarction = 3

Infection = 3

Subarachnoid haemorrhage = 1

1.

2.

3.

4.

5. Malignancy = 1
6.

7. Haemorrhage = 1
8.

Not known = 2

99.
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TABLE XII. Edinburgh group.
Time after death  Diverticular
of removal of Disease
Sex Age Cause of death colon (hrs) present
F 57 yris Overdose 58 hrs Yes
M 20 yrs RTA 35 hrs No
F 70 yrs RTA 35 hrs No
M 70 yrs RTA 35 hrs No
F 41 yrs Overdose 24-36 hrs No
M 19 yrs RTA 12-24 hrs No
M 53 yrs ?overdose 12-24 hrs No
F 28 yr1s Overdose 0-12 hrs No
M 63 yrs Myocardial infarction 24-36 hrs Yes
M 70 yrs Bronchopneumonia 53 hrs No
F 68 yrs Pulmonary embolus and 27 hrs Yes
malignancy
M 67 yrs Acute bronchitis or 21 hrs No
chronic bronchitis
M- 9 mths Cot death 9 hrs No
F 52 yrs Subarachnoid haemorrhage 21 hrs Yes
M 5 mths Cot death 0-12 hrs No
F 74 yrs Not known 24-36 hrs Yes
M 63 yrs Head injury 42 hrs No
bronchopneumonia
M 2 mths Pneumonia, genetic disorder 60 hrs No
F 4 yrs Cardiac disorder, renal 48 hrs No
failure
F 27 weeks Premature birth 12-24 hrs No
M 24 weeks Spontaneous abortion 12-24 hrs No
M 40 weeks Microcephalic 12-24 hrs No
F 49 yrs Hanging 36-48 hrs No
F 43 yrs Bleeding gastric ulcer 72-84 hrs No
F 78 yrs Suffocation suicide 36-48 hrs No
F 30 weeks Premature birth 36-48 hrs No
M 37 weeks Intraventricular haemorrhage 12 hrs No



TABLE XII (continued).
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Time after death  Diverticular
of removal of disease

Sex Age Cause of death colon (hrs) present

M 74 yr1s Myocardial infarction 24-36 hrs No

M 36 yrs Unknown, ?overdose 23 hrs No

M 21 yrs Head injury, pneumonia 72-84 hrs No

M 22 yrs Multiple injuries 36-48 hrs No

M 9 mths Cot death 12-24 hrs No




TABLE XIII. Kampala colons (20).

62.

Time A GE ( years )

after Birth

death to 1 yr 1-15 15-30 30-40 40-50 50+ Total
0-12h - = - 3™ 1 . 4
12-24h - 1 3 2 z" o 10
24-36h. ‘- . 1 = - - 1
36-48h 1 . - = - 1M 2
48-72h 2 * > = = = 3
Total 3 1 4 6 3 3 20
m = denotes 1 malnourished patient.

Age range 36 weeks to 62 years.

Cause of death - 17 adults (13 male, 4 female)

Violence (assault, gunshot, electrocution) = 11

2, Infection (pneumonia, septicaemia) = 6

Associated malnutrition present in five cases, all dying of infection
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TABLE XIV. Kampala group.
Time after death
of removal of

Sex Age Cause of death colon (hrs)
M 19 yrs Skull fracture - assault 34 hrs

M 22 yrs Gunshot to chest and head 12-24 hrs
M 30 yrs Gunshot to face 12-24 hrs
F 55 yrs Assault, acute subdural 14 hrs

M 30 yrs Electrocution 12 hrs

F 30 yrs Pneumonia, malnourished 50 hrs

M 62 yrs Tuberculosis 18 hrs

F 42 yrs Pneumonia 12-24 hrs
M 30 yrs Road traffic accident 23 hrs

M 35 yrs Gunshot 14 hrs

F 20 yrs Ruptured spleen 14 hrs

M 36 weeks Premature birth - pneumonia 50 hrs

M 40 weeks Fresh stillbirth 56 hrs

M 30 yrs Assault - skull fracture 10 hrs

F 53 yrs Assault, anaemia 40 hrs

M 14 yrs Pneumonia 24-36 hrs
M 41 yrs Meningitis, malnutrition 17 hrs

M 44 yrs Malnourished, diabetes 6 hrs

M 35 yrs Multiple trauma 6 hrs

F 40 weeks Fresh stillbirth 48 hrs
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the segment with a template utilising a 33" Gillette raxor blade. The
cutting template was hammered rapidly through the tissue into the cork.
This gave a clean cut, with consistent width of ring providing folds of
tissue were unfolded prior to the cut. A 10 mm width ring was cut.
TIssue between the two cut rings was used to measure reference dimensions.
The rings were placed in physiological saline at room temperature until
tested. Spare tissue was discarded. The human tissue could not have

been accurately cut by hand and eye as was done for the rat tissue
because the bowel is wider than the scalpel blade. The tissue is also

too thick to allow a clean cut without hammering the cutting blade through
rapidly. Before assuming constant width after cutting with the template

a number of cut segments were checked for measurement using a ruler.

MEASUREMENT OF REFERENCE DIMENSIONS.
The floppiness and softness of colonic tissue makes measurement of tissue

dimensions difficult. Three measurements were required :

2 The width since this must be multiplied by the thickness to give
the cross-sectional area of the ring. As mentioned above a

constant 10 mm ring was cut using a template.

2. The thickness, to allow calculation of the cross-sectional area.
The method used was to place a piece of bowel wall taken
from between the two excised rings between two glass micro-
scope s