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L ABSTR\AC{' : -

Although a number of 1nvest1gators have 1mp]1cated a breakdown of
the internal e]astlc lam1na in human cerebral arter1es with the
creation of intracranial saccular aneurysms, a ggfect~or weakness in_
this tissue layer has not beén identified. Tﬁe main purpose of the
-research for’ this the§is was to describe the form and structure of the -
internal elastic lamina from human cerebral arteries. Since most .
aneurysms occur'in thelapical region of bifurcations a second

'conslperation was to compare the form and structure of the straighf
portions with. that of the bifurcations in order_.to determine whether a
difference exists.

Isolation of specimens from the arterial wall for examination by
the scanning electron microscope required the devé]opment of a specific
digestion technique and: a new method for assessing the dimensional
changes. The net isotropic shrinkage of the internal e]asfic lamina
following freeze drying was 6. 9 +°0.21 %.

Photom1crographs of the externa] surface of thée <internal elastic
lamina reveal a continuous sheet penetrated by numerous round
fenestrations with smooth borders. /Four ggometrical characteristics
based upon the diameter and nﬁmber of fenestrations in the field’of
view for every photomicﬁograpﬁ, were calculated for each specimen:-

i) Diameter: the averagehdf;ﬁeter of the fénestratﬁons,

i1) Density:. the numﬁer of>fenestrations per square nm,
iii) Percentage Area: pergentage of the surface area comprised of

fenestrations,

A fantepy
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‘Diameter, Densities,

. - )
\ d
b . M
R

iv) Ligament Efficiency minifhum width of a- so]1d band of

mater1a1 d1v1ded by centre to centre d]stance for two or a

-

ser1es of .adjacent” holes., . \

¢

Computat1on of: the four geometrical character1st1ts for

cy11ndr1ca1 segments of cerebral arteries revealed that the D1ameter

w1th d' decrease in arterial d1ameter (3 6 M to 0 7

4 ’

decreased 1inear]

K
inm) wh11e the Density incréased in a non- linear relationship with the

most.rqp1d increase evident for the smallest diameter arter1es. The

.conbined effect was for the Percentage Area to geperally-increase with

S
the smallest diameter,irteries while the Ligament Efficiency réﬁained
. : J \ ' , ,

essentially constant.

A replication of-the fenestratYons in a photomicrograph, and a

geometricﬁl model (uniform array of holes w.ith the same diameter) with

1

an equivalent figament efficiency were created in latex sheets for

three cylindrical arterial segments with different external'diamecers. 2%
The uniaxial tensile characteristics fot=the rep]ication‘and |
geometrical models were comparable for each specimen a]tnough the

Percentage Areas’ and Ligament Efficiencies among

The changes for several spat1a1 geometr1ca1

~<

these specimens differed.

L]

parameters of the fenestrat1ons were also dOCUmented during

elongation. - ' ) - "

Al .

A comparison of the four geometrical characteristics in the
apical region of bifurcations with the circumjacent region, revealed a

s1gn1f1cant increase in the Dlameter (7.0 + 0.34 SEM pm versus 2.1 +

N

0.13 SEM ym) , Percentage Area (15.0 + 1.1 SEM % versus 1.8 +

AW

’




‘ 0.2 SEM™%) ang-decrease in Ligament Efficiency (0.65 + 0.08 SEM versus
: 0.86"+ 0. 006 SEM) A compar1son of the stress concentrat1on factors .
(én]arged and c1rgmn3acent reg1ons) revealed the potent1a1 for a
) substant1a1 intrease in the stressffor the region of enlarged
,fgne;trations. ' : o ‘ /}“
. fhe Qniéxia] tengile chaéacterisgics $1atex sheet) for
replications of regions éf enlarged in relation to normal
) ﬁqqestrﬁtibns, -revealed an increase in elongationh of 47 + 0.06 U 4.
Since this result indicates ?hat a region of enlarged fe;eglrations
._shoufd bulge more than ihe surrounding fegion of d?rmaTifénestrations,
the proportibna] thanges Jin the shape of the bulge were evaluated, A~
comparison of the spatial geometrical parmneters revealed that the area
of the gnlarged fenestrations increased at an order of magn1tude faster
than for circumjacent fenestrations. - It is proposed thﬁt the regions
of enlarged fenestrations represent a,weakﬁess in the internal elastic

1agpna which may pTéy a prominent role in the‘etiology of intracranial

saccular aneurysms, . -

° -
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' Chapter I
GENERAL INTROBUCTION

7

1.1 Hiétorica] Perspeé;ive
Arteries ére the tubes within the body which conduct glbod from '
the heart to the peripﬁery of the circulatory §ystem.I|Dur1ng the
pumping cycle of the heart the arteries expand to accept the~volume of
-*blood,  but they retract during theufilling cycle to maintain pressure
- Within the system. The @ajor stnuctura{ cunpoﬁents of the arterial |
wall are: elastin which is thought to be highly distensible; smooth
muscie which can regulate the diameter of the artery; and co]laggn
which is stréng but relatiQé\y indistensible (Ham and Chrmack{ 1974).
The wall df the major cerebral arteries consists of four principal
1ayérs. The innermost layef-in contact with the blood is a covering of

¥

endothelial cells affixed to a basement mgmbrane. Thelgext layer is a

3

single continuous sheet of elastin (internal elastic lamina). The

central layer or media is composed of circumferentially oriented smooth

muscle witH an intercellulaf substance and some collagen holding them

-

together. The collagen in the outer layer (adventitia) may serve as a
sheath to restrain over-expansion of the artery. The single elastin
and smooth muscle layers account for the particularly thin wall of the

4
- ;’Q:

cerebral artery. -

The traditional method for studying the form and structure of theé
wall of cerebral arteries has relied upon the interpretation of
‘ 3 N
+ transverse and longitudingl se?ialfgngTéhs.‘ An alternate method is to

examine the surface of a ljyer of tissue. Dees (1923) was the first to

use this alternate method ih order to describe the surface of the - - ' ///

1 -

\




internal elastic lamina from thé aorta of humans and cows as a
fenestrated membrane. . Hassler (1962) exaqined the surface area of the
internal elastic lamina from a partjcu]ar segment of 'the huma cerebral
ci;cufat{on for newborns to 90 years of age.- He reported the\first

data on the size and spatial distribution of fenestrations (windows) in

. the internal-elastic lamina.

There have been a number of studies describing the mechanical

properties of the wall of cerebral arteries. Busby and Burton (}964)~

o

studied the effect of age on the e1a§t1cily of major brain arteries and

found t the distensibiiity decreased with age but the stiffness‘was
not affectdd even though the content of collzgéh fibres in the arterial
wall increases. only stud} which specifically atfempted to relate
the mecﬁanica] characteristﬁcsrto ;he structure of the arterial wall
was performed by Damude et al (1977)." Their method tested khe whole .
arterial wall aftér‘;reatment by various digestive procedures. The
preferred technique of testing the individual components isojpted from
the'EFEZFial wall in order to determine the relative coptribution to
thé méchaniéalfpropefﬁies has not been conducted because of the
technical problems involved. ’

The” segment of the arterial tree which separates’a single artery
into two branche§ is termed a bifurcatipn. The fTow stream Jimpinges on

the apex or carina‘of the bifurcation and is similarly divided. The

"apical region of the $ifurcation i§\of particular interest because it

/
is the predominate site for the formation of saccular aneurysms which
are dome-shaped outpouchings of the arterial wall. The predominate
consequences® of their formation are continuing en®argement, bleeding

X .
and possible rupture that may cause death. The rypture of intracranial




saccular aneurysms is one cause of subarachnoid hemorrhage which is a
principal cause.gf stroke. It has been determined from autopsy reports
that about five percent of the population may be afflicted by
aneurysms, either rupturen or unruptured Unfortunately, the symptoms
of an aneurysm ere‘net/ev1dent until s1gn1f1cant bleed1ng or rupture
;Ps occurred., . - B | ‘ ﬁf

There has been considerable progress in the surgical and medical
treagpent-of aneurysns. However, the understinding of the formation,
enlardement and rupture has not progressed as rapidly. )

The wall of an tntracrania] saccular aneurysm is mostly‘collagen
with only .fragments of elastin (Hassler, ?!gl Nystran 1963) Since
collagen is the least d1stens1ble of the components compr1s1ng the

3
arterial wall, it was postulated and confirmed #n a study by Scott gtz
al (1972) that intracranial saccular aneurysms are less distensjble
than cerebral arteries. Scott et al (1972) also renorted that the wall

thickness of- saccular aneurysms was reduced in relation.to the cerebral

artery. As a result, the«factors of.increased systemic pressure,

inereased radtus of the aneurysm during enlargement and sed
thickness would intensif} the stress withip the aneufysm wall which
increases the l1ke11hood of rupture (Ferguzen, 1972). Aneurysms that
rupture are usual]y larger than 4 mm diameter (Crompton, 1966;
Crawford, %959, McCormick and Acosta—Rue,,1970). “Since aneurysms of
various diameter have been observed, en1argement would ap@ear to be a
response to a physical process%rather than a congenital abnorﬁa]ity.
A]thnugh it has been assumed that the formetion of an ;neurysm is

related to a defect or failure mechanism of the arterial wall, there

*
remains considerable debate about the particular mode of failure.
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arteries whi%h he contended was a 1oca[ weakness but he did not show
that the defect could compromise the integrity of the arte}ial wall.
Nevertheless, Forbus (1930) did acknowledge that "there are convincing
facts which cause us to regard the strength and persistency of the

internal elastic lamina as a factor of greatest'significance in.the

development of anatomical aneurysms". Glynn (1940) confirmed that the
integrity of the cerebral artery with natural or artificially-induced
defects in the media but with the internal elastic lamina intact could
be maintained, by demonstrating that the artery was still capable of
withstanding 600 mm Hg pressure without rupturing or bulging.
Thereafter, it has bé;n acknowledged that degeneration of the internal ‘
elastic lamina iﬁ the apical region of the bifurcation is a necessary

-

event in the forma;igg‘gi intracranial saccular aneurysms., A‘number of+

w4

authprs (Cajander and Hasgler, 1976; Lang and Kidd, 1965; Nyst}dm,
1963;M5ahs; 1966; ?orbus, 1930 and Stehbens, 1963, 1975) have reported
"degenefation" or "fragmentat{on" of the internal e1a§t1c lamina in .
assoc#ation with aneurysms. The°prob;51é cause of this degeneratioh is
thought td be related to mechanical factors.

There have not been any s;udies which havé measured the for:és
present in the wall of cerebral arteries (straight or bifurcatiom) 6r
of aneurysms, which could resolve some of the factors affeFtinq the
formation, growth and enlargement. However, Macfarlane (1975) in a

unique study of the bifurcation, observed changes in the internal

apical curvature (i.e., luminal or inner surface) which for some

specimens involved flattening of the curvature at or near the apex,

His computation (using the Law of Laplace and a number of simplifying
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assumptions) of the apical wall tensions %n orthogonal directions,
revealed that{the phenomenon of apical f]gttening may account fbr ther
development of an extremely large wall stress in the direction of the
internal apical curvature. , |
Hassler (1972) has observed enlarged fenestrations in the “internal
elastic lamina located in‘the neck region of aneurysms, but did not
comment on their size with respect to the results from hi;zg;evious
stﬁdy.(Hassler, 1962). The observation of eﬁlarged fenestrag}ons was
particularly interesting since it is an established tenet‘of'

engineering practice that holes, especially larger holes or an

increased number of holes, weaken a structure. '

1.2 Objectives
The principal objective of this investigation is to characterize

the form and structure of the inpernal e14§t15 lamina fram human

[

cerebral arteries. A supp1emgntary consideration is to examine the

[

form and structure of the fenestrations in the internal elastic lamina

of the apical region ofy bifurcations in order to determine if a
P

difference could be identified. This diffegence was then evaluated to
%

determine whether it co‘ld contribute to the c¢reation of intracranial

saccular aneurysms,

v
1.3 General Format of the Thesis

' ‘The characteristics of any material or tissue may be described by
composition, form and structure, and physical properties. After some
reflection which included both a review ofsthe existing literature and

a series of preliminary studies, it was decided to investigate the form

-
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and struc?ure since ‘the phy51cahupropert1es are influenced by this

character1st1c. Delineation of phys1caT4%haracter1st1cs remains a more
difficu]t problem, sincp appropriate test procedures have not been
developed for assessiﬂéfa single layer buried within the multi-laminate
wall of the artery. Furthermore, the éffects on the physical
properties of the various procedures for .isolating fhe tissue layer
have not been adequately assessed. |
The method chosen for establishjng the form and structure involveg
the use of t&e scanning electron miéroscope. In order to prepare
suitable specimens and to assess potential artifacts, two digressions
were necessary for the pgrpos@ of ;-
. i) developing a procedure for isolating
the {nternal elastic lamina from the
arterial walls.
ii) measurement of thé shrinkage during.
preparation of t1ssue.
The description of the form and structure of the fenestrations in the
internal elastic 1am1na_1nc1uded a series of existing variables but
also introduced a single variable (ligament efficiency) which reflected

the combined influence, on an equivalent basis, 'of two Single .

varl/Blg N

A data base for the complete group of variables was established
for the internal elastic lamina from straight segments in the arterial
tree. The straight segments represented a range of diameters of
cerebral arteries from the circle of Willis towards the periphery of

the arterial tree. The geometrical characteristics for select groups

/ ) . . . . .
of fenestrations in the apical region of bifurcations were compared,

»

{

\
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with the same characteristics of the fenestrations in the circumjacent

.
region. ~A distinct, statistically significant change fndicative of a i
" defect or weakness has been identified. . - §
. Since the physital charactentstics of the.regiohs demonstrati ’ %
this ahomaly could not be determined with the actual tissue, yhichﬁj:\zx\ . i
,too small and inaccessible, the photomicrographs representing the ';
tissue were replicated in thin sheets of latex rubber. The : 3
characteristic physical behaw{our and elterations .in the spatial | N )
geometry for various conf1gurat1ons of the fenestrat1ons were assessed
by uniaxially stretching the latex models. The phys1ca1 behav1our for _
both the reg]ication and the uniform configuration with entequivalent
ligament efficiency were compared in order to vaTidate\the !
effectiveness of ligament efficiency to represent the actual spatial ’ T

geometry. Another benefit of the models representing the tﬁssue was to
suggest relevant trends and st1mu1ete complementary stud1es wrth the
actual tissue.
It is my philosophy that the process of indSQative research begins . .
w1th the establishment of a fim foundat1on by comb1n1ng an analys1s ‘
of the present 1nformat1on with the execut1on of rigorous ‘
investigations foR4the purpose ‘of expand1ng the existing scientific
knowledge. The ultimate aim of this process is to postulate a
comprehensive explanation of the matter under investigation. ‘Although
the research” to be presented in th1s thesis will not resolve e1ther the
factors mhich dictate the form and structure or the,role og_the Y
internal elastic lamina in the formation of saccular aneorysms, it is N
hoped that the.results represent a basis for a new perspective thet mayA o

eventually contribute to the complete un&erstanding of theﬁetiology of

- 1
intracranial saccular aneurysms.
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Chapter 2
EXAMINATION OF TISSUE -WITH THE SCANNING‘ELECTRON MICROSCOPE

2.1 Inb%é?uction

The scanning electron microscope has been used successfully for
numerous studies in b;ology and'medic{ne. The major advantages of this
instrument are the -enhanced resolution capability (less than 50 i) and
the greater depth of fje]d (about 500 times that of light_microscopy).
Although it is not capable of the high magnifications inhérent with the

transmission electron microscope,.it produces an image of three

*“Ohmensional quality which depicts a larger region of surface

topography. Rapid progress in both the‘techniques of spécimen
. ]

preparation and instrument design.are responsible for the wider

o

application of scanning electron hicroscopy to biomedical

_iavestigations. ’

.

The preparation®of the tissue is particularly important jn‘fﬁ;
investigations to follow s{nce the tiss&e of interest (internal e]ast%c
Tamina) is buried within the artéria] wall. This requires isolation of
the internal elastic Tamina by }emovihg the tissue Qbstructing the
surface to be viewed, without distorting the structure of the tissue of
interest. Secondly‘ quantitative -information is to be derived from the
photomicrographs which demands consideration of all factors that could
,§ignificéﬁ?7y {pflu nce the accurate measuremeqt of the variables.

This chapter provides a basic description of the function of the
scanning electron,mictoscope as well as an assessment of the various
specimen preparatién téchniques for isolation of the internal elastic

.Tamina from the arterial wall. A new method for determining the

[




dimensional changes associated with the preparation of tissues will be
described and used to assess the change in the internal elastic lamina. -
The correction factor.established in this section will be applied to

the results in subsequent sections to account for the distortion,

»

2.2 Basic Technica1'Description of the_Scanning Electron Mic;oscope
A line drawing of the essential c&mponents of the scanning
electron microscope is presented in figure 1. The scanning electron
microscope image is produced by irradiating the specimen with a finely
focuséd beam of electrons. The beam jk generated in an electron gun
which produces a stream of electrons with energies from one to fifty
keV. The electron stream is accelerated past two or more condensing
lenses that‘conéentrate the beam. Deflection coils positioned between
the }gst two lenses (or within the final lens) deflect the beam during
a sé;ies of repeated sweeps (television rastgr) in a rectangular shkape
over the samp1é. Tpe scan generator, whichfcontrols the sweep signals
of the column defléction coils also synchron;zes the def]ectién coils
for the ‘thode Ray Tube (CRT) in the-display. As a result the
position of the electron beam on the specimen corresponds with the spot
on the CRT of the d1splay (Black, 1974). . s e
The electron beam creates a small spot of electrons (50 to SOO}indéi
diameter) on the surface of the specimen which penetrates the surface .
to produce a varigty of signals described as secondary electrons, back

scatter electrons, characteristic x-rays and several other types of

raltiation. A detector that is sensitive to the particular output

- signal from the specimen is connected through a video amplifier to the
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grid of the display CRT. The intensity of the electron beam in the
display CRT is modulated by the strength of the signal transpitted to

the CRT grid from the detector. Therefore, as the spot rapidly sweeps

across the screen of the display, the brightness is determined by the

quantity of electrons liberated from the specimen. A depression on the .

specimen will appear as a shade of black while a projection will appear
white on the screen of the display CRT. The 1hage which is presented
on the face of the display CRT is actually constructed on a
point-to-point basis as the raster is executed. |

The magn;fication is controlled by varying the size of tﬁ; area
that is scanned on the specimen. Therefore if progressively smal]er
areas were to be scanned, the magnificafions would increase since the
image must be enlarged to fill the size of the display CRT; The range
of magnifications is generally from 15 to 100,000 times.

The depth of focus for the stanning electron microscope may be 100
or more times the beam diameter which is usually in the range of
2,000 K to 2 ym. One of the considerations unique to the examination
of any biological tissue is that the dried specimen may not be
conductive and therefore must beﬂé%ated with a thin, uniform layer of
conductjgg‘materia] in order to prevent bright %1ashes (charging). In
order to prevent contamindtion of the evacuated column containing the
specimen and to ensure an adequate bond between the coating the
specimen, tissues §re generally dried prior to coating or frozen jf a
cryogenic stage is available (coating is not ngcessany).

oy

2.3 Specimen preparation Techniques

Initial attempts to examine the luminal surface of the human

L

LI




internal elastic lamina with the scangfing electron microscope revealed

a covering of endothelial cells and Basement membrane., -It was
necessary to remove this layer of tissue a#g to clean the surface of
the internal elastic lamina of extraneous microfibrils and collagen
fibres identified by other authors (Sheppard, 1972; Ross and Bornstein,
1971; Stemerman, Baumgartner and Spaet, 1971). A series of treatments
were applied to cat carotids in order to evaluate the effectiveness of
various treatments. The treatment procedures are presented in
Appendix I, section (i). b

| In order to expose the elastin fibres believed to be contained
within the internal elastic lamina it was presumed necessary to remove
the ground substance, Cat carotids were again used to evaluate the
digestive properties of three procedures. The procedures are.presented
in Appendix I, section (ii). “

As a result of the previous experience with EDTA, formic acid,
guanidine hydrochloride and ‘sodium hydroxide qpplied to cat‘cgrotids;
it was decided to subject human cerebral Snteries to a similar series
of treatment. The treatments are presented in Appendix [, section
(1i1).

The structure of the internal elastjc lamina from cat carotids has
been shown to be a thin fenestrated sheeg interwoven with a jumbled
mass of fibres (Figure 2). The human internal elastic lamina also
revealed a fenestrated sheet but the treatments applied in this study
did not isolate the elastin fibres that had been anticipated. -

Imaizumi, et al (1975) have also observed a "hot alkali-insoluble

elastin" in the cerebral arteries: "The concentration of this insoluble

@
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Figure 2 Luminal surtace of the internal elastic lamina from
cat carotids, Horizontal fiald of view is 0.325 ma.




elastin was higher than fhat of the coronary arteries and aorta, and

gradually decreased with age. - B

Feneétrations in the cat carotids varied in shape with a range of
diameters from approximately 19.5 ym to 27.6 pm and a densify of 400 to
500 per mmz. The human cerebral vessels also contain an abundance
of fenestrations but the size is only 2.0 pm to 2;8 pm and the denéity
is about 4,500 to 6,000 per mnz. Consequent]x, the fenestrations
of the cat carotid represent about 30 percent of the surface area while
the human cerebrq] artery'fenestrations represent *only about 2 percent
of the'surface area,

[t is interesting that the internal elastic iamina became detached
from the remainder of/fhe arterial wall when treated with.formic acid,
collagenase and sodium hydroxide. Sheppard and French (1971) noted
tha?ﬁthe fenestrations of rabbit aorta were filled with collagen
fibres. In view of these two factors it is possible that the

Y? | fenestrations filled with collagen fibres might act as pil]arf to
attach the internal lamina and intima to the underlying tissue. In
order ;o explore the validity of this idea, two techniques were used in l :
an attempt to remove or reflect the internal elastic lamina from human
cerebral arteries and examine the interface between the internal
elasgic lamina and the underlying tissue. The two techniques were 1)
to manually sérape or cut and reflect the internal elastic lamina, and
2) to detach the internal elastic lamina with the use of a cannula

3 .
attached to a vacuum source. These techniques were applied to separate

specimens attached to a cork backing. The specimens were then fixed in

2.5 percent phosphate bufféred glutaraldehyde and prepared as described




N

elastic lamina were revealed (Figure\3) but neither the type of tissue

nor the méthod of attachment to the int rga] elastic lamina codld be
distinguished. : BN

A

\

2.4 Conceptualization of a Method for Measurié Dimensional Changes
2.4.1 Introduction

~ Following the initial use of the secanning elegtron microscope to,
examine the morphalogy of biological tissues, the techniques of
tissue-specimen preparat{on have undergone freéuent scrutiny. The | .
elimination or reduction of dimensional ch§nges, usually attributed to
fixation or the dehydration ipd dryin; process, remains a constant
concern, The lack of specific characterization of the 'dimensional
alterations can confuse "the identification, description and

interpretation of the £issue morphology. Further, some features (e.g.
surface striations oriented perpendicular to the longitudinal axis of
endothelial cells, Kawdmura et al 1974) have been attributed to a
specific drying technique without verification that a dimensional
change had occurred,

Many investig§tors acknowledge the existence of dimensional

changes in the form of shrinkage.}_ﬂeverthe]ess, most investigators
have either described the vaéiations in fhe form and structure
according to various drying techniques applied to separate specimens of

the same tissue (Lamb and Ingram 1979) or presented vague

generalizations such as "little shrinkage occurs" (Bowyer 1977) or

\

“less shrinkage artifact" (Gerrity 1977).
.
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k 3 Figure 3 Strands of fibres between the internal elastic

lamina (upper surface) and wmedia (lower surface).
- Horizontal field width is 0.23 mm,
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A variety of methods have been developed to acquire quantitative

information about shrinkage. Boyd'gé_gl (1977) used three te&hniqhes
to determine the dimensional changes for fresh éhbf}bnic énd brain
tissues during fixation, dehydration and/arying: _1; direct: 1inear
measurements with an eye-piece graticule in an optical microscope; 2)
direct area measurements using a Quantimei 720 i&age analyzer {(QTM 720)
'with a light microsébpe input and; 3) indirect linear measuremnent from
photo%raphic negatives. Further studies of liver and brain tissue by
Boyd and Boyd (1980), Boyd and Franc (1981) also made use of the

Quantimei 720 image and analyzing computér system thgh converts an,

areal measurement into linear dimensions. \

! '

This technique developed by Boyde et al (1977) converts the before
and after areas defined by'the’éut]ine of the "square" boundary éf the
spegjmen into a linear dimensional changé. In order to obtain reliable
data, a distinct perimeter is required. It is not c1é§r whether the
shrinkage is computed as an average of the linear dimensionai changes
of the specimen boundaries or from the ratio of the areal &imension,
changes of the coméaete surface of the specimen. 'Moqeover, only a
gross shrinkage is specified and the mefhod has not been aéapted for -
delineating anisotropic (different properties in d{fferent directions)
or orthotropic (different prop?rties in orthogonal directions) from
isotropic (same properties in all directions) dimensional changes.

Consideration of whether the\shriﬁkage of tissue could be
orthptropic or anisotropic rather than isotropic has been virtually “
ignored in the paﬁt. The presence of orthotropic or anisotropic

shrinkage would distort the morphology of the tissue resulting in an

inaccurate interpretation of the structure when viewed by the scanning

17
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- < electron microscope.

' ", Recently, McGarvey et al (1980) compared the results for ’ : .
measurements taken from photomiCﬁographs obtained by scanning electron
micrbspopy of silver-stained endothelial cellg, with casts of the same
tissue from different animals obtained in vivo and. found anisotropic L
shrinkage'which varied with the aryi;g technique, This techﬁique is
applicable-specifically to the assessment of enddthelial cells.

Schneider (1976) comparéd the measurements from a differentiaf
interference contrast microscope and photomicrographslfrom the scanning |
' electron microscope, to determine the reduction in the mean diameter of
1ymphocytés during preparatfon of the specimens. This technique 1;
also specific for the assessment of the dimensional changes of this
cell type. Gusnard and Kir;chner (1977) used a.similar technique ‘

H

(phase contrast microscopy) to assess the shrinkage of isolated mouse

v

liver nuclei and human erythrocytes.
Since a primary objective of this ré?%érch was to examine and
= quantify the structurai featufes.of arteries and, in particular, the
internal elastic lamina within human cerebral arteries, a technique was
 required that would provide information, pertaining to: . the gross
shrinkage; a comparison of $hripkage between the longitudipalnand
circumferential orientations; and regional disparities in the
shrinkage. It was‘aTso desirable that the technique withstand
freeze-drying and/or critical boint drying with graded acetone .
) dehydrét;on. A new method which accommodates most of the abov;
requirements has been developed and will be described. It is

anticipated that this method could also be used on other tissues with a

", reasonably flat surface region. .

N




2.4,2 Description of the New Method

The conceptual basis for the procedure to be described below is

that all points on the surface of a material which undergoes a
dimensional..change (expansizn or contraction) will adjust their spétial
location by moving either closer or further from every other point, by
an amount proportional to the initial distance between the points.
Therefore, if a sing[e point is arbitrarily selected from a random or
systematic array of points on the surface of a material, then any
dimensional ;hange can be computed as a proportion between the single
point, and the initial and final disténces for each of the reméining
marker points. The proportional distances can be expressed with -
respect to a rectangular coordinate axis, with its origin at the single ‘
point, or as the direct path between the single pgint and each marker,
The proportional change along the direct path between the points
represents the actual shrinkage or expansion. The proportional change;
with respect to a preferred axis would isolate whether the changes are |
isotropic or anisotropic. Localized variations in either of the abqgve ;/
proportional changes would indicate possible distortion of the f/
material. ’ e

Fresh specimens of the desired tissué.are mounted, and then
affixed to a firm backing such as cork (stiff specimens.may not require
this step). A random array of marker points is next applied to the
surface of the wet specimen. For the purpose 6f the énsuing
discussion, the term "wet specimen" will refer to either the fresh or
fixed specimen; the term "processed specimen” will be used for
subsequent observations obtained from the same specimen after the

various stages of fixatjon, dehydration and/or drying.

N
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A suitable marker system has been devised which consists of a

mixture of fluorescent polystyrene microspheres * with a range of
*

diameters from 9 to 12 ym and a cyanoacrylate adhesive . A very

B -
watery mixture is produced by adding approximately 0.5 mm3 )

fluorescent microspheres to 2 or 3 drops of cyanoacrylate adhesive,
The proportion of microspheres to cyanocrylate adhesive should be

adjusted until only a few discrete microspheres are evident in each

dab of the marker system applied to the surface of the Specimen. The
Tow viscosity (1-40 cP) cyanoac}ylates were found to be preferab]e‘
since the microspheres did not represent distinct points with the use
of higher viscosity cyénoacrylates. This may have been due to

# attenuation of the ultraviolet light by the filler substance added to

increase the viscosity or a thicker coating covered the surface of

the microspheres.

Dabs of the marker systems are applied tq the surface of the ..

-

tissué by a fine g]azs fibre with an approximate, diameter of—é pm

which has been drawnlto a long tapered tip of about ,10 to 20 pm.

The procedure for applying the dabs consists of cleaning the glass

tip in acetone, dipping the tip in the marker mixture anq.briefly

touching the tip to the specimen, once or twice. This procedure,

which is_best performed with the aid of an operating microscope, is (:\
repeated until the surface is dotted with an adequate array of marker

points.//Cé}e must be exercised during the application of the dabs to

+ Fluorescent Polystyrene Microspheres, Particle Information
Services Inc., 2957 Woodland Park Road, P.0. Box 702; Grants

Pass, Oregon 9752

* Ethyl-oc-cyanoacrylate (product designations 414, 495) Loctite
Canada Inc., 515 Timberlea Blvd., Mississauga, Ontario, CANADA
L4S 2S3
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avoid air-drying of the specimen. In”éﬁis case, adequate wetness was.
assured by occasionally applying a drop of distilled water to the

surface of the cork adjacent to the specimen. The water permeates into

[3
- <r,

the cork and flows under the specimen. > -

"Under ultraviolet illumination the microspheres encased in

cyanoac}ylate cement appear as dots on the surface of the specimen,”.
'even when the specimen is very wet? The cyanoacrylate adﬁesive is an
excellent adhesive for bénding the microspheres to the wet swrface of
the tissue, s*&: the "adhesive is reasénab]y non-stringing (i.e. does
not tend Fo form strings); polymefization is initiated by tHe presence
of moisture; contraction of the adhesive duri&g curing js negligible;

it transmits ultraviolet light; and it does not appear to advePSely

affect the surface of the tissue.

Following tﬁe application of the marker points, the wet specimen
complete with backing is placed on the adjustable stage ‘of a light

microscope with the preferred axis‘gg,the specimen aligned with the

long or short axis of ‘the camera back. The requirement for the

‘orientation of the specimen with respect to a preferred axis is

-

~optional if an assessment for the'presence of anisotropic dimensional .

changes is not to be considered. The surface.of the specimen must be |

aligned perpendicular to the optical axis o% the microscopé. ”~.
The light microscope ig equipped with.an ultraviolet light source

and appropriateifilter arr&nged to provide EPI-illumination (praferred)

or incident-]igpt illumination for fluorscence microscopy. The

selection of”objective and eye piece lenses is dependent upon the size

of field to be viewed. An objective lens with a large working distance “é
AY
is recommended, otherwise condensation from the wet speacimen will form .-
\




DIMENSIONAL CHANGE

MARKER :
. Y -CHANGE X-CHANGE RADIAL CHANGE
: (%) (%)- (%)
2 -3.4 -3,2 -3.3°
3 -1.8 -3.0 -2.0
4 -5.4 -5.1 -5.3
5 -5.2 -6.8 -5.5
~ b -4.1 -6.7 -5.8
7 -6.3 -6.0 -6.1
8 -6.0 -5.4 -5.5
9 -4.8 -5.6 -5.3
10 -4.7 -5.9 -5.4
1 -5.0 -5.3 -5.2
12 -2.1 -5.6 -5.1
13 -2.9 6.4~ -5.7
14 -4.4 -5.5 -5.1
15 -3.7 -5.7 -4.8
- 16 -3.7 5.9 -5.0
17 -4,0 -8.4 -6.1
18 -1.9 -8.1 -5.5
19 -6.5 +3.0 -5.5
20 -2.7 1.0, -2.2
21 -2.7 -1.3 -2.2
22 -3.4 -4.3 -3.9
23 -2.6 -4.3 -3.6
24 +1.6 -3.6 -3.4
Mean (%) -3.7 -4.8 -4.7
S.D. (%) 1.8 . 2.5 1.3
S.E.M. (%) 0.4 0.5 0.3
- an

Table T Linear freeze drying shrinkage of glutaraidehyde - fixed
' internal elastic lamina from one specimen of human

cerebral artery.

the numbered markers shown in Figure 6,

»

Dimensional changés correspond with




—

An example of the photomicrogragﬁgifor thé wet and processed
tissue is illustrated in Figures 4 and 5 respectively.. The tissue in
this case is the internal elastic lamina from human cerebral arteries
which has been isolated by the technique described in Section 2.6.2.
The preparation procedure for examination by the scanning electron
microscope is fixation in 2.5% glutaraldehyde followed by
freeze-drying. :The horizontal or long dimension of the photomicrograph
represents the longitudinal axis of the artery and coincides with the
X-coordinate axis. The vertical girecfion represents phe Y-coordinate
axis or circymferentia] direction of the artery:’ The honeycomb
pattern, partly visible in the background of Figure 4, is the cork
backihg;

’The negative for each region of the wet specimen is mounteq in an
enlarger and.the imageiprojected on tracing paper. Two pofnts
corresponding to the bottom corners of the projécted image which
indicate the orientation of the preferred axis are marked on the
tracing., These are represented on ghe tracing illustrated on
Figure 6 by the “+" marks at the bottom. The outline of each dab of
cyanoacrylate adhesive %or the weg\fissue is traced and the poéﬁtign of
each micrésphere or particle is marked: The continuous lines and solid
cirgles in Figure 6 represent the markers on the wet specimen ‘
i1lustrated in Figure 4.

The negatives for‘the corresponding regions of the progessed
tissue are next mounted iﬂ an enlarger. A marker point ﬂusua]]y a
fluorescent microsphere) common to both negatives is selected as the

single point (marker 1 in Figure 6) to be superimposed. The preferable

Tocation of the single point (designated common point) is near the

\
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Figure & A photonicrograph illustrating a region
. . of markers on the surface of a wet specimen
. of the internal clastic lamina from a
human cerebral artery, (Horizontal field
width: 2,2 mn) ) - o

e




Figure b

The corresponding phutom1cro§rapn of the same
region as shown in Fiqure 4 after freeze- .
drying, (Horizontal field width = 2.2 wm)




The composite tracing for the locations of
the markers illustrated in Figures 4 and 5
(Horizontal separation of "+" marks = 2.2 mm)
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centre of the region to be analyzed to ensure a balance of marker

points about the common point, but marKgrs nearer the periphery are
also acceptabie. r
The tracing of the location of the markers on the wet specimen is
aligned such that the common points coincide, and the wet spécimen
tracing rotated until the markers on the processed tissue are P
appfoximate]y Jocated between (for the case of shrjnkage) or beyond =
(for the case of expansion) the corresponding markers on the wet tissue
and the common point. 'Eﬁgct positioning is unnecessary since a
computer programme has Been developed which optimizes the location of
the set of markers og the processed tissue tracing with respect to the
wet tissue tracing. The process of tracing the outline of the dabs of

¥

cyanoacrylate adhesive aﬁd marking the position of each microsphere is
repeated. A sequerice of photomicrographs represgntiné the adjustment
of the focus to accommodate undu]at;ons in one region on the sprface,
are superimposed, one at a time; and the disﬁinct portion of the
photomicrograph is reproduced on the tracing, The results fér ther ;
prog§ssed tissue illustrated in Figure 5 are represented by the broken
lines and open circles in Figure 6. The combined tFacing for the wet
and processed tissue has been termed the "composite".

The range of 9 to 12 pm,for the diamter of the microspheres was
purpose1y|se1ected in order that the projected image of the
photomicrograpﬁs, which represented a final magnification of 144X, .
would result in a mean diameter of 1.5 mm for the micropheres.

- -“Discrimination of microspheres and outline of the cyanoacrylate dabs- is

greatly enhanced by viewing the projected image rather than examining

the prints illustrated in Figures 4 and 5, since the fine detail is

lost.. ‘:a§:;5 . -
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The coordinates for each pair (wet and processed tissue) of

markers selected from ava{lqble markers must be determined in order to *
gompute the relative dimensional changes. Each field of view
(photomicrograph) was adequately represen&ed by about 20 to 25 pa;rs of

markers. Usually only one or two microspheres are selected as markers

from each dab of cyanoacrylate, siAée additional markers frpm the same

dab represent unnecessary duplication, unless the dab is very long in

shape. Examination of the marker points by sc;nning electron

microscopy (Figure\7) revealed that the cyanoacrylate dabs were

shrivelled in appea}ance or resembled caps and did not create any

. significant distortion of the tissue which in this case was very
delicate. Furthermore, the dabs demonstrated some pliability since the
radial dimensional change (Table 1) of marker 24 was comparable to the
me;;';adial dimensional change, even though-it is encased- in thg same
dab as the common point. The tissue beneath some of the dabs appeared
to form a slight hump which could have been produced, probably during
drying, as a result of the prese&ce of the dab. The humps were more
prevalent for either thick dabs or the Higher viscosity cyanoacrylate.

- Indiviﬁﬁal microspheres without an appareﬁ% encapsulation by the

- cyanoacrylate are selected with caution since the migrospheres €5u1d

have been ;rratica11¥'disp1aced from their position by the drying
process or handling. The measurement of isolated microspheres
;prinkled on the éurface (i.e. without adhesive) provided a more
discrété marker and similar results for the shrinkage, but the
dispersion of gpe data (standard deviation) was increased considerably.

A case in point is illustrated, by isolated markers 4,5 and 19 in

~Figure 6. The proportional displacements in the X and Y directions for




Wt

Fiyure /

An exaaple of a dab of cyanoacrylate adhesive
on the surface of a tissue specimen, The
arrows identify microspheres encapsulated
within the cyanoacrylate adhesive. (Short
JAhite bams represeat 10 pd)

-
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markers 4=and 5 are comparable to the mean values, However, there is a
q1stinét discrepancy between the proportional displacement in the
X—d{rection of marker 19 and the mean Va]ug. This di;crepanc& could be
attribﬁted to the erratic displacement of the marker point in the
X-direction, ‘

k computer programme has béen developed fdr the purpose of
_facilitating measurement\and“storage of the coordinates, and |
computation of the dimensional changes. A further advantage of the
computer programme was the incorporation of an oﬁtimization procedure
to improve the visual alignment of the wet and processed markers,
without requiring a locating mechanism or device, The structure of the
computer programme will be presented in section 2.5.

The composite tracing is affixed to the platen of a digitizer .
(Hewlett Packard Model 9864A) connectedxfiéa combuter (Hewlett Packard
9830A). Each pair of selected é%ordinates, designated numbers 2 to 24
in Figure 6, is digitized with respect to a coordinate axis whose
- origin is located at the common point (marker 1).and oriented according
to the preferred axis of the specimen (X—axi; represents 1eft-right
orientation). Markers located within 2 mm (1.3% of the field width) of
the axes through the common point denoted on the composite were
excluded since the digitized points within this band resulted in
noticeable differences in the values for the dimensional changes. This
variation is attributable to the error of the measurement which

-

significantly influences the result when the proportional changes are

combuted.
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A total bf three dimensional characteristics representing the

proportional dimensional changes parallel to the X-axis and Ytaxis, as .

well as along'the direct path (radial direction) between the common
+ point and the-marker point for each pair of markers are computed

according to ‘the relationshjp that:

) . ~N - _
: n
AN "
p e | | e
- | 2
( . ~ where: z = proportional change for each marker poidt

from 2 to n, 2

i

final displacement of marker from coordinate
axis or common point,

df

dj = initial displacement of marker from coordinate
axis or common point, . : 5

Subsequgntly, either a negative sign representing shrinkagé (i.e.
de is less than dj) or a positive sign in the case of . o

expansion (i.e, d¢ is greater than*di) is assigned to the

result. The dimensional chaﬁge in the radial direction represeﬁts the
actdal expansion or contraction of the tissue. A comparison of the ’
dimensional changes parallel to the X and Y axes ‘determines whether

the dimensional changes are unifoﬁﬁ (isoéropic) or non-uniforﬁ= .
(anisotropic) in mutually-perpendicular directions. Furthermare,
a comparison of_}he radia1 dimeﬁsibna] changes among the individual
markers or groups of markers wil\,i%blate regional d%sparities.

The group of coordindtes depicting the processed tissue margers

are then translated along the positive and nédative coordinate axes ~
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and/or rotated about the commoh point in uniform increments by the

comfputer. After each incremental displacement the dimensjonaTﬁ
chaqgcteristics, means and ségidard deviatiqns are updated and compared

—-—

with\Bre!iggg/régalts."The final Tocation represents the lowest ,
standard deviation for the proportional displacement of the markers
with respect to the X and Y axes, Sﬁbsequently, the three dimensional

- characteristics listed above for each pair of coordinate points along
with fhe average dimensional change, standard deviation (s.D.) aﬁd
standard error of the mean (S.E.M.) for the final position of markers if
are recorded. The‘finai results -for the specimen i]iustrated
previously a(e listed in Table 1, (positive value represents expansion,
negative valJe repreants contractjon or shrinkage). The positions 5?
all the markers on the processed tissue have been uniformly adjusted by .
the computer in order to optimize the alignment of the wet\and
processed markers. This.adjustmenthis~ref]egted in the final results,

-

presented in Table 1.

£

2.4.3 Verification o | |
In order tgo assess the effectiveness of the technique, a set of
six points were randomly marked on a sheet of graph paper. A second
series of points with coordinates decreased by 10% towards both the X
and Y axes (representing isotropic shrinkage) of the coordinate system
~ with origin at the centre of the graph .paper and axes oriented parallel

N ¢ 4
to the ruled lines, were marked on a separate sheet of graph paper. A

third set of points with coordinates decreased by 20% towards the

X axis and 10% towards the Y axis (representing anisotropic shrinkage)

¢ -
N ’




DIMENSIONAL CHANGE
MARKER :
: Y-CHANGE . X-CHANGE RADIAL CHANGE
(%) (%) (%)
2 -3.4 -3.2 -3.3
N3 -1.8 -3.0 -2.0
4 -5.4 -5.1 -5.3
5 -5.2 -6.8 * -5.5
~ 6 -4.1 -6.7 -5.8
7 -6.3 -6.0 -6.1
8 -6.0 -5.4 -5.5
9 -4.8 -5.6 -5.3
10 -4.7 -5.9 -5.4
11 -5.0 -5.3 -5.2
12 -2.1 -5.6 -5.1
13 -2.9 -6 .4~ -5.7
14 -4.4 -5.5 -5.1
15 -3.7 -5.7 -4.8
« 16 -3.7 5.9 -5.0
17 -4.0 -8.4 -6.1
18 -1.9 -8.1 -5.5
419 -6.5 +3.0 -5.5
20 -2.7 1.0, -2.2
2l -2.7 -1.3 -2.2
22 -3.4 -4.3 -3.9
23 -2.6 -4.3 -3.6
24 +1.6 3.6 -3.4
Mean (%) -3.7 -4.8 -4.7
S.0. (%) 1.8 2.5 1.3
S.E.M. (%) 0.4 0.5 0.3
-~ -

Table 1 Linear freeze drying shrinkage of glutaraldehyde - fixed
internal elastic lamina from one specimen of human
cerebral artery. Dimensional changes correspond with
the numbered markers shown in Figure 6.

-
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according to tRe same coordinate system were mnarked on a separate sheet

of graph paper. Both sets of points for anisotropic and isotropic,
shrinkage have been designated "shifted points". N

. -
Each point was selected in succession to represent the comnon

A

point. The location of the remaining points for both the hypothetical

. B

. . . . - s . ’ .
isotropic and anisotropic shrinkage conditions were adjusted according
to four configurations:

—p—-

i) The common points were aligned to coincide ‘and the

remaining shifted points were aligned visually ¢

W
'y

between the common point and the original points.
The process_was repeated for eaéh point defined as
~ the common point and a separate composite created

in eachhéase for both sets of shifted points.

i1) The group of shifted points were purposely translated
a short but unknown distance from i) abov&. along the
positive and negative directions of the X and Y
co-grdinate ax§s. Again, separate composites were
created for each translation;beach point defined as
common, and both sets of shifted points.

iii) The group of shifted points were purposely rotated a &
small but unknown displacement from 1) above? Both

clockwise and anti-clockwise. Separate composites

for each rotation, each poinp defined as common and
both sets of shifted points were created.

iv) The set 6f shifted points were purposely translated
along one of the coordinate axes a short distance as

- t

well as rotated clockwise pr counter-clockwise a.small

~
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displacement from’i) above, Composites for pnly'one
point defined as common were creited. ‘
For the group of six points this representgd gighty-one possible
-configurations. .
In each case the computer progra&me‘Cprrect]yiidentifieq the mea?
e | shrinkage witH respect to the X and ¥ axes (i.e. 10% and 10% or " 20%
and 10% respect{vely), usLally withia 1% deviation and a standard
deviation of less than 1% (the original shift of the points on the
g;aph.paper contributed to the standard deviation). Consequently,
the verificatiof scheme confirmed: ' ,

i) Th validitynof the hypothesis that dimensional changes o
of a material can be determingd by computation of the ///
proportional di§placement of a random set of points,

. with respect to any point defined as common bétween the
originai and final conditions of the material. -
i1) That the technique is capable,of identifying both isotropic

\ and as well as anisotropic dimensional chazg;? in the plane
of the field of view. .

iii)  That the optimiiépioancheme incorporated into the compufer
progfamme'eﬁfective1y'accommodates misalignment between . %
the original and final location of the marker points.

iv) Ahat the technique will accurate1;\2har$cterize the'
-

/ dimensional changes ay®Mg both an X and Y axis, as well

" as the,radial dimensional change. ‘e

\

s




2.4.4 Discussions

N Although it is genérally recogniéed that the scanning electron
; %5 microscope is ; genefizidl instrument for s£uqying the form and R
' structureiof tissue, its use has;been re]égated'principally to
providing pictures for illustrative purposes. Tissue preparation J
techniqies as well as alterations in tissue form and strudture'%gring
the preparation process (especially drying artifacts) remain
; _contentious°issues. Fufﬁhermore, ;% is disappointing that more
researchers have ﬁot ehp]oyéd this excellent research instrumenf’to
"-  generate quantitative information about tissue form and structure. One
'Q . , " solution for alleviating some of the ;cepticism asséc%ated with the
. v creation -of artifacts wbqldagé'the inclusion of a shrinkage assessment
‘along with the pertinent data or information. This requirement assumes o
,jtﬁat'rgcognized standard techniqueé are available which can be reddily
v ; ad@pted‘t;'various;&issues and prepération procedures. . : . ’
¢ . Although the tecﬁnﬁqye described in this section has only been

tested on one tissue, it could be Treadily applied.to any wet tissue

with®a reasonably flat surface area. The technigue has been found

. v

: §uitab]e ﬁor ana]y}ing dimensional changes after processing by
fixation fo]]owed by air-drying, freeze-drying, and critical point
dﬁyinq (ethano]/amx]iééétate dehydratjon). Adaptation for use with 1
acetone'dehydration (cfifical point drying) and propylene oxide/benzene ~

dehydration (camphene drying) requires a suitable adhesive since

-

Cyanoacrylates are soluble in_acetone and prophylene oxide. A , ¢

comprehensive survey to determine whether appropriate adhesives exist

. <

. has not beeﬁ conducted. Moreover, this technique is not suitable for

o
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asseJlgng dimensional changes during coating, since the fluorescence is

obscured by the coating.

The capabi]ity'of the technique to detect dimensional changes

S,
et

according to a set of mytua11y-perpend1cular axes oriented in a
preferred direction, as well as radial dimensional changes, permit the
identification and analysis of non-uniform dimensional changes,

L3 I3 . . 3 -« . . ‘m.//" - . c. »
identification and analysis of distortion in a’tecalized region within

the perimeter of the tissue, and the gross shrinkage of the specimen;

S,

‘It is conceivable that the technique could be applied directly to ™

specimens which form part of a stu@y (rather than producing dyplicates
.83 - -
for the shrinkage assessment) since the markers are unobtrusive except

<

at low magnifications. Partitibning of thé field of view would permit

a comparison of the dimensional changes for each segment (provided - ‘

sufficient markers are distributed within tAe regions of "interest). If
regional discrepancies are observed, then the local dimensional changes
can be determiﬁed by se]ecﬁing a common pointewithin.the region:of ’ ,

interest and creating a composite for analysis. .

§ *

It is hoped ipét the other researchers who.éppreciate~the need for ° :
a quantitétive description of the form and structure of tissue and of
dimensional alterations during the preparation of tissues will include
specific information pertaining to the dimensional changes along with

the results of their study. The technique presented here could provide

- ’

this information in certain cases which should alleviate some of the
K«\ .
concerns associated wtih the interpretation of the photomicrographs ;

Q

s

obtained with the use of the stannihg electron microscope.

]
| -

|




2.4.5 Summary ‘ ¢

Q

A new method is presented for determinjng the dimensional changes
which can occur during the fixation, dehydration and drying of tissue
specimens brepared for examination by the scanning electron microscope.
Photomicrographs of a random array of markers (fluorescent microspheres
9-12 pm dimater, gncapsu1ated-1n dabs of cyanoacrylate adhesive) on the
surface of specimens are obtained with the aid of an optical microscope _ o
equipped for fluorescent microscopy. One marker, which is common to

o
each gﬁﬁr of photomicrographs representing the wet and processed
cond;£ions of the specimen, is selected from the érray of markers. The
tracings which depict the outline of the dabs and the location of the
microspheres, for the wet and pfocessed specimens are combined into a
single composite with the one sueerimposed\harker representing the
origin of a set of mutually-perpendicular axes. A newly developed
computer programme acquires the coordinates of the marker points,~
optimizes the alignment of the marker points and computes the '
proportional dimensional changes in two\mu?ually;;erpendicular' J
directions, as well as along the direct path between the common marker g
and the ‘remaining markers. A

v
2.5 Optimization of the Alignment of the Marker Points

"2.5.1 Introduction | " .

&
The computer programme to be described in this section acquires
the coordinate pairs of the marker points, optimizes the aJighment' L
Q .

between the two sets of marker points and computes the proportional

@ <

. dimensional changes in two mutually-perpendicular directions, as well
{

L4
as along the direct path between the common marker and the set of




&

remaining markers, for each composite. The group of composites is then-
combined-to represent the shrinkage for the exposed surface area of the

. ’ b
specimen. ‘ .

2.5.2 Principle of the Optimization Procedure
The orientation of the X coordinate axes in Figure 6 is parallel 4

to an imaginary line joining th%rj+" marks at the bottom of the figure.
The orientation of .the X axis may be random or defined according to a
preferred direction which may‘be selected on the basis of a particular
anatomical feature {(e.g., longitudinal axis of an artery).

The iﬁitia] alignment between the wet and dry markers was
performed visually, with the'origina1 location of the markers on the
~et tissue, provid{ng a reference, In order to refine this initial
alignment, the markers are adjusted until their fina) location
minimizes the dispersion of the mean dimgnsiona] changes. MWith the-
origin located at the common point, the coordiﬁéte pairs for the
lacation of the markerg on the wet tissue (designated wet markers) and
the markers on the dried specimens (designated dry markers) are
measured and recorded. Coordinate pairs for the.wet markers are
considered to be firm and therefore do not ghangel‘ The coordinate
pairs for the dry markers are considered soft and may be adjusted by
shifting and/or ;otating them as a unit with respect to thelcbmmon
point.

Conceptually, the arrangement of the wet and dry markers can be
considered analogous to fixed and f]oating rims, respectively, of a
wheel. Only the fixed rim (wet markers) is” connected to the hub

(comnon point). Consequently, the floating rim can be translated
. Y .

#
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(shifted) and/or rotated with respect to the hub. The dry markers
remain fixed with respect to each other but their collective location
Wwith respect to the hub or common point can-be modVfied“within
specified 1imits. #

The proportional dimensional changes bethen the wet and dry
conditions for each marker point is compdted with respect to the'X and
Y axis. The mean and standard deviation fofﬁlhe proportional
dimensional changes are then computed for the original location of tpe
entire group of marker poinfs, as well as after each subsequent
adjustment of the dry marker points.

A single optimizafion criterion utilizing two variables (i,e., the
X standard deviation and the Y standard deviation) is used to establish
the best location of the dr{y marker poiﬁt;. The present sum of the X
standard deviation plus the Y standard deviation is compared w%th the
previous best sum of the X standard deviation plus the Y standard
deviation. If the individual values for both of the standard.
deviations is less, or their combined sum is less) then the present
location of the markers is considered an impﬁovement \i;g;, the
dispergion has been reduced)., The present coordinate pairs are
retained for comparison with future results and the Search continues,
Conversely, if both values are greater, or their combined sum is et
greater, then the cycle is repeated after computing a new location for

the 'dry markers, The iteration procedure may be halted when a minggum

has been jidentified for the combined sum of the X and Y standard

deviations or a specified limit has been encountered, The results may~

/
be reviewed before proceeding with further iterations or terminating

the procedure.

~
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The search'procedure contigues to test various single or;mﬂtiple
adju .ments to the entire group of dry markers. Ultimately, the
proceduré selects the 1oéatfon of the dry marker points with the N
combined sum of\the standard deviations gt the minimum va1ue.. A

description of software is presented in Appendix II.

2.5.3 Example of Programme Execution

The dat&®manipulation for the set of markers illustrated in
Fiéqre 6 (identified as composite 7 from specimen 28:19) will be
presented tp demonstrate .the results of the optimization procedure.
The coded response, standard deviation and mean, along with the results
for each of the four gptimization levels are presented in Figure 8.

The coding scheme is 1isted below:-

PS = prbvisiona] array, shift
0S = optimal array, shift
PR = provisional array, rotation
OR = optimal array, rotation
PS + PR = provisional array, shift plus rotation ‘

optimal array, shift plus rotation
o,

Each time the programme selects an amended location of the dry marker

0S + OR

points (viz., the sum of{the X and Y standard deviations is less) it
outputs the code along with the standard deviations and means.

It is apparent from the second coded "PS" in Figure 8 that a shift "
--along the X axishimpro’!ﬁ the location of the dry marker points with
respect to the original 1oci;ion. Figure 9 illustrates that the first
incremental shift along the +X axiggresu1ted in a lower value for the

combined sum of the standard deviations., The second shift along the +X




=3
~,

axis increased the combingdwghm of the standard deviations which.

terminates subsequent +X shifts, Since the first -X incremental shift »

also increaSes the combined sum for the-standard deviations, further -X
E-3

P

shifts are terminated and the programme proceeds to +Y shifts. The
expanded series of results presented in F{gure 9 are for 111ustrati!e-
purposes only and normally would not be computed past the three shi}ts
mentioned above.

The first incremental shifts along both the +Y and -Y axis, as
illustrated in Figure 10, do not decrease the combined standard
deviation. Conseqdent1y, no responses are'B?ésented in Figure 8.
Again, the expaqﬁed series of results presenféd in Figure 10 are for
illustrative purposes and normally would not be computed after the
first shifts., The coded response "0S" in Figure 8 indicates that the
amended dry markers are assigned to the optimal array.

The coded "PR" responses in Figure 8 indicate that a series of
rotations have steadily improved the location of the marker pointsz . %
The results presented in Figure 11 illustrate that the first two | -
incremental rotations in the négative (clockwise) direction improved
the combined sum of the X_and Y standard deviations. However, the
third incremental -rotation increased the combined, sum which terminates
any fucther anti-clockwise rotatiqns“ Since the fifst positive (anti-
clockwise) rotation also increaseé the combined sum, the prééess is
terminated., The expanded series of results presented in Figure 11 are
presented for illustrative purposes only. The comparison between tﬁg
provisional parameters for the best shift and best rotation results in

selection of the rotation (indicated by "OR) for assignment to the

optimal array, standard dev@ations and means.
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28-19(8) Complete Optimization
Data loaded from file 195 ' d
Maximum Rotation is 5 degrees
Maximum shift is 5 mm - .
~ CODE Y - CHANGE X - CHANGE
- S.D. MEAN | S.0. MEAN
PS 0.0313 0.0419 . 0.0337 0.0503
PS 0.0313 0.0419 0.0297. 0.050.2
0S 0.0313 0.0419 0.0297 0.0502
PR 0.0313 0.0419 0,0337 - 0.0503 2
PR 0.0258 0.0407 0.0311 . 0.0497
- PR 0.0213 0.0396 0.0292 0.0491 N
PR =(,0183 0.0384 0.0282 0.0486
PR 0.0178 0.0372 0.0283 0.0480
OR 0.0178 0.0372 0.0283 0.0480
Level 1 -
%ﬁ © Best Y-change: SD=0.0177 and Mean=0.03724
‘ Best X-change: SD=0.0283 and Mean=0.0480
Q Cont Optimize? (1-Yes, @-No) for best X & Y + rotation
PR - 0.0313 0.0419 0.0297 0.0502
PR *0.0259 0.0407 0.0270 0.0496 ’
PR 0.0214 -0.0395 0.0252 0.0490~
PR 0.0185 0.0384 0.0245 0.0484
PR 0.0179 0.0372 0.0249 0.0479
OR 0.0179 0.0372 0.0249 N 0.0479
Level 2 )
Best Y-change: SD=0.0179 and Mean=0.0372
Best X-change: ' SD=0.0249 and-Mean=0.0478
Cont QJptimize? (] Yes, B-No) for rotation + X-Y s1ng1e shift
Level 3
Best Y-change: SD=0.0179 and Mean=0.0372
. Best }-change: $D=0.0249 and Mean=0.4787 ‘
Cont Uptimize? {1-Yes, @-No) for rotation + X-Y multiple shift
Level 4 \
Best Y-change: SD=0.0179 and Mean=0.0372 -
) Best X-change: SD=0.0249 and Mean=0.0478
Optimization Complete -
. .
‘\} Figure 8 The coded responses as well as the standard

deviations and means for- the four optimization
Tevels associated with the analysis of the
marker points illustrated in Figure 6.
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Figure 9 The graph showing the change in the standard
) deviation for the mean X-dimensional change with
incremental shifts along the X-axis from the
initial location (origin).
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Figure 10 The graph depicting the change in the gtandard
» ’ deviation of the mean Y-dimenssional change with
incremental shifts aleng the Y axis from the
initigl location (origin).
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Figure 11

hoad

The graph illustrating the change in the standard
deviations for the X and Y dimensional changes
with incremental rotations about th&origin
(common point). The positive values represent
anti-clockwise rotation from the initial location

(origin).
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Following output of the standard deviations and means for level 1,

the best']ocat%bn in level 2 is’é;termined as indicated by the second
series of "PR" responses in Figure 8. The results for the level 2
optimization (Figure 12) are similar to the reSultg for the rotations
sthn in Figure 11, except that the values for the X standard devia£ion
are decreased slightly. A combarison with the prevjoﬁ§ best parameters'
resulted in selection of the provisional array generated in level 2 (as
indicated by the second "OR" response) which is then assigned to the
optimal array, standard deviations and means. The results .for the
existing means and stardard deviations are again printed.

The absence of any coded reponses for levels 3 and 4, indicates
that the procedure did not identify any further improvements, Alfhough

the facility is provided to proceed through four levels of

“-optimization, the analyses of the composites to date have not required

+

P

progression past/level 2.
The coordinates représenting the firm location of the wet markers
“along with the original and amended coordinates for the dry markers
are presented previously (subsection 2.4.2) in Table 2. The final
results of tﬁe Y, X and radial dimensional changes for the optjma]}g
location of the numbered markers illustrated in*Figure 6 are presented
in Table 1, The coordinate;/;;; the markers are bresented in Table 2.
The vélyes corresponding to the Y, X and radial dimensional
changes Tis%a in Table 1 for the original location of the markers,
were —4.9%'(1 3.13% standard deviation), -5.03% (+ 3.37% atandard
deviation};?nd -4.61% (+ 0.87% standard deviation), respectively.
A]thohgh the ézghdard deviations for both the X and Y dimensional
changes were substantially reduced (0.73 and 0.57 of the original

b
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STANDARD DEVIATION

1 } ! 1 i Q L LEARE 1 1
-5 -4 -3 -2 - | 2 3 4 5
ADJUSTMENT FROM ORIGINAL LOCATION
FOR BEST 'XBY' + ROTATION (DEGREES)

The change in the standard deviations for the X and Y

Figure 12

mean dimensional changes for the best X and Y
Tocation combined with incremental rotations about
the origin (common point). The positive values
_represent anti-clockwise rotation from the initial
location (origin).
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Ps)

(\\/, ,

- ¢ . )
N WET DRY '
) X Y X AX Y - AY
1 214,63 102.64 ' 214,63 214,63 102.64 102.64
2 21.80 18.60 2.2 21.10 18.34 17.97
¥ 1111 25.117 9.84 10.79 - ° 24.92 24.73
4 21.96 ~ ~ 54,16 19.43 20.84 41.61 51.25
5 -22.72 T 46.43 -22.46 ~  -21.19 43,63 44,01
6 -55.47 39.23 -29.92 -51.77 36.70 37.61
7 -63.58 31.59 -60.78 . -59.76 28.55 - 29.60
8 -70.18 31.32 -67.38 -66.37 28.28 29.44
9 -86.26 60..24 -82.94 -81.45 55.93 57.36
10 -112.25 - 94 .46 -107.66 -105.60 ° 88.13. 89.98
1 -126.23 100.53 -121.64 -119.49 93.43 95,52
12 -128.90 -53.91 -121.28 -121.71 -54.,91 -52.79
13 -111.88 - -55.65 -104.2 -104.71 -55,88 -54.,06
14 -120.17 -91.74 -112.55 -113.59 .-89.69 -87.72
15 -117.10 © -101.13 -109..23 -1}0.44 -99.33 -97.42
16 -76.30 -62.16 .~711.22 =177 -61.14 -59.89
17 -63.34 -69.50 -58.25 -58.92 -67.71 -66.69
18 -50.44 - -42.03 -46.12 -46.34 -42.02 -41.22
19 -13.11 -38.89 -13.37 -13.50 ~-36.61 -36.38
20 29.33 -46 .92 29.32 29.04 - -45.14 -45.65
21 35.41 -42.33 35,15~ 34.95 -40,55 -41.17
22 83.00 ~-77.2 8019 79.41 -73.2 -74.60
23 90,36 -76.99 87.30 86.52 ~713.44 -14.96
24 55.15 -11.04 ..52.86 53.18 - -10.28 -11.21 -
Table 2 Listing of the coordinates (millimeters) for the wet

markers {original location) and dry markers (original

and amended locations), with respect to Marker 1.

Marker 1 is the common point whose coordinates
represent an arbitrary location.

[,
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“values respectively)’ the standard deviation associated with the radial

d1mens1ona1 change d1d not change. The means assoc1ated with each of

—_—

the standard dev1at1ons have not - changed appreC]ablyﬂ /In most cases,

. the standard dev1at10n for the opt1ma1 1ocat1on associated w1th the

mean of the.radial dlmens1ona1 changes was less than e1ther of the

Y

standard deviations for the mean Y or X dimensional changes. - . ' .

The final®results for 8 dof the 9. gpmpos1tes wh1ch compr1se the
- »
comp]ete set for th1s particular specimen were comparab]e to the single

example described above. The single exception demonstnated a
\

k s1gn1f1cant amount of asymmetr1ca1 shrlnkage in the Y direction which

¢

¢

. probabfy resul ted from local d1stort1on of the t1ssue.

(. G ) ' ‘ . F s » .
. ' 2.5.4 Discussion ® . . _ LT N ' '_ N
The computer programme has been structuced to ach1eve effect1Ve]y

- its tasks of collecting the coord1nate po1nts and® man1pu1at1ng the i

*
-~

i 1ocat1on of the coord1nates for the-dry spec1mens ‘*h order to determine ¢

. . the opt1ma1 position which m1n1m1zes the comb1ned sum of the . ~
. éyspers1ons for the proport1onal-d1mensxona1 changes w1th respect to
P e X and'Y coordinate axes.-‘The program was va]idated by computing .
4 ’ the'd1mens1ona1 changes for the hypothetical wet and dry locations of a ¢

oAy

set of s1x points marked on a sheet of graph paper. The locat1ons of L

. 4
Ny \ﬁ' “ the "dry points -represented a.known planar-isotropic or . o

¢

. B
- planar-orthotropic anisotropic shrinkage. Furthermore, the location of

. o the "dry" markers was‘porpose1y shifted and/or rotated an unhnogn o .o
. o R amount in order to pqrtray mjsalignment between the ,"wet" and "dry" ' :
. markers.. The'cogputer programme correctdy identified the mean §
—\ ) ) , ) °

,dimensional change with respect to the X and Y axes, usually within 1%
v « o L .y
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- L deviation and a ;eandafa devidtion of less ;han 1%, for all’
s o , configuratiees anelyzed.
R An examination of the graphs (Figures 9, 10, 11 and 12) relating .
the standard devi®™®ion to the inerementalvéhange in the location of the e

0

dry points reveals that. the shape of the curve is parabolic witY.the

vertex (minimum) oriented towards the standard dev1at1on of zero. The -

curves exhibit’ four prevalent characteristics: . oo
N > s "
i) the parqbd]ic shape_varies from very broad to moderately
‘ . narrow. o :
' /‘,k . . ¢ [ !
ii) the axis of symmetry-for either or both curves-may

be offset from the zero point (original 1dcation)-
© of the incremental axis.

w
\ . R 4

i) - the axes of«symmetry\}&r the curves representing

’ . thé'stanﬂard deviefions of the X and Y diriensional ; .
. T .~ changes may- be ﬂfspleced from each other.  ° - 5
. QJ o ’iv) ‘the magniiude d} the. vertices (m{nima) representing
) . - the X and Y standard deviations may be substant1a]]y . . C

-~ F]

sdifferent. . '

The effect of incrementally shifting the 10cé%ioh’of theldry
markefs along the X and Y axes (Tevel 1y identifies separate magnitudes

and-positrions of the minima for the standard deviatjons pertaining to

. the X or-Y dimeqsiénal changes, Incremental rotations (1evel 1) .
. ! J
concurrently identify the magnitude and position of the standard , '
deviation minima for the X and Y dimensional changes. Selection of the ° R

best 1ocation for the X and Y single shift combined with the

1ncrementa1 rotat1on (1evel 2) usually tends to reduce the dev1ét1on

,1

'K

between the axeg of symmetry and/or reduce the magnltude of the
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vertices which, in éffect, reduces the combined sum of the sfgndard

e deviations for the X and.Y dimensional change. This effect is obsé#yﬁd_

~ with the particular- composite bresented in Figure 6. Although the

~ deviation between the axes of symmetry (X and Y standard deviations)

may be reduced, the offset from the zero point of the incremental axis

&

may remain,

A comparison of the ratio-of the Y and X means for the markers in

K ' a composite (i.e.,”the Y dimensional change divided by the X
dimensional change), between the-original and amended locations for
‘ specimens exhibiting both isotropic and anisotropic §hrinkagé, revealed

essentially equal numbers ‘of unaffected, an increase.and a decrease.’

L

° This indicates that the optimization procedure functions independently

s of the means and does not demonstrate a-preference to fore the results

"»

¢ . toward a particular shrinkage pattern.

’ " @

The capability of identifying-planar-orthotropy or planar- . §~,
"anisotropy could yield valuable informatioﬁ about, the structure of the

tissue which may not be readily apparent; Asséssment *of tissue for

evidence of planar-orthotropy or planar-anisotropy could be :

accomp]ishga with this combuter programme by Fotating the X-Y»s .
w * B

“coordinate axis about the common- point (the jocations of*the wet Bnd )

dry warkers remain stationary).and computing the mean and standard -

! deviations for X or Y dimensional changes,'%s well as-the radial

dimensional changes at each inErement; If the results for’bbth X and Y

o

dimensional changes are' reported at each position,- then a rotation of . .

1

o 90° from the original location is required. Alternatively, if the .

results for only the X or Y dimensional changes are reported at each . .

il

position, then a rotation of 180° is fequiréd:




e wd 5 3

The mean X or Y dimensional changes for planar-isotropic shrinkage
would not be expected to change signifiéant]y. A series of rotations '
from the original 1oca£ion to a rotation of 180° in 1° increments .
. executed onhthe group of six points marked on graph“paper with the dry
markers adjusteg,té represent isotropic shrinkage, confirmed that the
mean X and Y dimensional changes remained essentially constant.

The mean X or Y dimensional changes for planar-orthotropic or
planar-anisotropic shrinkage would be éx;ected to cycle between the s
extreme values. Concurfently, it would be anticipated that the ' ;
standard deviation assaciated with the X or Y extrema would pa§~s0
through a minimum. Planar-orthotropy would be indicated by a phase
difference of 90° between the’ extrema. A phase difference otheg than -~
90° for'the extrema’wou1d suggest that the shrinkage was %nisot opic.
Furthermore, the standard dey?::;on,for tﬁe X or Y dimensional change
at the extrema should be less than the standard deviation for the |
radial dimensional change whikh represents a divérsity of orientations
dependind upon the polar location of the maflers. A simil?r series of
ro;atiogé (original to 180° in 1° incrgmenfs) for a set of six points
marked on graph paper, with the dry markers‘adjusted ig represent 20%
shrinkage along the X axis and 10% shrinkage along the Y axis;

corroborated both the phase difference of 90° for the extrema of the X

or Y.mean and standard deviation, as well as the lower value for the X-

Moreover) it was evident that the minima for the X or Yﬁ%tandard

deviation Y

\ ' ¢
were evident at the intermediate positions beween the extrema during

the transposition of the X or Y mean dimensional changes: These

L
’ N s




transients appear to be related to marker points which are being

approached by the coordinate axis but are not sufficiently close to be

* -

excluded from the computation of the dimensional changes.
In order to evaluate the effectiveness of the program if the
= initial orientation of the X and/or Y axes did not align with the

& extrema of unequal shrinkage, the composite representing the 6 points .
- referred to in, the preceeding example was rotated 30° and digitization

4 -

of the markers repeated. The optimization procedure (levels 1 and 2 )
only) successfully selected a best location. Evaluation of the results.
for a _series of rotational increments (0° to 180° at 1° increments)

jdentified twp extrema with magnitudes within 1% of the anticipated
values but with a phase difference of about 60° rather than the actual -
valde of 90°, Users should be.awane of this anomaly and if anisot}opy

is suspected along an axis which deviates substantially from the X or Y
: 2

coordinate axes, then the compgsite may be rotated to achieve alignment

and the analysis repeated, or the points may be adjusted to a new X-Y

axes with the use of Special Function Key fg and the analysis

v :
,

repeated.'
—
2.5.5 Summary : . ) 3
//Z{ - . The process of dehydration and drying associated with the
’preparation of tissue specimens for examination by the scanning

electron microscope usudlly, results in dimensional changes in the form
’

of shrinkage. A'new method *has béen devised which requires .-

specification of the new location of marker points which ha!g,been

o~

" \ affixed in a randoff pattern to the surface of the specimen. A new

<

¥

computer programme has been déveloped which acquires the coordinate




pairs of the marker points, optimizes the a]ignment'between the

location of the marker points for the wet (fresh or fixed) and )
processed (dehydration with an intermediate fluid, and/or drying)
conditions of the specimens, and computes the proportional dimensional

1

changes in two mutually-perpendicular directions, as well as along the
. b .

direct path between the origin and each of the marker points.

Techniques for using the programme to assess whether the shrinkage.may

be planar-orthotropic or planar-anisotropic are/suggested.

2.6 Dimensional Changes of the Internal Elastic Lamina During Drying
2.6.1 Introduction .
The dehydration (substitution of the water with an intermediate

fluid) and drying procedures associated with the preparation of tissue

for examination by scanning electron microscopy, usually result in

dimensTonal changes in the form of shrinkage. These changes have been

o 7

shown to vary with the type of tissue (Boyde et al, 1977) as well as
the drying technique (Boyde et al, 1977; McGarvey et al, 1980).

Consequently, the dimensional changes, if severe, may result ih'
.
misleading or invalid interpretation of tissue form and structure., -~

¢

Similarly, the quantitatiyé description of the form and structure will

Tearedily &' PRI, Vg
.

be inaccurate,

e i

There are numerous studies which have used the‘scanning electron
microscope to examine the surface of arteries. However, only two
studies (McGarvey‘et-al, 1980 and Grut et al, 1977) have investigated

'the dimensional changes associated with the shriqkage of components

comprising the arterial wa]]if The study by Grut” et al (]977f used a
o ' &
micrometer to assess the change in dimensions of purified aortic




elastin and found that the cross-sectional shrinkage of the
freeze-dried specimens was zero whereas the shrinkage for air-drying

»was 60%. Grut et al (1977) did not present any data to verify the
reliability or precision'of the technique.

McGarvey et al (1980), compared the dimensions, of individual
endothelial cells from p]asti& casts with measurements made ffom
photomibrdgraphs obtained with the scanning electron microscope.
Shrinkage was found to occur with all of thé drying methods. They also
observed substantial differences in shrinkage for gome of the drying
methods between the longitudinal and circumferent{;l directions in botﬁ
the abdominal and thoracic }egions of tﬁe aorta, ,The authors assumed
that the shrinkage of the Batson's casting maEeria] was essentially
negligble, based upon the previous study by Reidy and Levesque (1977).

However, Legg and Gow (1981) have Féported a volumetric shrinkage of

-~

16 % for the Batson's resin. This would represent a.linear shrinkage
of abouEsS.G % (assuming isotropic shrinkage) which does not account
for the variation in shrinkage between the longitudinal and
cirumfereptia] directjons reported by McBarvey gg_gi (1980).
Nevertheless, a‘consistgnt differential shrinkage between the
lTongitudinal and circumférentia] directions of the cast could éxplaiﬁ

this variation but would not explain the absence of variation for the
. k3

remaining Hrying metﬁods.
A e
Since it is of interest to measure the form and structure of
- .
fenestrations in<the internal elagtic lamina from human intracranial

- ¢ v . »
arteries with the use of the scanning electron microscope, it was

decided to determine the tissue shrinkage in the plane of observation.

-

Freeze-drying was sefected for' the tissue since Boyde et al (1977)

- m.:\r




reconmended it as the method of choice, ‘and Grutet al (1977) reported

4

negligible shrinkage for purified porcine elastin after freeze—drying.

The primary objectives of the study to be presented were::
N i) to assess whether the net shrinkage is related to

.

the outside diameter of the artery;
»
- . ii) to determine a net linear shrinkage associated with i
the 1nternai elastic lamina from cerebraiiartgries
of various outside diameters; ‘

iii) to assess whethek the circumfeféntia] and}gr longitudinal
ghrinkage(s) is(are) related to the outside diameter of -
the artery;

‘ iv) to compare the relative circumferential and Tongitudinal
(/// shrinkages (planar-orthotropic shrinkage). '

v) to compare the shrinkage of the cork backing with the

tissue shrinkage. : a
g - 4 ?

vi) to evaluate whether the tissue exhibits planar-

anisotropic shrinkage (i.e., whether any directional

difference in shrinkage are non-orthogonal).

r

vii)} to compare the effect of freeze-dryiﬁ§ with critical

&

point drying.

viii) 0 compare the shrinkage (freeze—dryi.g) at bifurcations

with the cy]indr%ca} portion of the/artery. )
‘ ;

N

2.6.2 Methods
Cerebral arteries (designated series 1) were obtained at autopsy
in situ from a 64-year old male, Subsequently, the complete circle of

ﬁil]is and“larger peripheral branches were carefully removed in toto

' ) ! ' %
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_water, two minutes 0.1 N HC1 and five minutes isotonic saline. The

N

58 °
and stored-at 4°C in iso;onic saline for not more than 17 days.
Straight cyfindfica] segments were jsolated from the arterial
tree. The external diameter of the non-pressurized artery was
determined with the aid of two‘transverge measurements, approximately

perpendicular to each other, thle the artery was immersed in saline,

-

The specimen was‘next sectioned 1ongifudina11y along one side.

Finally, each specimen was floated on to & cork backing, spread-and
pinned along the longitudinal edges, as illustrated in Figure 13, in an
unstretched condition with the adventitial surface %xpo&eg, Specimens
1éss than 0.6 mm in diameter could not be obtained since suitable

-
micro~-surgical instruments for performing the longitudinal sectioning

were not available.

N E

The specimens were next treated to remove the adventitia and
sinooth muscle coats by a method similar to that of Steven et al (1974).

The pinned specimens were placed in"a solution of NaOH maintained at a

\concentration of 0.1 N by periodically replenishing the evaporated

%%ter, for 70 minutes, at a temperature of '75°C. This temperature was

selected after several previous trials demonstrated that treatment at -

100°C as recommended in other publications, resulted in an apparent

temporary contraction (until removal of the media and adventitia was

conplete) of,the specimen followed by detachment from the pins. .
Moreover, tréatpen% below a temperature of 65° did dq; ;;tischtorily
remove_fhe covering tissue. Seventy minutes of sod1u$.hydfoxide
treatment was found adequate to eﬁsure removal of the smooth muscle and

collagen, These specimens-were then neutralized Py processing through

five minutes 0.1 N NaOH (room temperature), five minutes distilled \

[y




A - Specimen is isolated from the ‘arterial
tree and the diameter.,measured.
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. i
Figure 13 ' Preparation and mounting of the specimens on ;
on the cork backing. - i
i

B - Sectioning of the specimen along the
o ‘lateral border. . :

C - The specimen pinned in place with the !
adventitial surface exposed. ‘




specimens were fixed in phosphate buffered 2.5% glutaraldehyde for a
minimm of 48 hours.

The process of freeze-drying consisted of first_ immersing the
specimen in distilled water for one hour. Upon rémoval, excess w;ter
was eliminated and the specimens were stored overnighf in a freezer:
maintained at -i5°C. Subsequently, the tissue was placed in a Virtis,
Model # 10-030 Freeze Drier at -50°C and 0.1 torr for three hours.

The method for assessing the dimensional changes has been detailed
previously in sections 2.4 and 2.5 (Campbell and Roach 1981b,

Campbell 1982). Typically, about nine composites were crealRd for each
specimen; except for the very small diameter specimens, in wh%ch case,
only three composites or less were possible due to the small size of
the specimen. An average shrinkage for each specimen was determined
from the set of comﬁzsites by calculating a weighted mean based upon
the number of markers for each composite. I[n total, 138 composites'
were compiled and analyzed from 19 specimens (series 1) of v§rious
outside diameters (0.6 mm to 4.5 mm).

In order to assess the ;omparative shrﬁAkagé of the COrk backing,
two speéimens of the cork backing were processed accordinﬁ,to the same
procedure described previously for the tissue, freeze-dr%ed and the

shrinkége“measured. Planar-anisotropy (diffegent properties in \K

=)

. . . Y '
different directions for the plane of observatiion) was evaluqtgdiﬁor .

only two specimens from series I by computing the tesu]ts for tﬂé
propo?tiona] dimensional'changes along the X axis in increments of 1°
from the initial o ieﬁtation of the mutually pe;pendicular axes to a
rotation of 180°. The terms pla53§>i§9tropy, p]ang;iorthotropy'and

planar-anisotropy will be used throughout, since the shrinkége is

)

b N
s

‘?‘t‘.




61

'

. determined”only for the plane of observation (i.e., shF?ﬁkage of the - .\

thickness is not measured),
This technique couldinot be used to determine the dimensional
>

changes following critical point drying because the cyanoacrylate

adhesive was dissolved by the acetone. Nevertheless, the presence of

round fenestrations in the internal. elastic lamina allowed the .

, - Vo

measurements of their diameter and density with a subsequent cdémparison
of the results. Adjacent segmen?s from two sets of specimens, prepared
according to the preceding procedure for freeze-drying, were
freeze-dried and critical point dried. The fenestrations dépicted in
the phogomicrographs obfained with the scanning electron microscope
were ‘measured for each ;f the six specimens. The mean values for the
diameEers and densities were compared,

Two specimens at th bifurcation. from human cerebra] arteries.
were isolated, sectioned along the longitudinal borders and treated
&ccording to the process described above.=<The procedure for assessing
the shrinkage (freeze-drying) wag‘again applied. The orientatjon of

%
“longitudinal" followed the external curvature of the apex while the -

“circumferential” direction was across the saddle of the apex.

¥

2.6.3 Results .
i) Regression of net linear shrinkage with outside diameter
of thé‘aryery.
The results for the radial shrinkage of serﬁgz 1 specimens are
presénted as a scaftergram in Figure '14, The coefficient of

determination (rl) for a least squares linear regression was

0.0016{ which indicates that only 0.16% of the variation in shrinkage

.




. 14:01 -
12-0- " . N
3 ' ,
2 004 /
m -
g . |
X 807 ++ ¢ +
: g ’ + * +' ’ 4+
" 60; | #’ $. b B
. - . .
q .
; S 401 ,
\ 0:‘
204 ' ¢ v
-0 1 T c L —T ™
0 > 10 20 | 30 40 . 50
DIAMETER (MM) * -
v - “.'” . : @; -
g
~ ! ,7’?
o ‘ .o
Figure 14 Scattergram of linear radial shrinkage for
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.is accounted for by the fitted regression. Similarly, testing (zar,

1974 pg. 239) at the 95% confidence level failed.to confirm that the -

"

———

value of 0.04 for the correlation coefficient (r) was sibnificant.
Moreover, particular non-linear relations were not evidth.

Accordingly, it, has been concluded that the radial shrinkage does not

" -~
o e, .

-depehd upon the diameter of the artery. s

&

i1) Net linear shrinkage ' R
[t has been shown in i) above thaf ihe radial snrinkage is.

independent of the external diameter. of the arterijEConsequently. a

D . .

pean value of 6.9% + 0.21% SEM has been computed from the specimens to

N [

represent the net linear shrinkage of the internal elastic lamina.
. ’ . " )
iii) Regression of-c1rumferentjgl and longitudinal shrinkage
N ) . .
3

with external diameter of the artery #
The scatterygrams representlng the shrinkage in the c1rcumferent1a1
and.long1tud1na1 directhaps for the specimens from series I are L .

presented in'Figures 15 and 16, respectiVE]y. The coefficients of

> [N -
¢

determinatibn (linear reyression) ‘between the shrinkage and outside x

s

diameter was U133 for the c1rcuqferéntialgshrinkagé and 0.05 for the.
. ) _ : .

“longitudinal shrinkage. Testing of the corgelation coefficients (0.36 )

for cfrcumferentia{ and .22 tor long}tudiﬁal) at the 5g% level of

significange failed to confirm the significance of a linear.

-~

rebationship for either shrinkage. As we]l,'baﬁticy1a? non-linear

re]ationshiﬁs weré not ‘evident. The results indicate that the

« . o - [ 4
shrinkages are ‘essentially con'stant regardless of.the external diameter- ,
of the artery. , . ’

iv) Relatave circunferential and longatud]nal,shrlnkage

Qplanar—orphotropx) . - . S .
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( ~ " A'compardson of the relative circumferential and 1ongitudina1‘
shr1nkages (series 1) revealed that the c1rcumferent1a1 shr1nkage
exceeded the 1ong1tud1na1 sH)1nkage for each of the 19 specimens.

?
~

Moreover, the mean value for the circumferential shrinkage (8.0% +

- - 0.36%‘SEM)‘w55“s]1ght\y gréater than the mean for the longitudinal

" shrinkage (6.1% + 0.16% SEM). Since the circumferential and +

-

# longitudinal shrinkages were determined for each specimen (i.e., a

* paired condition) a paired-sample "t" test was computed for each '
individual specioen*fas well as the separately pooled circumferential ”
and longitudina? shrinkages for the grodp of 19 spec}mens. The results
- " for both the individda1 specimens and the pooled values failed to \
S conidrm that the d1fferences were s1gn1f1cant at the 95% level of .
conf]dence\\‘Consequent]y, 1t has been concluded that_ the shr1nkage of
' !

S ,the-tissue‘does not demonstrate’ pdanar-orthotropx. s .

\ V) Shr1nkage of the cork back1ng

The mean rad1a1 shrinkage for the cork was computed to be .
) )
’ T 3 3% +0.67% SEM The comparison for-orthogona] directions revealed
- . e R - ¢ 4 .

o ) that the. shr1nkage was p1anar~isotropic. A two- sample "t" test between

the radial shrlnkage for the - freeze drTed spec1mens from series 1 and

?

the cork revealed a s1gn1f1cant~d1f£erence “(p §é§%?01) which ver1f1es

that the shrinkage of the: cork would not influend® the measurement of

.¢
'

the shrinkage of the tissue.

. ) vi) Planar-anisotropy’
N - : o ' A

' ' Assessment of the composites for two tissue specimens revealed

ltﬁﬁt the standard- dev1at1on for the shr1nhage passed thrOugh tWo minima

)that corresponded‘c]osely with the c1rcumferent1a1 and 1ongitud1na1

4
€

directions of the arteries. The mean shrinkage' and standard deviations

'
7

.
¢ LR
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. - ‘ @ , " -
demonstrated variable results at the intermediate positions between the

. -
»

Jongitudinh] and"circumferential orientations. This variability
- . "

appears to be affected by the proximity of marker points to the

rotating axis as well-as local irregularity of the shrinkage.

4 . :
Nevertheless in almost every instance the standard deviation of the

radial shr1nkage was typically less than the standard deviation for

&

either the longitudinal or circumferential shrinkage. This result is
consistent with a tissue or material thaaggxhgiﬁts planar-isotropic

e\ 4 - ' \
shrinkage. . N »

vii) Bifurcation specimens _
: >

The mean radial, circumferential and longitudinal shrinkages for

the bifurcation specimens were 5.2% +0,25% SEM, 5.4% + 0.39% SEM, and
4.6% + 0.21% SEM respectively. A comparison (t-test) between the

cylindrical and bifurcation specimens for radial shrinkgge did not
reveal a significanf difference. (p > 0.05). ) :

viii) "Gritical point” drying _

The statistical comparison. (two sample t-test) of the results for

the two sets of adjacentwspecimens did not reveal a significant

differeqce (p > 0.1) for either of the two sets of specimens.
, .

2.6,4 Discussion.

. = 7/

This study has demonstrated that there is lim%teixehrinkage
associated with the freeze drying of 1so}ated internal e]ast1c lamina

from human cerebral arteries. The va]ue of 6.9% that has been %omputed

vor the ]inear shrinkage compares favourably with .the net linear

shr1nkage of 4.5% (Boyde and Franc, 1981) for freeze dried mouse -

M‘
11vers€/ Furthermbre th1s §1Edy has conf1rmed that xhe rad1a] . .

.
¢



shrinkage of the internal elastic lamina -is independent of the diameter N ,j‘
] .g i N X
of the artery.

E 4

Although the consistent difference (19 of 19) between the
circumferengial and longtudinal shrinkages' has not been, shown to be
statistically significant, igkwas considered a matter of interest to
invgstigate whether pinning along the cjrcuﬁferentia1 borders rather
than the longitudinal borders of the specime; could inf1uen£e the
shrinkégé. A'second series of four specimens‘(designatéd series I1)

’.

from the circle of Willis of=a 38-year pld male was prepared and

Y
o h e Ak e S A R gkt St i
.

analyzed according to the pﬁoceduré presented prgvious]y,'except ihat

~»

the circumferential borders were p1nne¢ l‘ ‘ ) ‘ 1
Each of the four specimens demonstrated 1ess c1rcumferent1a1
shrlnkage (mean 4.4% + 0.3% SEM) than 1ong1tud1na1 shrinkage (mean of .

5.8% + 0.08% SEM) h1ch is’ the converse of the results for series I. "

" The Qaired-sample “t" test computed for the Shr1nkagg~/of the‘four .
specimens indicated that the difference was not significant at the 95%. .

: - . _ -
confidence level.

H

Fhe différence between series I and II for the circumferential

et o

»

- shrinkage of the specimens with aimilar e'xternal diametér's was %

'conflrmed statistically by .the two- samg}e R A test (p < 0 001). A

-

[ . X AN

similar compar1son between the 1ong1tud1na1 shr1nkages for series I and
E
[T did not substant1ate a d1ﬁ$erence (p > 0.2).' As a consequence of

the distinct reduction for the circumferential shrinkdge Betwgen §eries T

w . et e+

I and 11, the difference for the mean radial shrinkage bétwggﬁ‘géfies 1.
(6.9% + 0,21% SEM) and series II (5.3% 130.12% SEM)- was also verified .
by the two- sample “t"'test (p < 0.02). Therefore, the results for

series I and II cou]d ‘not ‘be pooled. The apparent: reversal tn'the




pattern of the relative c1r6umferentaal and 1ong1tud1na1 shrlnkages .

- d

-

when the circumferential rather than the 1on jtudinal borders were
p1nned, implies that ‘the pmm\ng t'echmque m%have an effect on the

shrinkage, a]thoogh this study did not attempt to determine whether the
b o

1

age difference between the donors could also influence the results. . .

The lack of stat1st1ca1 conf1rmat1on .that the p]anaﬁishrlnkage

varies w1th direction 1nd1cates that the t1ssue has behaved,

mre b e e

macroscopipa]l;, as a homogeneous planan-isotropic material. This

- statement does not imply that the.other properties (e.g., tensile) of
N \ the internaf e]ﬁgtic lTamina will a]solbehave accordinglyt\
Since the tissue has been characterfzeq as p]anar-isotropic, a
single .correction factor, : . .
, , 100-$
e - where: C = correction factor ~ L
. ' S = radial shrinkage (%)
c;n‘be app{ied to oistinct.feafures n order }o account for the )
shrinkage. The relationship for instituting this correction factor
. . . . 0t . ) m."
, may be expressed as: . o )
. ) . . .
. v oxcd SENCI
g .wnerea' ¥ = corrected variable: . Coe p
- X - raw value of variable - : : %
¢ .. - q= l'for correction of»a 1inear measuremenf E
-+ 2 for corre:t1on of an area measurement

»
’ ? M

If the three- d1mens1ona1 gpr1nkage is verified to be 1sqtrop1c theﬁ a

3

value ‘of 3 may be suDst1tuted for “q“ in both the preceding and

‘




s e

' . ) 7‘O v

- s

- succeeding equations. - The precision asspcjated with any variable modified

#

by the correction factor must be computed by the relationship (Barford

1967):- - ‘ N
‘ _ : N 1/2
~—" u sz .qz W NDSZ . ’
Dy = ¥ — | ﬁ
‘ (u-1) X2 (w-1) §2 ) :
where: *Dy = standard deviation of corrected variable

u = number of data points for variable

Dy = standard deviation of variable

w = number of data points for correction .factor

D standard deviation of correction factor
The absence of a statistically significant difference between the
. - . ‘ .
" freeze-dried and critical point dried specimens indicates that the

. 4

.§hr{nkage for both methods is essentially equivalent t@r»this tissue.

. The comparison of the shrinkaBe dn tﬁe cylindri'cal <segments with,
‘respect to the apex bf the bifurcatioms qid not reveal any differedce;
Moréover, fhe régbft; for the circumfer@®®ia] and longitudinal

directions at the "apex weré comparable which indicates isotropic

" .

shrinkage.
2.6.5 Summary

The shrinkage-associated with the freeze-drying of the internal
elastic lamina isolated from the hupan_cerebral arteries of various
outside diameters has been assessed with. the use of the new technique.

The net linear shrinkage for fréézé-dbyihg remains essentially constant

I

9

- pa




at 6.9% + 0.21% SEM négardless of the outside diameter of the arterj.

-

A comparison of the shrinkage betwééh/the circumferential and the

longitudinal orientations of the tissue did not reveal a statistica++y§\\

significant difference whith means that the shrinkagé is

planar-isotropic. The shrinkage attributable to critical point°dﬁying
was indistinguishabple from the shrinkége for freeze-drying. There was

no difference, in shrinkage between: the cylindrical and_bifurcation

specimens.,




Chapter 3 .

¢

FENESTRATIONS IN THE - IﬂTERNAL ELASTIC LAMINA

OF HUMAN CEREBRAL ARTERIES
3.1 Introduction
h/
The basic organization of the wall of all_arteries is similar in

that three concentric layers (or tunica) can be distinguished: i) an’

inner layer.(tunica intima)on the luminal side; ii) the intermediate

layer (tunica media); and iii) the outer coat (tunica-adventitia). The
, - .-
boundary between the tunica intima and tunica media is demarked by the

_internal elastic lamina. A thinner external elastic lamina between the

tunica media and adventia cén also bef found in many arteries.

The .formation of an artery ?tarts with the mesenchyma] cells in
the peripherf of the deveioping endothelial tube becoming arranged to
1pose]y ring the tube. The mesenchymal ce]]s differentiﬁte fnto™ cell

with characteristics resembling a smooth muscie cell, If is this type
i A

. of cell that produces the elastin ang probably the other intercellular

 substances in the intima and media of a developing artery, Electron

microscopic .studies have shown elastin in a developing aorta is

recognized ‘as bands of homogeneous material that are located close to

%

developing smooth muscle cells. Microfibrils (116 A in diameter)
projecting from the developing smooth muscle célls are drranged in
swathes., The b%esumed roﬂe for the microfibrils is to serve asaguides
or molds for the elastin deposits. The mechanisms which determine the
shape and structure of the arterial wa]l are not well understood.

The chapter whieﬁ‘fol]ows-will present a brief review of thé

v ¢
existing information on the various components of the arterial wall

with specific reference to cerebral arteries as well as an examination

EI




. 73
with the scanning electron microscope of the layers which éonstitute
the érterial wsig. A method which incorporates the concept of ligament
efficiency for mdde}1ing the spatial geometry of the fenestrations in
the internal elastic lamina will also be intrpduced and evaluated. The
’}\ \J/ :J/ 1 \ N
final section of the chapter examines a group of parameters which
characterize ;he‘fenestrations in the internal elastic lamina from

Lylindrical segments of the arterial tree with a range of external

diameters. - S

3.2 Structure of the Arterial Wall
. 3.2.1 Intima ' ‘ ) ,
N

The innermost (luminal) layer of the artery consists of a tube of
endothelial cells with their long axes generally ;Higneq ﬂ ‘
longitudinally. Tge endothelial.cells are attached to a subendothelial
layer of delicate fibroelastic connective tissue. It has.been shown
that the orientation of themlongitudinal axeg_of the endothelial cell
border and nuc]e% correspond with the direction of flow .(Flaherty et al
197 2), This observation has been used to determine the flow pattern inj

the bifurcation region (Langille and Adamson, 1981).

-

1 - - |
f “ 3.2.2 Elastin and Elastic Lamellde .
-
'Itajs widely recognized that most elastjc and muscular arteries
. contain mulfipleAlayers ofiﬁlastic tissue, Thevinnermost fayér
(jntgrnal elastic lamina) is a continuous sheet of elastin, perforated
by an array of small rognd holes or £enestrations. Theu%enestrétions

{ . are assumed to function as portS through which all substances can

diffuse to ﬁpurish cells deep wjthin the @édia. 'However, it has been \

6

A
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postulated by Ham and Cormack (1974, pg 570) that the fenggéﬁétions

would also bermit the growth of the lamina by depositing elastin on the

A3 s

, inner surface of the holes s they are stretched during'growth.
. Previous studies using the scanning electron microscope have
: examined the luminal surface of the human aoé}a (Albert” and Naygk,‘
1976) as well as the medial laminae afﬁer digestion (Carnes et al
1977). Berr; (1973) has examined the elastic structure at arterial -

branches and bifurcations and discovered two patterns: i) insertion of,

=

the elastic lamellae into an irregular raphe where the lamellae of the

branch originate; and i1} individual lamellar units are reduced by ) ,
» N ' ’ ‘ ~ . ' ' A ,

fusing with each other. Cook et al (1975) examined the’elasticity of

the internal elastic lamina from the external iliac arfery.by

measuring the changes in the shape of fenestrations in the intact

’ artery. ‘ r

I3

: Biochemical and histochemical studies to determine the composition

of elastin are reported in the review articles by Sandberg (]§76) and

e

ﬂAyer (1964), Steven et al (1974) alse investigated the biochemical

structure of elastin along with the stress-strain characteristics.

]

Carfon et al €1962) measured the elastic properties of single e}asﬁic

]
) §
N . fibres. The dynamic mechanical properties of water-swollen elastin_ §
. £
under physiological conditions have been investigated by Gosline and f
“French, (1979). \\\ T .

: N 7 .
¢ . ‘
Most of the studies meﬂ%&Qgediﬁénve were conducted on either

whole or digested segments of the fibrous bovine ligamentum nuchae Qr

’

the elastic lamellae of the aorta isolated by chemical digestion.  Very .

1ittle research has been specifically directed tgrards determining"




.§.2.4 Adventitia

the form and structure, and mechanical characteristics of the internal
. i
elastic lamina. ‘ ¢

3.2.3 Media

The smooth muscle cells which constitute a major portion of the
) .

media are arranged in a helical pattern (Wa]méley d Canham, 1979).

The muscle cells are embedded in a moderatelk thick layer of

glycoprotein substructure. Buried within this matrix are small bupdles
of collagen f1br1]s corresponding to a ﬁgg;ork of Welicate reticular
fibres. The smooth musc]e cells can exist in a state of partial
contract1on but this tone may be modu]ated to produce a constriction or
dilatation 1o ordér to influence the flow of blood as well as blood
pressure (Ham and Cormack'1974, pg 349) probably at thé arteriolar
level. . ' ‘ <

~ 9

¢ ‘,
\

Fibroblasts, stronds of elastin and bumndles of collagen fibres are
found in the adventitia. The loose consistency of this layer along
with the predominant longitudinal orientation of.the components do no}

1 '
inhibit the pulsatile fluctuations in the diameter of the artery but

»

. restrict the retraction when the artery is cut (Bloom and Fawcett,

1975). Smith et al (1981) have shown that the principal orientation

for the.collagen in the deep layers of the adventia is ciréumferentia].

!
-
L4 t . , L
N > .

3.3 Scanning Electron Microscope Examination o&\the Cerebral Artery

\

"3.3.} Introduction ‘ -

« ? "t
. ) . . e
Cerebral arteries aré classified as either muscular or

[}
”

"o

- At
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\> Imaizumi et al (1975) have reported on the histoche

or

, i ' : 7.6
1distributing arteries since their tunica media oohsists primarily of .
smooth muscle which can actively alter the diameter of the ;es§e1, The
unioue feature of cerebral arteries is the ejngular elastic . lamina o .

and a thin wall. Occgsionally, the internal elastic lamina is 3
duplicated (i.e. layered) which is usually.described as a s 1it':
internal elastic lamina. The only evidence of an external elastic o

lamina is a fibrous mesh (Merei et al, 1980b).
An aozlysj§iof the microstructural components by Mo'iteke et al,

(1981) demonstrated a ]ouer porportion of elastin contenE(in cerebral ’

arteries than extr;Zran1a1 arter1es. Furthermore the rETat1ve

‘roportmn of collagen to elastin was substantwﬂy greater for
cerebraT than extracerebral artjr1es. The re]atlve proﬁort1on of
collagen to elastin for the agq group over 50 was significantly greater

than the under 50 age group whfch is’ cons1stent w1th the f1nd1ngs for A

othef arteries.. - . ] » v, L
/ “
ssen et al al (1968), op{ rved thickening of the. 1nt1ma, internal

elastic lamina, and "pFanching side pads" for cerebral arterles with

increasing age. T cken1ng of the 1n£erna1 elastic 1am1na with

increasing age was also reporfed by Hqss]er,(1962). Velican (1970) and

cal «changes in the

constituents of cerebral arteries. Enzymatic treatme ts applied to

cerebral arteries (Damude et al, T™977) which were showd to have removed
‘ —"_1—"

either the m1crof1brlls or all the elastin of the cerebra] wall,
\

progre551ve1y affected the elastance (i.e. slope of the tension-strain
% . .
curve at the .origin, indicative of the behaviour of elastin) with

a

successively longer pgriods of perfusion.
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The mechanica1~properties of intact cerebral arteries ﬁasegbeen .'

’assessed by'Nagasawa et al (1979), and Hayashi et &1 (1980a, 1980b)Q, _ v
X The consensus of the<authors was  that 1ntracraniai arteries were ' . -

= stiffer than extracraniaﬂ arteries whiie the stiffness genera]]y }.

-,

o ) increased with age but the trends of the elastic properties were not ,
. . T L
. " uniform w1th.age. T i : i . . - :

: - o
o Examination of the structura] cemponents of the arteria} wal) ‘has

been confined mainiy to.bhe endotheliai surface of cerebral arteries ’

]
Ry

~ -

B AT T PR

3 Since techniques for the selectzue isoiation of the ‘desired tissue
. , Y
w1th1n the wa]l had not been ddeqgately deueloped Succeeding sections

‘\ M Will present photomicrographs of the various 1ayers, With particular . AN
' » empha51s directed towards the interna1 elastic 1amina. ’ xtm;‘ -
’ PR ,X ‘: _‘ l : ’ A
<§: 3.3.2 Déscription of .Form and Structure * . o .
) - ¢ . - > o - A N ,
& Y “ - i . . 0 . . % i <«
K M During"the proceSs of preparing and examining a 1arge'number of

specimens - for thegassessment of the treatment procedures discussed

~

preViousiy in section 2. 3 some spec1mens presented’a unique, °

F . . : ¢ e ' .
T of opportunity t% descrrbe the vari;us components ofstﬁe ;ailséi human ‘ g *
Q ; . cerebra\ artertes. The 1umina Surf ce of the wall is shown gn Figure .
. N f£7' The oval humps are beiievif to- ’the endothelial nuc]ei with t
;u _ their ]ond,axes oriented in the'direction of the b]ood flow. No tissue- '{
. trea;ments were applied to the speCimen prior to fixation. ' ‘ ' ‘,
o “’ Fo]]ow1ng the treatment of tissue W1th SOdiuQ:deFOXIde :thnee i :

]ayers of tissue remain; viz. the subendoetheligk ajea or basement .

v
A . 1
3

membrang, internal’ elastic lamina, ang. fibrous mesh These 1ayers,are #
- ' ’ ‘ Iy e . < T, .
11lustrated in Figure 18. The base ent - membrane is a continuous sheet T
SN R ’ RPN L a . )
N R s n & . v . o
- { . ) ' R . .
P ' A \ . . ‘.
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Figure 17 Cndotinelium of cerebral arteries. Horizontal
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Figure 13 The tissues isolated after treatment of the cerebral
artery with sodiun hydroxide., Luminal surface is
right portion of ohotowicrograph. fi = fibrous
tissue, iel = internal elastic lamina, bm = basement
membrane, Short whita bars represent 10 pm,
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penetrated by very small fenestrations (Figure 19). This tissue.layer

obscures the larger fenestratﬁons évident in the infernal'elastic .
"lamina, atthough the outlines of the fenestrations arglindicated by the

slight &epreésions evident iQBFigure 19. ., The luminal surface ‘of the

internal elastic lamina shown in Figure 20 .has a stippled appearance

Y

. R . I . . .
with distinct fenestrations, The same fenestrations in the luminal
surface are also evident in the external surface (Figure 21), although

-

the texture of the tissue is much smoother on the external side. It‘is
particularly interesting that the predominant structure ‘of the
internal elastic lamina is a continuous sheet of tissue with only a

?

minor indication of a fibrous component. -~

The external surface was covéf!d in some regions by a fine fibrous

-~
-

debris (F}gure 22) which has been identified as elastin buried within‘
thé media and adventitia.

The internal elastic lamina shown on the left of Figure 23 has
been reflected to reveal the underlying media. The smooth muscle cells
appear to be arranged in parallel rows. .Figure 24 provides a higher
magnificafion of._the smooth muscle cells surrounded by the ground
substance. Both specimens were treated with guanidine hydroch]oride

prior to fixation. '

i

The adventitia (Figure 25) is charactgfized as an array of fibres
whose orientation was not analyzed. / .
/ °
3.3.3 Discussion
Collectively, the various components form the wall of the artery

and determine the mechahical characteristics. The functions of the

-
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Figure 19 Luninal surface of tne bascneat membrane from
cerebral arteries. Horizontal field of view
represeats 0,055 ., \ N
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Figure 20 Lumninal surface of the internal elastic lamina
from cerebral arteries. Short white bars i

represent 10 pm,




L4
o

Figure 21 External surface of the internal elastic lamina

from cerebral arteries. Short white bars
represent 10 pm, ™




i " Figure 22 The fibrous layer 'which obscured the surface of
many specimens is idlustrated on the left portion of *
‘ the pnotomicrograph. {Short white marks represent
10 pm). ‘




Figure 23

\

Luninal surface of the madia (right portion)
trom cerebral arteries. Horizontal field
width represents 0,293 1,

85



Figure 24 Saoota wuscle cells in tie media of Auman
. cerebral arteries. tHorizontal field width
represents 0,202 um,
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Figure 25.. Adventitia from cerebral arteries., Horizontal
“ field width represents 2.26 wu,
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endothelial and smooth muscle cells as well as the collagen in the
<

S

adventitia and'the internal elastic lamina have not be }esolved.

The endothelial Iayer provides a smooth surface in contact it

» 4

N
the flow1ng b]ood but it is not considered to contribute to th& /

mechanical strength of the wéll. The med1a represents the th1ckes AP
-y

which modify the diameter of the artery. However, the strength of this

layer of the arterial wall, cohposed of long thin smooth muscle cells \
tissue layer is dubious since smooth muscle cells have a low elastance ;

and breaking strength (Roach, 1970), and they are embedded in ground .~

substance which must provide an adequate bond amopg the cells. The

gdventitia is generally considered to prevent overdistension of the

artery;

Elastin is generall& considered to be highl; extensible but
posesses a low breaking strength. However, most testing'has been .
conducted on the fibfous. bovine 1igamentom nuchae which is considerably

different in form and structure, than the internal elastic 1am1no of
arteries. None of the components have been tested after isolation from

the arterial wall without the use of arsh treatment procedure. The .

on the mechanical
. ¥
characteristics has not beef’ assessed. D

possible effect of these treatment procedur

Only the.internai elastic lamina is a continuous sheet of tissue
(with fenestrat{ons) that is not dependent upon ihe strength and
oonding'characteristics of a matrix substance to maintain the integrity
of the tissue layer. A major concern with any mu1ti-phas§ material
contain{ng fibres buried in a matrix is the adhesion between the

constituents and the characteristics of the wmatrix. Therefore, it

could be reasonably concluded that the internal elastic lamina will




play a significant role in determinhing the mechanical characteristics
of the arterial wall. The intesnal elastic lamina could maintain the
functional integrity of the wall (as demonstrated by Glynn 1940),
following degeneration or failure of the other‘compongnts within the
wall., However, disruption of the internal elastic lamina could

\ comprom1se the functional integrity of the wall perhaps leading to any

of the patéﬁ]og1ca1 states related to subarachnoid hemorrhage.
>

'

3.3.4 Summary s R
The“various layers of the cerebral arterial wall (endothe]ium,'
internal elastic lamina, media: adventitia) have been‘examined.with the

scanning electron microscope., To date the mechanical characteristics

,0f the arterial wall have not been assessed by testing t yarious
layers in isolation. Both the ﬁedia and adventitia possess bo;
fibrous anﬁ matrix components which are dependent upon their mutual
adhesion £domaintain the strucfure of the tissue. Since the intern®

elastic lamina is a continuous sheet it is not dependent upon adhesion

characteristics for maintaﬁning the functional integrity of the tissue
layer. Therefore, it would be antigipated that the structure of the
internal elastic lamina would resist degradation better than the other

tissue layers. However, degradation of the internal ef%stic lamina

could compromise the structural-integrity of the afmerial wall perhaps

leading to subarachnoid hemorrhage.
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7 3.4 The Use of Ligament Efficjency to Represent the Spatial °
‘ -

Geometry of Fenestra s in the Internal Elastic Lamina
. . 4

3.4.1 Introduction

Examination o% the internal elas?ic lamina isolated .from human

cerebral arteries, with the scanning electron microscope (subsection
3.3.2) has shown that the tissue is a continuous sheet dermeated by an
apparently random distribution of round or oblong fenestrations or

.windows (Campbell & Roach, 1981a). The size and density (number of

fenestrations per mmz) of the fenestrations vary with the external

oy ann.‘\;..w,wu. o e oudemie & &
¢

diameter 3f the artery (section 3.6). Furthermore, clusters and bands

of enlarged fenestrations (Campbell & Roach, 198la) were observed in

[S7EL e

. J .
the apical region of the bifurcations from cerebral arteries.

' 2y

as diameter and density

\ -

Althoughhsing]e-va]ui’?haracterisfics such
provide relevant information, it is difficult to describe the-comp]été

~

v

)
[ A

spatial geometery of the fenestrations_with.a s¥ngle variable which -
1ncorpjrétes both the diameter and the density. Percentage area of -

fenestriations in the field of view is a poseible variable, but ch3nges

I s PR S SN )N

in the. diameter alone would have a.mo}e significant 1nf1ugnce than
density alone on the result, because of tﬁg‘squéreq term (i.e., radius !
squared) iﬂﬂthe equétiog; l | P

The term "ligament efficieney" (Peterson, 1974, page 109) has been
used to describe the spatial geomet}yfof holes in f1ﬁt p]atesgiEThis
term is defined as the minimum width of the solid band of material
divided by the centre-to-centre distance for two, or more adjacent
holes. Therefore, a ngh value for ligament efficiency (values are

v L . .
always between 0 and 1) implies a combinatiomof small holes wiﬁiﬁ/{f

substantial centre-to-centre distances, whereas,\a lower value .

FR

—_
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represénts larger mles and/or closer spacing,
A review of the literature has not ;eQealed any studies that .
have ﬁséd the concept of ligament efficiencies to model a.random
pattern of holes. Traditionally, a ligament efficiency has beep used’
to describe the spatiat geometry of holes in a sheet for the analysis
of stress concentration in a material (Peterson, 1974, pages 108-244).
The inténtion; in this section is to:- |

i) present a method for computing the ligament efficiency for

-~ a pon-unifo}m (random) array of holes. )
ji) create a simpiified.&rrangements of holes, based upon the
same ligament efficiency as the-actual épatia1 déometry
of the fenestrations. ) ‘%
: iii) compare the elastic (stpess-s%rain) properties of a uniform
?identic51 ligament efficiency
to a réﬁlication of the fenesQrations in the form of models

. ;
that have been prepared by cu%ting circular perforations

array of perforations with an

or fenestrations in a thin shéet of latex .rubber.
j
/
b4
3.4.2 Method X \ /
Three photomicrographs (scann{ng.electron.microscopy) depicting
the in;ﬁgﬁgl elastic lamina from digested human cerebral arteries (not
= ,
pressurized) with external diameters of 3.4 mm (designated "a"), 1.1 mm
(designaled "b") and 0.7 mn (designated "c") in Figure %, were
selected far analysis. These straight segments of cerebral arteries
represent the range of external diameters studied. The procedure for
isolating the internal elastic'lamina from a segment *6f the arterial

wall has been d&scribed in subection 2.6.2. : -

91
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r 4
" The negative for each photomicrograph was mounted in aﬁ enlarger

and the jmage projected on the platen of a Hewlett Packard Digitizer
(model 9864A) interfaced with a Hewlett Packard 9830A microcomputer.
The images'répresented a final magnification of 1150 for the 3.4 mm
diameter; 2250 for the 1.1 mm diameter, and 4500 for the 0.7 mm
diameter., These magnifications were seiected iH order that a
reasonable number of fenestrations (about 40) were &epicted 06 the
phbtomiprograph. -

Since the fenestrations are generally round or oblong in
shape, two sets of two points representing the diﬁensions of‘the major
and minor axes for the inside border of each fenestrations were
'mdigitized and enté(gd into the microcomputer for further processing and
storage.. Only feqe%trations which'appearqg to pass completely through

the internal elastic lamina were measured. The area (A) for each

fenestration was computed with the use of the equatioh for an ellipse:-

T ab
- A =
4 (5)
where: a ='major axis
\ . -
b = minor axis .

Four geometrical characteristics pertaining to the fenestrations were

then computed from each photomicrograph:-

£

i) Diameter (D) <.

The diameter of a circle (D) with an equivalent area to-the

ellipse was determined by the relationship:-

1/2 o
D= (ab) . (6)

1so computed.

An average diameter for all the fenestrations depicted in each
photomicrograph wa§\>

23

2




ii) Density (F

'

2 was calculated from the *

The number of fenestrations per mm

total number of fenestrations contained in the field of view by the

. equation:- .
n (7)
F=z
Q .
where: n = number of fenestrations °
Q = area of field of view (mm®)

Only one density could be computed for each photomicrograph.

iii) Percentage Area (B) Y

Fenestrations comprised Ehe‘peﬁcentage of the surface area
(computed by the summation of the area for each fenestration, Ai)
with respect to the total area depicted in the field of view is
computed with the equation:-

| noo.
Ai
i=] x 100 (8)
Q

iv) Ligament Efficiency (LE)

' Y. . . )
The basic equation to calculate a ligament efficiengy, based on a

‘ constant diameter (d) and uniform centre-to-centre spacing (c), for

either a pair of holes, or a-uniform distribution of holes with an

~ equivalent number‘of rows and columns is:- . W
c-d d ‘ (9)
= =1 - —
LE c c .
where d = hole diameter

centre-to-centre spacing

Cc




However, the diameters of the fenestrations in the internal elastic

lamina are not constant, nor are the fenestrations equally spaced.

Nevertheless, these constraints were imposed upon the spatial geometry

‘of the fenestrations by modelling the spatial geometry of the

fenestrations as a uniform pattern (equal numbers of rows and columns)
of holes with a constant diameter (d), as illustrated in Eigure 27 .
The diameter (d) is computed as the average diameter for the n

fenestrations shown in the photomicrograph and converted from the

2:‘{% (10)
i=1 '

;» 1000n l

Calculation of the;hentre-to-centre~distance is based on the

!

micrometres to millimetres:

. assumption that the n fénéstrations within the field of view may be

. N 1/2
divideg/intoaan equal number of rows and columns (n ). The

linear dimension for the field of wiew is the square root of the area

1/2

orQ . The-:centre-to-centre distance may therefore be

represented by:

1/2
- [4] -
. n

Substitutiogn of the preceding two expressions into the initial

equation for the ligament efficiency produces the reTationship:-

-’
—— —

n
. E Dj
i=1 ,
(12)

1000n
1/2 ¢

[+

LE

1
—
]

bs
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Figure 27 Uniform array of circles representing the

outline of\the perforations for a 6 x 6 model
o ’ of the fenedrations in the 0.7 mm artery.
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A replication of the fenestrations in the internal elastic lamina

for each of the*fﬁ?ee:photomiqrographs‘was produced by tqacinggthe
outline of the inside border 6f each fenestration on tracing paber
which had been laid over an énlargement (50.8 mm x 50.8 mm glossy
print) of the photomicrograph. The 50.8 mm enlargements represent
final magnifications of 736, 770 and 1451 for the 3.4 mm, 1.1 mm;and
0.7 mm diémeter arteries, respectively. Each replication was next
transferred to the surface_of a sheet of latex rubber * by
overlaying the latex rubber on the tracing“ﬁ%per mounted on a light
table and. tracing the outline of each fenestrgtion on the latex rubber, !
Latex rubber’was selected since it was a'r;adi1y avai]ag1e
elastomer with similar mechanical characteristics (high resilience,
high e;tgﬁsbi1ty, and low modulus of elasticity) to elastin (Ross and

Bornstein, 1971),” Furthermore, Gosline (1976) has compared the

o

mechanical characterists of elastin to polymeric rubbers.
Models of the spatial geometry wére created by computing the
average diameter of the fenestrations from the photomicrographs, as

well as the average centre-to-centre distance for the same numerical

* Dental Dam Material, The Hygiene Corp, Akron, Ohio 44310, USA

** See Appendix VII for alternate expression
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1igament efficiency calculated from the photomicrograph. Since the
number of rows/columns for the mode],(nllz, where n is the number

of fenestrgtions in the photomicrograph) was not an integer, two models
for each rep]icaﬁion were created, one @ith the integer above “n", and
the other with the integer below "n".- For examp]e; if the number of
fenestrations in the photomicrograph was 46, which would require 6.78
holes per row or column[ then the first model woufd consist of 36 holes
(i:é;, six rows x six columns) and the second model, 49 holes (i;S;s
seven rows X seven columqs). Since the total number of holes in each
model varies from the.number of fenestrations in the photomicrographs,
the edges of the models must be scaled accordingly. Therefore, the
Tinear dimension of the edge of the model with a lesser

number of.holes-wifl'be shorter and the edge of the model with a
greater number of holes will be longer than the length of*50.8 mm for
the replication. The l{near dimension of the edge (R) in Figure 27 is
calculated according to the relationship (with "m" the‘ngaresp integer

value):-

. R = cxm (14)

The outline of the holes within the external edge of the mode1,were:
drawn on tracing paper and transferred to latex sheets by the procedure
described previously. ’ T .
Two, opposing sides“of every latex sheet were trimmed along the
edée while the remaining ends were sandwiched between two strips of
1.3 mm aluminium sheet which were a]iéned along the edge of the model.
. D~

Double-sided masking tape between the latex sheet and the aluminium

e

strips ensured a secure attachment, Since the latex sheet has been

98
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described as orthotropic (Burton, 1970), the orientation of each model
with respect to the aluminium strips was thé same in order to ensufe
consistency during testing. o ~

The aluminium strips were then mounted in the grips of a constant-
rate-of-crosshead movement testing machine.* Every solid latex sheet
. -was stretched in uniaxial tension at a crosshead speed of 100 mm/min.‘
to a maximum elongation of 50%. Although the initial length of the
saﬁqlg varied, which would result in a different strain rate for each
sample, testing of a single sample*Bf the latex sheet at various;
crosshead speeds (10 mm/min to 500 mm/min) gave overlapping results.
Therefore, the variation in the strain rate does not influence
significant]y‘the load/deformation properties of the latex sheéifﬁy\\\

Each sample (unperforated).was cycled through three sequences'of
loading and unloading, since the performance of the sample did not
changg appreciably after the second cycle (during loading). The load/
deformation record for each specimen was subsequently converted to a
stress-strain curve. The stress TS computed as "engineering stress"
(i.e., the Tload Jggda;vided by the original qross-sectional area).

Perforations were cutwin ggch of the samples to represent the
shape of ;2? fenestrations and circles, in the‘replicaﬁion and model
"samples respectively.” The samples were remounted in the testing
machine and the tensile test repeated: The stress-strain curves for .
the perforated samples were again computed.

The conditions of the latex rdibber models with either holes
marked, but‘not perforated, or with the perforations cut out, will °

henceforth be referred to as "solid"'and "perforated" respectively.

. »

P
+

* * Model 1125, Instron Corporation, Canton,—Massachgsetts, USA ————
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‘magnification.

100
3.4.3 Results

.

Table 3 presents the geometrical characteristics for the
photomicrographs in Figure 26, which represent the three arterial :
spécimehs with different exteﬁ%a] diameters used as typical of the
range to be studied. An analysis of the shrinkage during preparation
of the specimens (section‘2.6), revealed a linear shrinkage éﬁ only

6.9% (Campbell & Roach, in press). The geometrical characteristics -
- £

reported in Table 3 for diameter and.density (remainder are'not”

affected) have not been corrected-for shrinkage. Note in Table.3, that

whiie.the externa1‘dia6eter of the artery decreases, the average

diameter of the fenestrations alsa decreases, but the density increases\

substantially., The combined effect is to increase the gﬁicentége area

comprised of the fenestrations while éecreasﬁng the ligament, /~ . 7

eff%cienEy. . :
The characteristics.of the perforatiops in the latex, which model:

the fenestrations in the three specimens mentioned above, are presented = .

in Table 4. The absence of a difference among the diameters for the

fenestrations (replication) as well as the‘perforations (modél)'

consistent with Table 3, is attributable to the differences ‘in

Figure 28 illustrates the stress-strain curves for~ﬁhe solid” and
perforated latex replication of the fenestrations in the 0.7 mm
diameter artery (Figure 26). The stress-strain curzés for the 6 x 6 P
model (solid and perforated) representing the 0.7 nnLdiameﬁer artery

are also shown in Figure 2. Both sets of results demonstrate similar

(but not identical) curved shapes. Note fhe similar relative

differences between the solid and perforated conditions. The stress-

-
f a
e
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External
Diameter Diameter Density Percentage Ligament
(mm) N (pm) (#/sq mm)  Area (%) Efficiency
3.4 35 3.2 1920 1.8 0.86
1.1 4] 1.9 9412 ~ 2.5 - 0.82
0.7 46 1.5 ’ 37551 7.0 0.71
TABLE 3 - Geometrical Characteristics of Fenestrations
- (not corrected for shrinkage)
’ r—\‘
External
Diameter - Diameter Centre-to-Centre Ligament
(mm) Models {(mm) Distance (mm) Efficiency
3.4 5x 5, 6x6 1.2 8.6 - 0.86
1.1 6 x 6, 7 x7 1.4 8.0 0.82
0.7 6 x6, 7 x7 2.2 o 1.5 0.71 -
TABLE 4 - Geometrical Characteristics of Perfogations

(based upon Table 3)
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- Figure 28 Sets of stresskstrain«urves for th® _solid latex

"~ sheet and ‘perforated conditions of. the replication
and 6 x 6 model ‘configurations (0.7 mm
external diametes artery). Note that the
erforated ition exhibits greater distension.’




strain curves for the remaining models are comparap]e.

Since the primary interest is to assegigthe Ehangg in stress-
strain properties from the solid to the perforated condition, the
stress values for-the perforated condition were standardized by

diQiding by the stress for the solid condition at the same strain.

The results illustrated in Figure 29a for the 3.4 mm diameter

artery, show no real difference between the rep]icatgd configuration
and both the 5 x 5 and'6 x 6 models, throughout the range of
elongation. The computed stress” for all three configurations in the °

. perforated condition has been reduaeﬂ to about 92% of the stress for
the solid matgria]. %heqdeviations evident within the initial 6% of
elongation are attributab]ert6:;§Zombination of hand tremor during the
digitization, 1im1£ed differencé éetween the vélues in this portion of
the curve which accentuates the measurement errors, and stabilization
of the moving crosshead and recording pen following actuation of fhe
testing machine;

. A similar assessment of the results depicted in Figure 29b for the
1.1 mm artery also demonstrate good agreement between the replicated
and model configurations (6 x 6xand 7 x7) to the maximum of 30% -
elongation. Again, a noticeable difference between the two modé11ed,
confiéurations is not evident. The computed stress in the perforated
condition is reduced to about 91% of the stress in the solid material.
The close agregyéﬁg in the standardized stress values between the
samples representing the 3.4 mm diameter of the 1.1 mm diameter

- arteries is considered to be a coincidence, since the magnifications

are different.

fhe standardized stresses for the replicated and modelled
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Figure 29  Standardized stress-strain curves (the Tines

join the values for the replication).
(a) 3.4 mm artery )

x - Replication \ L
A - 5 x 5 Model ‘
0 - 6 x 6 Model
(b) 1.1 mm artery ' .
X - Replication '
A - 6 x 6 Model
0 - 7 x 7 Model - ,
(¢) 0.7 min artery ]
x - Replication
A - 6 x 6 Model .
o - 7 x 7 Model .




changes in the stress-strain curve have not been assessed in this

" study.

-

L——

config&rations {6 x 6 and 7 x 7) of the 0.7 mm diameter artery
(Figure 296) also agree over the range of elongation, The results for
the two models are not different. 1In this instance, the cbmpdted
stress in the perforfted material is reduced to about ‘70% of the solid
material. \égv
3.4.4 Discussion

The shift of the stress-stTain curve confirﬁ% that the perforated
condition of the matérial demonstﬁﬁtgs greater elongation at gquiva1e3t
stress values to the s01id condition., It would be anticipated that as
the number and/or diameter of the holes inqrease, then the stress-
strain curve would shift further away %rom the curve for thé solid
mater%a] (i.e., demonstrate greatér strain). The fefationship befweén

enlargement of the holes or an increase in their number, and the

[

1

Standardization of the perforated condition, with respect to the
original  solid.condition of the latex sample, proviaes an appropriate
method for comparing any change in the replicated and mode Ned
cgnfigurations.“ The good agreement between the model]éd and replicated
configura}ions validates the use of the ligament efficiency to %ode]
the spat{él geometry of the fe?estrations in the internal elastic
lamina. Consequently, tﬁe apparent random pattern of fenstrations may

. - « .
be represented by a GﬁT{orm array of holes with a constant diameter,

The absence of a distinction between the standardized stress va[ues for

»

the two models representing each replication, indicates that it is not
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necessary to interpolate between the number of holes for the true
number of fenestrations.
There are also many other possible config&rations for the models,
such as staggering alternate rows, but the computation of the spacing
for an equivalent ligament efficiency becomes more complicated. Since
the uniform configuration provides such good agreement with the .
replicated configuration, other configurations were not investigated.
The close agreemént also confirms that the variations in
magnification does not affect the agreement, provided a reasoﬁable number
‘of fenestrations or perforations are present. "If the intermediate
magﬁification of 770X for the 1.1 mm diameter artery had been imposed
upoﬁnthe other two specimens, then the number of fenestrations evident
from the photomicrograph for.the 3.4 mm diameter artery would have been
- reduced to only 8 or 9, but the diameter would be doubled for the same
(5‘2129 of sample. By comparison, the number of fenestrations present in
the photomicrograph of the 0.7 mn diametér artery would increase to an

unwieldy 184 with the diameter reduced to one-half the present value,

"

Although the s‘ection of three different magnifications has

N\ '
precluded a comparison of the relative reduction of the stress values

* .
at the same strain values, it was evident that there.is a substantial

wbony

decrease in the stress for the 0.7 mm diameter artery with the larger

diameter and shorter centre-to-centre distance (50.8 mm square
S .
replication), than for the 1.1 mm diameter artery. The absence-of the .

L 4

same substantial difference for the 3.4 diameter artery with a smaller
\ diameter of pé?forations but larger centre-to-centre distance

Y

\ (50.8 mm square replication) in comparison to the 1.1 mm diameter

\ arterj/ has not been resolved. . . )

-
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. B “. .
“ The major significance of this study has been to validate that the_
tensile characteristics of a uniform array of constant .diameter

1 perforations in a latex model, closely duplicate the random

~ arrangements of fenestrations. with varying diameters but with an

identical 1igément efficiency. This simplication facilitates the
analysis of the spatial geometry during tersile elongation. A further

discusion of the spatial geometry for these specimens will be presented

in section 3.5,

~

3.4.5 Sum&ary
. The spatial geomefry of fenestrations (windows) gn the internal
elastic lamina from human cerebral arteries is characterized by a
§ingle parameter Qermed "11gament efficienc}", which is a ratio of the
solid band of.material to the cthre-to-centre spacing between two or _
o more holes, As a result, the apparent fandom distribution of "
fenestratipﬁs with variable diameters may be represented as a uniform
array of holes each with the same diameter.
The actuai arrangements of fenest}ations from three separate
tissue specimens were replicated in thin latex sheets by transposing
. _the imége of the fenestrations from photomicrographs obtained with the
scanning electron microscope. In a similar mannér, the uniform array
of holes witﬁ an equivalent ligament efficiency are modelled in latex
sheets. The tensile (stress-strain) proberties of the latex sheets
representing sthe rep]icat}on and model configurations were comparable

for all three specimen$, even though their individual ligament

efficencies were different. The close similarity between the elastic

g characteristics for the two configurations, verifies the application of




b , 108

1igament efficiency to represent thé spatial geometry of a perforated
~material such as the fenestrated internal elastic lamina.
3.5 The Use of Ligament Efficiency’to Analyze Changes In the
Spatial Geometry of Fenestrations During Tensile Elongation

. 3.5.1 Introduction

The preceding section demonstrated that the tensile properties of
an elastomerif sheet with a random array of perforations (replication
of fenesfrations) is closely modelled by a uniform array of
perforations with a constant diameter and the same ligament efficiency. -
This model of the spatial geometry facilitates the analysis of the
”.chanées in the spatial geometry of non-uniform perforations during ,QE
stretching. Although the model cannot be directly compared with the .
fenestrations in the internal e]astiﬁ lamina, it can provide an
indication of their behaviour.’ @
Several studies (Hayashi et al, 1980a, 1980b; Busby & Burton,
1965; Chalupnik et al, 1971; Moritake et al, 1974 and Nagasawa et al,
1979) have investigated the mechanical characteristics of the intact
L cerebral artery.’ However, to date the mechgnical characteristics of
the internal "elastic lamina have not been estab]ighed.
The interna]we];stic lamina of .intracranial cerebral arteries is a
- single 1ayef'of elastin forming a fenestrated sheet in‘the wall of the
artery, near the lumen. For this reason, the internal elastic lamina -~
must be isolated from the wall in a suitable condition,’beforé the
tensile characteristics can be determined. Moreover, the extreme
thinness and delicate nature of the tissue present z:isiderable

probiems in handling, since the tissue is very su5ce§£ib1e to tearing




-

or folding into a blob, These factors, along with the lack of a'
specimen of sufficient size, have precluded-the determination of the

R

~tensile properties of the intgrna] elastic lamina for the present.
‘ The tensile characteristics of elastin fibres, most notably bovine
1igamentum nuchae, have'been assessed by others (Hass, 1942; Carton et

al, 1962; Steven et al, 1974). Most of these studies have isolated or
purified the elastin tissue by such methods as autoclaving, hot

alkaline, hot formic acid, or enzymatic agents. The major cohcern is

the effect of these techniques; particu]a}ly'Where heat 1is applied, on

the biochemipai structure and possibly thewﬁechqnical characteristics

of thé‘tissue. Since the effects of these treatments on the tissue

have not been investigated, the results using purified or isolated s

elastin must be interprfeted with caution when referring the results to

the in vivo condition.| . ' .

-

At present, there are no direct methods for examining the
behaviour o% the fenestrations in the internal elastic lamina of
cerebral arteries during stretching. As a consequence, I directed'my -
attention to the modelling of fenestrations in the internal elastic
lamina in the form of a lat;x rubber sheet with perforations; This
portion of the study seeks to examine the behavior of the perforations
(models only) within the 1atex'sheet during uniaxial extension of the

“sheet to thirty percent strain.

-
*

3.5.2 Methods
Following the uniaxial tensile test described in subsection 3.4,

photographs were taken of each sample in the solid: (holes marked on the -

sample) and perforated condition, while the éample was still mounted in
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the conétant-rate—of-crosshead testing machine (Instron model 1125).
Photographs were taken while tﬁe sample was in an unstretched condition
as well as at 10, 20, and 30 percent elongation. Figure 30 illustrates
the perforated'rep]icafion snd 6 x 6 model for the 1.1 mm external
diameter artery illustrated in Figure 2 of ;ection 3.4, in both the
unstretched and stretched conditions.

The image for the negative of each photograph was projected on
the platen of the Hewlett Packard digitizer. Sincé the shape of the
cifcular holes form an ellipse when the latex rubber is stretched, both
the longitudinal (major axis) and transverse dimensions (minor axis) of
a single row of holes (the number is représented by "m" below) closest
to the centre of the sample were recorded and averaged, along with the
width of the sample, at each e]ongation.'

The measurements were then\converted into the fol1ohin§~:5t of
geometrical parameters: | ,

i) Area (A) L

The area is computed from the measurement of the major axis (a)
and minor axis (b) with the use of the équation for an ellipse (5).

ii) Ligament Efficiency (LE)

The ligament efficiencies for both the longitudinal and transverse
directions are calculated at each discrete elongation of the sample
(s rebresénts length or width of sample and h represents the

corresponding dimension of the hole) by the equation:
. [ m ]
- 2: h (14)

i=]
LE=1 - -
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Figure 389 Photographs depicting the replication and 5 x 6 model of
the 1.1 mn external dianeter artery mounted in the ygrips
of the uniaxial tensile testiny machine.
a) Replication {perforated) in the unstretched
condition,
b) Replication (perforated) at 30% elongation.
c) 6 x 5 model {pertorated) in the unstretched
condition®
d) 6 x 6 model (perforated) at 30% elongation.

o
\




.~

S

This relation has been derived from equation (9) in subsection 3.4.2

m '
by substituting s/m for ¢ and {:23 g} /m for d, and re-arranging
i=1 . . .
the terms.

iii) Eccentricity (e)

112

The eccentricity of an ellipse is defined by the equation (Selby,

1972, page 356):
1/2 )
(a2 - b?) (15)

e = a

In this case, the eccentricity will be used to represent the shape
factor since the eccentricity has the value of 0 for a circie and 1 for

a—

a slit,
iv) Necking (v)
The ratio of transverse unit strain to longitudinal unit strain

i
is expressed by:

_ A ) (16)
VE AL .
where: )
W = width of sample
dW = change in width
L = length of sample
dL = change in lepgth Cos

The values for necking were computed only for the models wiih an odd
ﬁumberuof rows/columns since the centre row would coincide with @he
narrowest width of the sample.
v) Expansion Ratio (N)
-~

Linear expansion (dh/h) of the hole (diameter h) in the

Tongitudinal direction in relation to the linear expansion (dR/R) of

the solid sheet (length R) is expressed by Burton (1970) as:

dh/h (17)
dR/R '
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For the‘case of a -solid material with circles marked on it, the value
would be equaf to 1 for any elongation greater than zero.

The precediny sét of parameters was calculated for each of the
' three samples listed in subsection 3.4.

¥

3.5.3 Results

As illustrated iﬁ Figure 30, progressive, elongation of the 1atex'
sheet transformed the holes into elliptical slits while reducing the
width at the centre of the specimen., The value for necking of the
three samples was computéa to be 0.36 +0.013 SEM for the solid
condition and 0.39 +0.013 SEM for the perforated condition.” The t-test -
showed no significant difference (i.e., p > 0.05). The expansion
ratios %or the perforated models of the 3.4, 1.1ﬁand 0.7 mm external
. diameter arteries were'3.4 +0.12 SEM, 3.5 +0.08 SEM and @

2.3 + 0.06"SEM reépectively. ? .

Linear regressions (least squares) were computed for the combined
results of the two models (i.e., 5 x5 and 6 x 6) pertaining to each of
the three samplgs, for the diameter, area and ligament efficienéy. The
r2 values (coefficient of determination) for the linear regressions
were usua]]y\0;92 or greater, except for slopes approathing the
horizontal which generated correlation coefficients that were not
significant even though a linear re]ationship'appeared obvious. Since
the slope in this ];tter condition is approaching zero, the r2

. computation is mot a reliable indicator of the fit for linear ) 5.

relationships that approach a constant.

- -

The _resuits for the perforated condition of each sample will be

reported and discussed separately from the other two, since the




influence (if ahy) of different relative magnifications on the results .

has not been assessed in this study. The solid condition haé been
Eonsidered a mutual condition for the three samples éérmittiqé‘
inter-sample compazison. The ratio of the values for ;he peffonated
condition in relation to the solid condition also provides éniihdicator

for inter-sample comparison.

i) Transverse and Axial Diameters
e

The ‘change in the transverse and axial diameters (nearest roQ of "
holes to the centre) during stretching of the three samples are
illustrated in Figure 31. The results foé the transverse diameter of .
3.4 mm are presented alone (Figure 3%a), since the ghree sets of
results did not differ appreciably, or there was a slight deviation
which was most noticeable at the thirty percent. elongation. '
The axial diaméters for the three samples incréaSed with /
elongation, for both solid and perforated conditions. The axial
diametér for 5;; perforated condition increased at a faster rate than
‘;‘. the solid condition, in each case. Agreement between both models' of
each sample for changes in geométry was excellqﬁl. This observation
concurs with the results for the standardized stress-strain curves
shown in section 3.4, whe:e the tensile properties for both models were
also very similar.
The s]opeé representing the relationship between the axial
diameter and elongation for the three samb]es are presented in Table 5,
A ratio of the slopes corresponding to the solid (holes marked on
sample) and perforated conditions is also listed in Table 5. The

individual slopes for the axial elongation of the holes in all three

1
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- .
- AXIAL
DIAMETER AREA AXIAL LE

3.4 mm Diametér

Solid 0.014(1) 0.01 (1) -0.00018(3)

Perforated 0.041(1) 0.038(1) -0.0025 (1)

Perforated/Solid 2.9 3.8 N.R.

. 1.1 mm Diameter '
Solid 0.019(l) 0.026(1) -0.00045(.2)
Perforated 0.054(1) 0.068(1) -0.0037 (1)
Perforated/Solid 2.8 2.6 8.2

0.7 mm Diameter
Solid 0.024(1) 0.037(1) -0.0002(3)
Perforated 0.056(1) 0.11 (1) -0.0034(1)
Perforated/Solid 2.3 3.0 N.R.
Notes: (1) p << 0.001
52; p < 0.0]
3) p > 0.0
N.R. not relevant




samples varied among the sdmples, but was consistently greater for the

perforated than for the solid condition. There were also differences

in the slopes (p << 0.001) among the three samples for the solid
condition. The relative slopes for the perforated , with respect to
the solid condition weré similar for the 3.4 and 1.1 mm dikmeterg.
arteries, but different for thé 0.7 mm diameter artery.

1%) Area T i

The increase during the elongation for the a¥ea of the solid and
perforated conditions of each sample are presented in Figure 32 and
Table 5. It is evident from the curves that the area for the

perforated condition increased at a faster r;te than the solid
condition in each case. The slopes for bogﬁ the solid and perforated
conditidh were again unique to each samp}e. The slopes of the areas
for the solid and perforated conditions of the sample representing the
3.4 mm external diameter ;}tery are both marginally less than the
respect{ve slopes for the axial diameter (Table 5). A similar
domparison (perforated and solid) of the slopes for the samples
representing the 1.1 andj:;7 mmi;xternal diameter arteries showed the

_converse, i.e., the slopes were greater for the area than the axial

diameter. The relative rate of increase in the area for the perforéfed

condition with respect to the solid condition, was more pronounced for

the samples representing the 3.4 and 0.7 mm external diameter ar}eriés,

than the 1.1 mm diameter artery.

iii) Ligament Efficiency

The results for a typical transverse ligament efficiency, as weldy

-

as the axial ligament efficiencies for the three samples are presented

in Figure 33. Since the values of the transverse ligament efficiency
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for all three specimens were essentially the same during elongation,
only the results for the 3.4 mm exté??é] diameier specimen have been
illustrated. The axié] ligament efficiency for the solid specimens did

not change with elongation. Nevertheless, a distinct decrease with

increasing e1onga£ion was observed following perforation of the solid
specimens. The results for the solid conditions of the samples
representing arterial diameters of 3.4 and 0.7 mm are constant (§1ope
of zero), whereas .the slope for the 1.1 mm diameter artery attained

statistical significance (Table 5). As a result, the computation of

[
-

the ratio of “"perforated/solid" is not -relevant.

iv) Eccentricity )

e

The eccentricities for the three samples for both the solid and .
perforated cond1t1ons demonstrated a non-linear increase with

elongat1on (F1gure 34) which is most marked at 1ow strains. In each

+

‘sample the ellipse was narrower-in the perforated than in the solid

condition.

3.5.4 Discussion e

~ The main purpose of the second portion of this study has beéh to

[

examine fhe.changes in the geometﬁ&'of the uniform pattern of
perforations during stretching of the sheet of latex rubber. The
results for uniaxial elongation of the three samples confirm the -

observation by Burton (1970) that the -axial diameter of the pgrforation

- -
——

expands more rapidly than the surrounding solid material. The rate of

-

change of the axial diameter, area and axial ligament efficiency varied

b

among the three specimens, but each set of results was unique to the*

particular model of the associated,tissue.
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A pattern for the distortion of the perforations has emerged from
this study. 1In each case the transverse diameter, and transverse
ligament efficiency did not change appreciably with elongation
regardless of whether the sample was solid or perforated, If the
pattern was only marked on the latex sheet, then the axial diameter (as
demonstrated by the expansion ratio) as well as the area, increased in
the same proportion as the elongat%qn of the sheet, while the ligament
efficiéécies remained essentially constant. The rate of change (slope)
~of the axial diameter-and area with elongation of the solid condition
was not constant for the three samples (all differences significant at
p < 0.01).

The axial diameter and area for the perforated condition of the
samples expanded in excess of the proportional elongation of the
material. Consequently, the ligament efficiency continuously decreased
during elongation. The eccentrfcﬁty increased more rapidly for the
perforated than the solid condition, but did not approach an asyﬁptotic
. condition wifﬁin the thirty percent elongation. The rate of change for
any of the parameters was a unique function of the geometry of the
perforations in the sample. -

~The expansion ratios for the models of the arteries with external
diameters of 3.4 and 1.1 mm were in close agreement, in contrast to the
expansiqp}ratio for the model of the 0.7 mm diameteg. Burton (1970)
verifiea“that the expansion ratio should initially be three and t%en

~

"decrease to unity where the ellipse has been stretched very greatly..”

v

however,.Burton has presented two expressions (equation "10" in his

; .
. paper) coupled by equal signs for computing the expansion ratio. The

first of the expressions has been used here (egpation "17" in
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subsection 3.5.2) in order to obtain the single value for the three
samples reported in the results. The initial value was very close to
three and tended to decrease wi}h progressive elongation.

If is particularly intenesting that the relative results for the
expansion ratios (i.e., the resu1fs for the 3.4 mm and 1.1 mm arteries
concur while the 0.7 mm artery is distinctly less) resemble the
relative resﬁlts for the standardized stress }esults. This observation
suggests that the decrease in the sfress values (standardized stress)
for the material with perforations could be related to the expansion

ratio. However, further studies would be required to verify whether a

relationship exits.

3.5.5 Summary

During uniaxial ‘extension of the latex model, the holes (both

marked on the sheet and perforated) demonstrated a distinctive change

in their shape, from circular to elliptical. Measurements of the axial

and transverse diameters of a consistent row of holes, along with the

width of the sample at distinct elongations were converted into an
area, 1igameht efficiency (transversé and axial) and shape factor *
(eccentricity). Values for the expansion ratio of the holes and
necking of the latex sheet were also com&uted. The perforations
expanded more rapidly than with the holes only marked on the solid
material, which translated into a more rapid increase for the axial
diameter, area and eccentricity, while the axial ligament efficiency
decreasedvmore rapidly. The transverse diameter and transver;e
1igament efficiency remained essentially constant. .Necking gf the -

latex sheet was consistent for all of the specimens (both solid and

P




perforated). The relative expansion ratios appear to parallel the

relative changes for the standarized stresses presented in

section 3.4

3.6 The Geometrical Characteristics of Fenestrations in the Internal

Elastic Lamina of Human Cerebral Arteries
3.6.1 Introduction

Although it had been observed in the late 19th cen&ury that the
elastic lamella in arteries contained fenestrations (windows), Dees
(1923) was the first to investidate them. More recently, Hassler
(1962) presented the results. for the diameter, density (numbe; per
square millimeter) and percentage area of fenestations *for consistent
segments of the internal carotid and anterior icerebral arteries
(humanf:—bver a life span of 90 years. Other authors (Lang and Kidd,
1965; Hassler, 1972; Cajan&er and Hassler, 1976) have mentioned
fenestrations, but at best presented only scattered data on their
geometric characteristics.

The form and structure of fenestrations in relation to the

external diameter of the artery have not been investigated to my

124

knowledge. The purpose of this study was to determine the relationship

of various relevant characteristics with respect to the external

diameter of the artery, for the internal elastic lamina from human

cerebral arteries,

3.6.2 Methods ' -

Cérebral arteries (designated series A, B, C and D) which did not

. & N
exhibit any atherosclerotic disease were obtained at autopsy. Series
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A, C and D were from females, aged 62, 48 and 50 respective]&; series B

b

was from a male aged 65. The cerebral arteries for all subjects were
obtained in situ, The complete circle of Willis and peripheral
branches were carefully removed in toto, photographed in vitro, and

stored in isotonic saline at 4° C. Each series consisted of straight

seghents (totalling 9 or 10), about 1 cm in length, isolated from the
. various parts .of the cerebral circulation. '

The external diameter of the non-pressurized artery was determined
with the aid of a travelling microscope by computing the average of two
transverse measurements, approximately mutually perbendicu1ar, while

e the artery was immersed in saline., The specimen was then sectioned
longitudinally along one side. Next, each specimen was floated on to a

cork backing, spread and pinned along the longitudinal edges, as

illustrated previously in Figure 13, in an unstretched éondition with

the adventitial surface exposed. Specimens less than 0.7 mm in
diameter could not be obtained, since suitable micro-surgical”’

instruments for performing the Tongitudinal section were not

‘available,

The specimens were next treated to remove the advengjtia and

i

- smooth muscle coats by the method des;ribed previously in subsection p

2.6.é; A1l spfcimqns were treated and fixed within 18 days of deéth,
since, during preliminary studies, no discernible degradation of the
external surface was observed over a period of 31 days.

The process of freeze-drying the spec{mens has been presented 'in

_— subsection 2.6.2. A]]wkpecimens were sputter coated with gold in a

Technics, Hummer [ Sputter Coater and the externa]xsurface of the

internal elastic lamina was examined with a Phillips (model SEM 500)

. A 3 2
scanning electron microscope.

-

e




At least 10 photomicrogréphs for each specimen at a siné]e
magnification of either 640, 1250, or 2500 were obtained of areas free
of debris, and containing at least 30 fenestﬁations. A1l
photomicrographs were obtained without tilting the specimen and a-
constant focal plane was maintained by adjusting the stage rather than

the focus.adjustment, in order to correct the focus. The purBose of

this techﬁique was to minimize both-distortions and~heasurement error.
The films for all four series were mounted in an enlarger and each

image was projected on the platen of a Hewlett Packard digitizer.\

(model 9864A). The images represent a final magnification of 1150,

2250 or 4490. At least six photomicrographs for each specimen were

selected for measurement.

Since the fenestrations were gener%jly round_or e]liptiégl in
shape, two sets of two points represent%ng the length of the major and
minor axes for the inside boréer of each fenestration were digitized
and entered into a Hewlett Packard 9830A microcomputer for further
processing and storage. Only fenestrations which appeared to pass
completely through tﬁé internal elastic lamina were measured. The ;rea
for each fenestration was calculated with the use of equation (S)fbr an
ellipse. Four geometrical characteristics were next computed:-

i) Diameter |

The diameter of a circle (D) with an area equivalent to the ellipse was
determined by relationship (6). An average diameter for all the
fenestrations in the photomicrographs (minimum of six photomicrographs)
was also computed.

i1) Density

3 . - - ,
The numBeg-qf fenestrations per square millimeter (density) was
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calculatefi from theénumberlof fenestrations contained in a singie field
of view by equation (7). Only\one density cou]d'ge computed for each
photomicrograpﬁ.

ii1) Percentage Area

The percentage of the surface area conrised of fenestrations
.(summation of the area for each fenestration) w{th respect to the to£1}
area depicted in the field of view is computed with relationship (8);
Only one percentage area could be calculated for each photgmicrograph.

iv) Ligament Efficiency

Equation (13) for calculating the 1igament efficienc& has been derived
in subsection 3.4.2. A single ligament efficiency was calculated for
each photomicrogfaph. ~ A

It has been demonstrated with the use of latex rubber sheets, that
the uniform pattern of perfora£;on§ ;}%F\a constanggdiameter and the
same ligament efficiency as the replication of the fenestrations in the
internal elastic 1am{na are equivalent in their uniaxia]ltenéile
behaviour. Therefore, although-the ligament efficiency ii an
idealization of the actual spatia] geometry, it provides a si%g]e-value
.parameter which effectively characterizes the combined change in the
diameter and/or density of the fenestrations.

In section 2.6 it was reported that the linear shrinkage of the
internél elastic lamina during freeze drying was 6.9% + 0.92 SD. The
fnf]uence of shrinkage on the absolute values of the diameter and
density (percentage area and ligament efficiency arenot affected) has
been accommodatéd by applying an approprigte correction factor iJ(ﬁ\
(equation (2) from subsection 2.6.4).- The effect of applying the

correction factor would be to increase the value for the diameter, but

13
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/

decrease the value for density. Similarly, the value for the

B

dispersion of the data has also been corrected to account for the
combined dispersion of the data obtained in the present study, as well
‘as the data associated with determining the correction factor.

Each ‘plot of diameter, density, percentage area and ligament

t

efficiency, against th,éxterna] diameter of the artery was analyzed by

t

successively adding higher order terms to obtain a polynomial

regression‘(least squares) with .the best fit, Following each step, the
“F" statistic was computed in order to determine whether the
coefficient associated with the largest power in the model is

significant (i.e. p < 0.05).

3.6.3 Results

A total of 38 specimens repregented by 242 fields of Qiew were
analyzed in this study. Many more specimens were prepared but were
excluded, either because they were not flat, or more commonly, becausé
a layer of fibrous t%ssue abscur;d the surface even after extending\the
sodium hydroxide treatment to four hours. A brevious study by Merei
et al (1980b) has shown that these are elgstic fibres buried in the
media and adventitja. The measurements from a typical total of 330
fenestrations were’conVerted into the single average diameter for each
specimen. A minimum of six values were compufed for the remaining
characteristics of degsity, pegcéntage}area and ligament efficiency of
each specimen. \ '

i) Diameter  H

Jhe average diameter of the fenestrations décreased (right to left in

figure 35) as the artery decreases in diameter distally from the circle

L 5 ' _ B .
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Figure 35 The relation between the diameter of the fenestrations
(mean + SEM) and the external diameter of the artery.
The solid line represents the equaflon for the best
fit, presented in the text.




of Willis. o prominent differences in the diameters among

X
different subjects. The least squares curve

There were

the four se~ies taken fry
which best f\t the data vas the 11ne$r regression line Y = 1.33 + 0.39X
(p <0.01) with pefation coeffici;nt of 0.66. The best fit line is
il]ustraped in Figure 35..

i1) Density

Figure 36 i11u;trates a plot of density with the external diameter of
the artery. There is a moderate increase in the density (right to ]gft
in Figure 36) from the ‘largest arteries in the circle of Willis to
arteries with an external diameter greater than 1 mm. At 1 mm external
diameter and less, the increase in the density appears to increase
rapidly, glth0ugh'l was not able to obtain data for arteries less than

0.7 mm. The agreement in the data among the four subjects is again

very good. The least squares polynomial which best describes the data
, 2
was the- third order polynomial Y = 56161 - 64170X + 25737X -

3330X with a correlation coefficient of 0.92. This polynomial
was significant at p << 0.001 and all coefficien?% were significant at
p << 0.001. «The best fit line is illustrated in Figure 36. A

logarithmic regression provided a less satisfactory fit.

iii) Percentage Area
.The combined effect of d{ameter and density on the computation of the
percentage area is shown in Figure 37. The general trend for a
decrease in the_arteria] diameter (i.e. right to left) is fog,;he

’

percentage area to increase. There is again good general agreement in

the results amonyg the four subjects. The increase in percentage area

for the small diameter arteries is attributable to theerapid increase

in the density. The least squares polynomial which best represents the
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fit, presented in the text.
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2
data was the second order polynomial- Y = 5.95 - 2,65X + 0.45X

o “with a correlation coefficient of 0.64. This po1ynomia} was
‘ . significant at p 5{?6.001; The linear term was significant at
° p < 0.001 and the quadratic term was significant at p°< 0.01. The best
fit curve is illustrated on Figure 37. 7
Co iv) g?gament Efficiinci
,The.results for the 1igameﬂt efficiency with arterial diameter, ' .§=
iaepictea'in Figure 38, visually appear to reprg;ent a horizontal line.
" 1f thefdata poinis,corresponding to X = 0.7 are extluded, then this
“  impression is confirmed (r2 = 0.098 is not significant, therefore the
SO data is fitted best by. the constant Y = 0.838). If the data points at

i . a . . X =0.7 wgre inc]gdﬁg then the datg is bestzdescribed by the secénd

- order polynomial Y = 0.74 - 0.084X - 0:016X ~which has a -
signifieanée Téve1 of p { 0.005. The linear term is signﬁficant at.’

1'p < 0.005 and the quadrat1c term is significant at p < 0.05. The best
f1t curve with the«va]ues at X —00 7 excluded has. been depicted on

<

- . ; F1gure 38.

¥ - 3.6.4 ‘Discussion -

3

<

.The characteristics of diameter, density, percehtage area and

“ligament efficiency showeduremqr%ab1e similarity among the four

- , +" subjects.

5 A comparison of the fenestration diameters for the arterial

' ) segments (anterior circulation) closest to the anterior commun1cat1ng

ey

artery revea]ed an average value of 2.1 um for the present study which

is cons1derab1y less than the value of 6.8 pm reported in the stuqy by
@ "
S Hassler (]962) foreaicomparab1e age group. However, the diameter from
I L ® : .
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Figure 38 The values for ligament efficiency (mean + SEM) are

plotted with respect to external diameter of the artery.
The solid line (excluding the values for the d1ameters
less than 0.8 mm) represents a constange%
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this study is comparable to the diameters of "1 to 2 pm" quoted by Lang

and Kidd (1965). The difference between the values in this study and
that of Hassler (1962) could possibly Be attributable to a difference
in the measurement écheme, since Hassler {(1962) meé?j;ed the "maximum
hdiameter.of the.windows“ whereas, in -our study, the internal or minimum
diameter was measured. Furthermore, the enhanced resolution
capabilities of the scanning electron microscope may have resulted in
the measurement gf many small fenestrations, not discernible with the
light microscopéj:'There is also a difference for the percéntage areas
bethen the twgistudies, which again could be Pccounted for by the
difference in diameter.
There is reasonable agréementdfor the same age groups between an

aveéage fenestration density of 4670 per square mm for the present
$

study and 3800 per square mm in the study by Hassler (1962) for

specimens from the anterior circulation. Since Hassler does not
mention Fhe shrinkage associated with his techniqug,ﬂcorrection for
shﬁinkage'would further reduce his value for density'whigh woﬁld
" further increase the difference with respect to my results. The
variation bétween t@e results again could be attributable to the
technique employed by Hassler (1962) which may not have removed thé
‘debris embedded in the fenestratid%s, perhaps obscuring some
fenestrations. The enhanced re§o]ut10n of the'scaﬁning electron
microscope could also égiount for the variatjon.
There is recent preliminary evidencg (Potter & Roach, 1983) that
the diametercof the fenestrations increased in the.region of sustaired
distension resdlting from a postenotic dilatation. The decrease in the

fenestration diameter with the decrease in arterial  diameter shown in




4

&

136

the present study, resembles the decrease in the. circumferential wall
stress that would be anticipated as the external diameter of t2§ artery
decreases. This would suggest that the diameter of the fenestrations

is influenced by the local wall stress. However, this relationship §

-~

cannot be confirmed until the relative thicknesses of the arterial wall

T -
and internal elastic lamina have been established for the range of

external diameters examined in this invespigation.

Rodgers et al (1967) observed that no elastin was found in human
renal arteries less than 0.1 mm in diameter, Rodgers et al (1967) also
reported that Oppenheim (1918) described the internal elastic lamina of
small arterié% in créss section as -consisting of small dots
(presumably, the intervening 1igaﬁents between fenestratio;s) which
become more closely spaced as the size of the artery increased and
E%inally merged into a continuous membrane. Th;refore, the dramatic
change in the density for the arteries with the smalleSt'diameter maf
represent the characteristics of this transition to an absence of the
internal elastic lamina. .

Iﬁgipercentage area is a single-value function incorporating both
the aye;age diameter and density of the fenestrations. Changes in the
diameter alone would have a more significant influence than density
alone on the results, because of the squared term (i.e;, radius square)
in the equation. This maﬁéaccount for the noticeablé scatter in the
results for percentage area, compared with the ligament efficiencies.

The apparent consistency in the ligament efficiency with .
decreasing arterial diameter suggests that the general spatial geometry
of the fenestrations in the internal elastic lamina m;y be dictated by

a relationship which is uniquely described by 1jgament efficiency. The



: ]égamenﬁ efficiency for the smallest arteries (less than 1 mm)

substantial increase in density and concomitant decrease in the

indicates a possible transformation in the characteristics as.mentdoned

4

previously.

&£

The purpose for the presence of fenestrations in the internal

purp P i T\
elastic lamina has not been resolved. Hassler (1962) suggested that
the fenestrations are “. . . narrow gateways faci]ita€$ﬁg the important

3
passage of nutrients to the media . . ." Bjorkerud (1969) observed that

smooth muscle cells appeared in the "ﬁores" of the internal elastic
lamina, 24 hours after the inner surface of the rabbit aorta was

damaged. The subsequent formation of j/gaséndothelial network or

parallel ribbons of smooth muscle cellg which constitute the first
stage of the developing intimal thiqg niné suggest that the smooth
muscle cells migraté from the media to the sugendothe11um. Therefore,
the pregence of the "pores" of fenestrations may be to provide an

*opening for the smooth muscle cells in the process of repair.

Although it is generally recognized that the smooth muscle cells

pﬁoduce elastic units which aggregate and fuse tb form larger units

(Haust, 1965) the method of formation of'the elastic lamina has not
been resolved. Consequent®y, the process for determining the shape and
size of fenestrations has also not been investigated. The apparent ®
consistency of the value for the 1igament efficiency for the range of
arteries in this investigation suggests a mechanism which dictates a
consistept spatial geometr&. ' .

)
336.5 Summary

Four geometrical characteristics which represent the fenestrations




“~pronounced increase in the number of fenestrations per square
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in the internal elastic #lamina have been%cd1culated for human cerebral
arteries of varying ex;erna] diameter. Sp&cimens from fhe circle of
Willis and peripheral cerebral arteries of four subjects were isolated

from the arterial tree, photographed with the scanning\gTéttﬁbn

microscope, and measurements taken from the photomi@rographs before the

geometrical measurements were computed. Correction factors determined
from the previous study were applied to the data in order to account
for the shrinkage of the tissue during preparation. The decrease for
the diameter of the fen::trations with the decrease in the external
diameter of the artery was represented by a linear relationship. The

L3 l\\ . 1 . 3
millimeter {density) for the arteries of small external diameter was

modelled by a third of ep\gg]ynomiaf. The general increase for the

percentage area of the surface comprised of fenestrations in relation
. \\

to the decrease in the external diameter of tﬁg\érteﬁigf\!fi\Ti:il;:d
by a second order polynomial. The ligament efficiency (ratio o

. \q
minimum.width .of the solid band of material to the centre-to-centre T

distance for two or more adjacent holes) was virtué1]y constant for the
arteries with external diameters greater than 0.7 mm. Although;
neithgr the purpose for the presence of fenestrations in the interﬁé]
elastic lamina, nor the process for forming the internal é}astic lamina

(and hence the fenestrations) have been resolved, the coniFant value

for the ligament efficiency suggests a mechanism that dictates a

consistent-spatial geometry based upon ligament efficiency.
w



Chapter 4
THE . PROBABLE ROLE OF'FENESTRATIOQEQAS A FACTOR IN THE ETIOLOGY
. OF INTRACRANIAL SACCULAR ANEURYSMS
4.1 Introduction
Blood is supplied to the brain by the two carotid and two -

vertebral arteries which feed a loop of arteries referred to as the

circle of Willis. Emanating from.the circle of Willis are several
major branches (anterior cerebrals, middle cerebrals, posterior
cerebrals) which form a distribution system to supgly blood to all
parts of the brain. The typfca] anatomical terms assogiated with the
circle of Willis are depicted in Figure 39, -

-An arterial-lesion aSSociated with the circle of N{llis and the
larger peripheral cerebral arteries are aneurysﬁs wﬁich are classified
as a "localized and persistent dilatation that results from the

. yielding of the components of the wall of the heart or blood vessels"
(Stehbens 1972, page 351). Although there are several classifications
of aneurysms, the particular type-of interest for the ensuing’ "
Te— 7 discussion is the saccular arterial aneurysm or ‘intracranial siccular
"Enéunysm which forms a dome-shaped outpoughing, usually at the apex or
.carina of a bifu;;ation. Fiéure 40 illustrates a saccular aneurysm at

-

the apex of a bifurcation. The terms associated with ‘a saccular

N
.

(3

aneurysm at a bifurcation are illustrated ig,Figure 41.
Aboyt 85 % of the aneurysms are found in the anterior circulation

(includes both anterior and middle cerebral arteries) while 15 % are

observed in the posterior circulation (includes posterior, basilar and
-~ R
. vertebral arteries). The most common sites on the anterior circulation
: /

are at the origins of the antertpr or posterior communicating arteries
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ANTERIOR CEREBRAL ARTERY
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Figure 39 " The anatomical term§*as§bgiated with the
circle of Willis (human cerebral arteries).
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Figure 40  An.angioyran illustrating a saccular aneurysm
(arrow) at the bifurcation (reproduced with
permnssion of Dr. G. G. Ferguson).
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Figure 41 The terminology associated with an intracranial
saccular aneurysm.
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»as well as the bifurcation of the mi&dle cerebral arteries. The

basilar bifurcation is the most common site on the posterior
circulation (Stehbens, 1954). '

The usﬁal consequence of the formation of an aneurysm is the
continued enlargement with the probability of eventual bleeding and
even rupture that may cause death., The rupture of an intracranial
saccu]af aneurysm is one cause of subarachnoid hgmorrage which is a

principal cause of "stroke". The incidence of an aneurysm is greatest

f during the fourth to sixth decades of life and woﬁen appear to be more

. ) gy

Although there has been considerable progress in the operative and

rd v

medical treatment of saccular aneurysms, the understanding of the

qmos

susceptible than men.

N

formation, enlargement and rupture has not advanced as rapidly. The ~
ana]ys%s of several autopsy reports has indicated that about 5 % of ' !
the population may be afflicted by aneurysms (ruptured and hnruptured).

The ensuing review of the literature pertaining tq,tﬁé iqitiation,
growth and rupture of intracranial saccular aneurysms is intended to
familiarize the reader with the relevant investigations but it is not
intended to represent a compréhensive survey of the literature on the

subject, The sections followjsg the~review will present complementary

studies to the previous invédstigations of i) the form and structure of
fenestrations in the interral elastic lamina from cerebral arteries;

ii) the tensile characteristics and change in spatial geometry of ‘
' ~~

models of the form and structure of fenestrations in the internal
elastic lamina from cerebral arteries in the apical region of
bifurcations. ) : - .




e

4.2 Pathogenesis of Intracranial Saccular Aneurysms
4.2.1 Etiology

The wall of the aneurysm is devoid of rgdia, which usually
terminates in the neck region of the aneurysm. The internal elastic
lamina also ends abruptly in the neck region of the aneurysm with only
remnant; observed in the aneurysm wall. The walls of large aneurysms
are usually thicker consisting mainly of thickenéd hyaline connecgsi.ve
tissue.

There is a general consensus that both the internal elastic lamina
and media must be absent of considerably weakened for an aneurysm to
form. It has not been resolved which layer is more important in thg
evolution of an aneurysm and whether congenital or Qegenerative factors
play a major role.

Forbus (1930) reported medial defects in tge cerebral arterial
wall of about three quarters of the subjects he studied., He postyTated
that these defects were a focal weakness in the vessel wall which |
caused degenerag%pn of tHe elastic mémbrane due to continued
overstretching of the membrane caused by stresses induced by the
hemodynamics of the blood flow at the apex. Glynn (1940) found medial
defects in about 90% of the arteries from subjects both with and
without aneurysms. Furthermore he observed the medial defects along
the lateral borders of the bifurcations where aneurysms do not form.

He also evaluated tge:structural integrity of the arterial wall by
inflating segmentsihiék]!atural medial defects and other segments with

an artificial defect produced by scraping away the media and adventiﬁia

144



proposed that degenération of the internal elastic ‘lamina was the most
'significant factor, caused by atherosclerosis or other factors.

Carmichae] (1945) gtudied two hundred patches of atheroma in
cerebral vessels over I mm. in diameter. He postulated that defects in
the media and“internal elastic lamina must be present for the formation
of an aneurysm. However, even 1f both defects were present, the
development of aneurysms could be delayed by fibrosis of the intima.

Hassler (1961) presented the first comprehensive study on the
peculiarities of the cerebral arteries and their association with
saccular aneurysms. He was one of the first to recognize that
degeneration of the internal elastic lamina was a consequence of
"exhaustion and overstretching.,"

Stehbens (1972, f975b) has rejected the medial defect theory.
Instead Stehbens (1975b) has described thfee types of ]esions.?'rhe
fiﬁét was "funnel-shaped dilatation" which is an area of- attenuation or
1os§\of media, degenerate or absent internal elastic lamina and
atte&hh&gg,éai;ntitia. The distinction between these areas and the
medial defects described by Forbus (1930) was that the medial
discontinuity in these di]atationsiwas not  abrupt and the adventitia
was not thickened. The second type of lesion was “arqés of th%nning"
which was basically a thin wall with possible étténua%ion of the
‘adventitia, along with absence of the media and intgrna] elastic
lamina. These areas demonstrate a bulge with,a.dreésure of 6n1y 30 cm.
of water. The third type of lesion was "small evaginations" which are
visible microscopically as a.bulge of the intima throuéh a part of the

medial defect or at the junction of the defect with normal tissue.

Usually there was degeneration of the elastin, but the internal elastic
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al (1972) obtained static pressure/volume curves of human saceular -

-
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lamina was fdﬂkd intact in some cases. )

Cajdnder and Hassler (1976) found lysosomal granules in
extrddellular space of cerebral aneurysms. They have suggested that
these granules originate from Teukocytes located on the luminal side of
the vessel creating autolysis of the elastica tpekeby influencing fhe

.

development of aneurysms.
4.2.3 Enlargement and Prognosis
. The growth and rupture of a saccular aneurysm is dependent upon

the mechan1ca1 and pathological considerations of the.wa]] structure as

well as 1ntra1um1nal hemodynam1cs and extramural constra1nts. Scott{gg

aneurysms and cerebral arteries. They found that the elastance s,
(tension/strdinj of the walls of aneurysms was noticeab]y greater than
for the arteries,.which led them to theorize that the increase was |
attribufable to the absénde of elastin in the adeurysm wall whereas
the arterial wall cogiains a combination of collagen and elastin. The
thinder wall of the aneurysm would also create a higher stréss.

The .influence of hypertenéion on the origin, growth and rupture

remains unresolved. Chasop and Hindman,(l958) reported hypertension,

d1a9nosed c11n1ca]1y or- at autopsy in about 80% of patients with

' aneurysms (ruptured and unruptured). Stéhbens (196 2) also observed

that hypertension was more prevalent in patients with aneurysms (54%)
-

than a control group. In the Cooperative Study of Intracranial

N

Aneurysms (Locksley, 1966) the incidence of hypertension was higher in

patients with larger aneurysms which woulg imply that hypertension

—

contributed-to the enlargement.’ Andrews and Spiegel (1979) found that
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hypertens1on was -not more preva]ent for the aneurysm populat1on in

relation to the age matched genera] p0pu]at1on except for females aged

°

18 to 54 years. The incidence was twice as great for poth male and

L}

female hypertensive patieﬂts'under 55 yéanéydgiagel Increasing age,
increasing.systo\ic pressure and increasing diastolic pressure” all .

v corresponded with an increased number of aneurysms for females but not . ~

males. Conversely. McCormick and Schma]st1eg (1977) reported rno

E

notab]e d1fference between age and sex matChed autopsy popu]at1on for

»

patients with ruptured and unruptured aneurysms. Ne1ther wag/rhere
,evidence'of an association between hypertens1on and multiplicity of
aneurysms, }he age when aneurysms,becbme”evident nor rupture. Saccular

aneurysms can arise and even rupture in the absence of hypertension.

-

Turbulence is a]so cons1dered a maJor factor in the growth and
[

rupture of aneurysms, The normal ve]oc1ty of flow in cerebral vesse]s

is sufficient to produce turbu]ence in the sac of human 1ntracran1a1

-_-

saccular aneurysms (Fenguson 1970). However, Fergusont(1970). Cs

Jﬁscounted'tUrbu1ente as a causative factor in the initiation of

<

. aneurysms becau§e calculat1on of the Reynolds numbér basedyon the b]ood
&
flow velocw‘y,and d1ameter of the .internal carot1d arterys suggested

) that turbu]ence was unllkely to occur-at maJor 1ntracran1a1.

e | | ‘

. b1furcat1ons without aneurysms. ; S

»
L

\‘ Prev1ous]y, Roach (1963) had shown that the post-stenotic ,

d11atatmon that' occurs in peripheral arteries was the resu}t gf »

turbulence that weakened both the elastin and to a lesser extendt the

o tnter:collagen Tinks of thebvessel wall.. Foreman ‘and Hutchison (1970) -7

found "that nornal\blobd flow through stenotic vessels induced peaks of

-

vibrations that coincided w{th'natura1 resonant frequencies of the

P
PR LN ‘
- " ~ °
< . b

/
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_vessel wall. These stud1es appear to support the concept that 148

4

- turbu]ence at arterial b1furcat1ons can weaken the aneurysmal wa]]s, -

L}

o causing the growth of an aneurysm and that the weakening may precede
) noticeable histological changes in the vessel wall. Musical

“high-pitched bruits recorded bﬁ‘UTinger and Wasserman (1977) from

‘( o 0
aneurysms were represented as a flexible Helmholtz resonator. This

self-excitation, rather than turbu]encé, was thought to produce
. . Q

resonant vibrations ‘of the arterial wall and concomitant structural
' A Y

~ )
) B I

L fatigue, i ' '
T

" Two further factors mentioned by’ Sekhar and Heros (1981) as
N T * : +

4

possible contributing factors for the initiation of aneurysms are axial
|
stream impingement on the apex of 'bifurcations and the effect of

pulsatile flow. . The dissipation of the kinetic energy at the apex of

.
. P ‘

. ~b{furcat16n§ has also been -implicated as a cause of structural
‘ % ) » L L ;
fatigue. Lo ‘ “ . ;

- o

a

. Fa€tors such gs mechanical fatigue, occlusion of the vasa vasoﬁum

v “or enzymat1c digestion havée a]so been mentioned as factors leading to a .

P
o [

a ‘ . focal weaken1ng which [may result in rupture or further depos1t1on of ' .,

t

T collagen and restrengthening (growth). The process of microrupture,

< o

reorganizatibn of fibres and growt /7§>bqlifisd to-be cyclical.

D1ffefent autopsy studies Jhave revealed &hat the size of ane%’ysms

that ruptured were 4 mm. (Crompton 1966) 6-15 mm. (Crawford 1959)
¢ and 5 mm. (McCormick and Acosta-Rua,.#1970). The study by Crawford \
. ) ) ’ {
. (1959) showed that-a substantial proportion ruptured at the fundus-af

the aneurysm. Aneurysms that remain intact due to the strength of

v
I

their wall may then enlarge to gigantic proportions or remain static(jn

° . ¢ '
€

C . size and even-thrombose. S .




4.3 Fenestrations in thé_lnterna] Elastic Lamina at -

< -

Bifurcations of Human Cerebral Artéries i

4.3.1. Introduction 'd ) - ..

<

]

The structure of the internal elastic lamina of cerebral arteries °

has never been clearly.delineated. In addition, the role of the

internal elastic laminaqin the formation of intracranial saccular

@

aneurysms, known to form predominantly at-bifurcations, remains an

énigma. )
9

R Dees (1923} first described the ﬁnteﬁhal elastic lamina of human

and bovine aortas and .renal arteries.as a continuous sheath penetrated:

¢

by small windows. However, Nystrom (1963) described the elastic lamina

of human arteries as a fibrous structure. Lang and Kidd (1965) stated

[ ©

that the elastic lamina of human cerebral arteries is split into layers

o

N > - -
) o . with the Tuminal surface a meshwork of . fibres which transforms into a

» - . -

sponge-fike igyer, and fi?a11y forms a solid mass in the layer agjacent

o -~ - .

fo theomedia.

Hassler (1962) examined the fenestrations, which he described as
- yi -ﬁi

~oo windows, eontained within.the elastjc lamina of cerebral arteries of

humans, from newbﬂiné to the age of ninety years. He presenteq data*to
' AescriQe relevant characteristics of fenestrations jn the internal ;
elastic lamina of”straight cylindrical segmenﬁs isé]ated from the >
* “intracranial portion of the internal ;artoidhand %pterior cerebral
a;teries. Cook,'Sa1ﬁb and Y;tes (1975).examineﬁ thgx"lengtﬁ" and
"number of gaps" in the internél elastic lamina of the external i]iaF

_artery from humans of age twenty to seventy years. Other authors (Lang’

) and Kidd (1965), Hassler (1972), Cajander and Hassler (1976) have made

reference to fenestrations, but did not provide.data concerning their

<

-
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characteristics. A subsequent paper by Hassler (1972) showed large
fenestrations at the neck qf a séccular aneurysm obtained- at autopsy.
Neverthe!ess, specific information on the size Bf thgse fenéstrations

i

was not presented.
‘ The present study wag undertaken in orde} to: (i) establish
numerical values for the fenestrat{ons in the apical region of
bifurcations; (ii) resolve whether the enlarged fé%estratiqns observed
by Hassler (1972) existed prior to the deve]oément%of the aneurjsm, or
- ‘Wh;ther they had evolved as a con%equence—of distention of the internal

elastic lamina during enlargement of; the aneurysm.

4.5.2 Methods

»  Cerebral arteries (desigpated series I, II, III and) IV) which did
not exhibit any visible  atherogenic dizg:;e were obtained at autopsy
and Stored at 4°C;for 4 to 17 days in'isotonic saline. Series I, was a
cjrc)e of Willis obtained from a 62 yéﬁr old male. The other cerebral
arteries were obtaineq.in situ: series II, from a 65 year old female;
.;eries 111, from'a 65 year old male; and series 1V, from a female aged
7 :58. Subsequentl]y, the comp]g&e circle of Willis and 1argér peripheral

branches were carefully removed in toto. The complete arterial tree

from series III and IV was photdgraphed in vitro and stored in isotonic

1

saline at 4°C.

- Every bifurgation om the four series was.isolated from the ’

~ . the apex). The specimen was then floated on to a cork or balsa wood

\

backing, spread and pinned (as illustrated in Figure 42) in an

ke 5

'
\
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PARENT BRANCH
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PAR
SPLIT AT APEX /— ENT BRANCH

OF BIFURCATION - 7
DAUGHTER
» BRANCH
PARENT I I I X DAUGHTER
BRANCH BRANCH . N
4
+
CORK OR BALSA
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4
}iﬁure 42 Preparation and mounting of the bifurcation specimen's.
A - Specimen is cut from the arterial tree. B - Sectioning
of the specimen along the lateral borders. C - The final
pinned position of the specimen on the cork or balsa wood
backing with the.adventitial. surface expos\ed.



unstretched condition with the adventitial surface exposed. The

specimens were next treated to remove the adventitia and smooth muscle

coats by the method described in subsection 2.6.2. All specimens were

treated and fixed within 18 days of death. No degradation of the
‘eJastin was observed for a period of 31 days.

™ Series I and Il specimens were processed through graded acetones
(30%, 50%, 70%, 90%, 95%, 100% and 100%) followed by critical point

drying in a Polaron Model” E 3000 Critical Point Drying Apparatus.

Ps

Series 111 and 1V specimens were freeze-dried (subsectg 2.6.2). A

difference in shrinkage between the two methods was not established in

section 2.6. * to. ' )
Subsequently, all specimens were Eputter coated with gold in a /

Technics, Hummer II Sputter Coater and the external surface of the

internal elastic lamina was examined with a Philips Scanning Electron

) Microscope model SEM 500.
f ey
‘/Q‘ " . The surface of each specimen was scanned initially at

: magnifications of 40 and 160 to proiide a general impression of the

IS

surface topography and as well to de]inea;e areas of interest. Ten
photomicrographs at magnifications of 640 or 1250 were obtained of
areas with fenestrations of "norma1{ size when judged in }elation to
adjacent straight seémepts, Only areas free of debris and containing a

minimum of at least 30 fenestrations wifh distinct borders were

selected. Photomicrographs containing at least 30 fenestrations from
the same bifurcation, in reg{oﬁs with "en]arged“'fenestrations were
also obtained. In this mannér each bifurcation acted as its own
control for a later comparison.of regions of normal and eﬁ]arged /
fenestrations, A1l photomiccographsrnére obtained withosi tilting thé L{

" . "
-
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specimen and a constant focal Zliie was maintained by adjusting the

- stage rather than the focus adjustment in order to maintain the focus.

The purpose of this method was to minimize both distortions and -

-

measurement error.

The films from all four series were mounted in a-Simmon Omega B8-22

enlarger and the image projected on the platten of a Hewlett Packard

¢

Digitizer (Model 9864A). Six of the photghicrographs were selected

from the "normal" group for measurement. All photomicrographs of

L)

reasonable quality from the region of enlarged fenestrations were

_selected for measuremént since there were fewer fenestrations.

»

Since the fenestrations were generally. round or elliptical in
2
shape, two points representative of the borders of the major axis and
of the minor axis for the internal diameter of each fenestrations were

digitized and the values entered directly into a Hewlett Packard 9830A

N
microcomputer “for further processing and storage., Only fenestrations

-~

-

which appeared to pass completely through the internal elastic lamina
were measured, -

THe area for each fenestration was computed with the use of the

equation for an ellipse (é ation (5)). > ,

- Three geometric charécteristics (Diameter, Density, and §

Percentage Area) were computed.

4.3l§’ Results

»¥

Althought 54 bifurca&ion.specimens Qere‘prepared, only 28 were

deemed acceptable for analysis (Table 6) either because they were not

flat, or,more commonly, because a layer of fibrous tissue obscured the

surface even after four hours of tregtmebt with, NaOH.
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)
; o
-»
Series Numbers
Specimens I I1 111 v TOTAL
BIFURCATION
Number prepared 2 " 24 17 11 54
Number analyzed 2 6 10 10 28
= Number with enlarged ‘1 2 . 6 4 13
fenestrations S
(/// Number with gaps - 17 of 39‘* 9 of 12 97f 10 35 of 42
YLINDRICAL .
C e
Number prepared 3 20 22 13 - 58
_ Number analyzed 0 9 16 . 9 34
Number with enlarged 0 0 0 2 2
fenestrations L.

Number with. gaps 0of 0 0 of9 0 of 16 2of 9 2 of 34

i

>

TABLE 6 - Specimen Series Listing h ]
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Figure 43 illustrates a typical example of the topography of the

. . internal elastic lamina as viewed in the scanning electron microscope.

The fenestrations pen;trating the internal eléstic lamina are general]&
round or slightly obTbng, with sﬁooth contours. There are remnants of
.fibrils on the surface and, in addition, éhere appear to be fibres

kY

"buried in the matrix. .

Thirteen of the twenty-eight bifurcation specimens analyzed (Table
6) -had regions in the vicinity of the apex where the\¥enestrations were
noticeably enlérged as shown in Figure 44, The shape of these enlarged
fenestration; was again either found or oblong with smooth con;our§.v
Although two of the six analyzed specimens fqgg seriss~11 demonstrated
possible regions of enlarged fenestrations, the quality of these
regions was ina@equate for aﬁa]ysis. Nevertheless; they have been
included in the group of bifurcations with enlarged fenestrations.

The remaining 15 specimensﬁdid not demonstrate enlarged
fenestrations in the regions analyzed. Nevertﬂé]ess, en]arqu

fenesf%ations may have been present but ‘were obscured by the partia1(
covering of fibrous material, The fenestratddns from these 15 i
specimens were either round or oblong, similar to fhe group of normal
fenestrations surrounding the regions of en1ar§ed fenestrations.

A group of straight arterial segments prééared concurrenﬁly,
revealed enlarged fenesf?ations in oﬁly two of the thirty-?bur -
Specimens analyzed {Table 6).c The scarcity of regions of enlarged .
fe&estratidns in, the straiéht segments suggests that the enlarged

fenestrations are almost exclusively located in the apical region of

the bifurcation. This factor, togetheriwith the absence of distention

of the specimen, virtugl]y eliminates dﬁyjng artifacts as the cduse of

!

D
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Wt

Figure 43 A typical illustration of the external surface of the™
internal elastic lamina from the human cerebral arteries.
n = normal fenestrations. (Short white warks represent
10 pm). -
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| -
/

/ e
k]
Figure 441  Illustration of enlarged fepestrdtions near the apex of

the bifurcation. (Short white marks represent 10 un).




the enlarged fenestrations. The pliable nature of the arterial wall
7
facilitated the process of unfolding the specimen from the bifurcation

shape, in order to conform to the flat cork backipg.l Folds were

observed in the internal elastic )amina following isolation, which
&

permitted flattening without stretching.\ The regions of enlarged

fenestrations generally formed clusters (Figure 45) or circumferential

o

bands (Figure 46) in the region of the apex _of the bifurcation and on

the medial aspect of the daughter branches. -
During examination of series Il ‘with the scanning electron
microscope, large elliptical gaps were observed at the centre of most
of the speciméns (85%) corresponding to tﬁe.apical region of the
bifurcation (Figure 47). Visual examination of a few-untreated
specimens ;rom series IfI and IV did not usually reveal the gaps ug}ji
a slight tension wag applied between the daughter branches. A split
orientéd across the sadd}e of the bifurcation became enlarged to:form

oy

an elliptical gap. The presence of these gaps was confirmed during

©

subsequent examination with the scanning.electron mlgioscope in about

80% of the sbecimens from series {II and IV (Table 6). The regions of

[+

enlarged fenestrations were usually adjacent ot the gaps and the *®

circumferential bands mentioned previously were oriented in the same
dirgction as the long'axis of the gap. In most cases, the lip of the
gap could not be examined since it had been reflected under the
specimen. However, in at 1east three- cases the split in the internal
elastic lamina had bropagated through a region of enlarged
fenestrations (Figure148). The internal elastic lamina in #Me apical

region qf some specimens apbeared disrupted with a fibrous matrix

forming the major structural element.




Figure 45

ees ‘a‘
- 327 “hene

—

A cluster ‘of enlarged fenestrations 1s shown in the
centre of the photomicrograph, Short white bars
represent’ 100 pa,

*
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‘ Figure 46 Regions of enlarged fenestrations in the form of .

' circunferentaalliysoriented bands (indicated by arrows).
- Tne bands are located in the daughter branch, downstrean
: fron the apex of the bifurcation (at -m1ght of photo-

| micrograph). -Short white barg represent 30 pm,

o
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v ‘ Figure 48 A region of substantially enlarged fenestf*ations at the
‘ . edge-of a gap. (Short whiteé wmarks represent 10 pm). . -
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Table 7 11sts the spec1meﬁs and mean va]ues “for d1ameter dens1ty, —

¢ N -

percentage area (not corrected for shrinkage) The definitions and

>

. methods for computat]on of these characteristics have bsen outlined

. ? :
previously. . —~ R - -

‘

Figure 49 shows a.typical'hiStogram of fenestration diameters for

“a bifurcation with regions of both enlarged and normal fenestrations.

. a R L]
A least squares polynomial has been computed -and the curve overlaid to ,
; : .3 . |
demonstrat® each distribution, The distribution curve of the diameters

for the normal fenestrations was very peaked, with few fenestrations
‘Tess than 0.3 pm or larger than about 7 um. The dietribution curve for

woh
the diameter of the enlarged fenestration was less peaked (due to the

gredt dispersion) and distinct]y skewed-to the right. The peak for the
en]arged'ﬁenestratjons was shifted to a larger value and there are mahy

. . . N
fenestrat%ons'that are\greater than 10 pm, with some as large as 30 pm.
F1gure 50" illustrates a typical graph of den51ty versus diameter;

-Two distinct groups are evident: A greater var1at1on of density was

apparent for the normal fenestr5t1ons, whereas the en}arged

fenestrations demonstrated more variability of the average diameter.

L e, =~

The ‘graph of percentage area and diameter illustrated in Figure 51,

" again demonstrates two groups. The increase in gercentage area with an

.’

increase in “diameter has been attriootedato‘thé:inﬁlueoce of the

I

product of the diameters for the computat1on of the percentage area. A
s1m11ar graph1cal representat1on of percentage area and dens1ty (Figure
52) did not reveal.a similar increase in area with 1ncreased dens1ty,

1

even in the case where the 1argest dens1ty was a factor of four greater

than the sma]]est density. 5( T N . '
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The disgribution curve and histogram for the diameter of

the normal (soi1fd lines) and enlarged fenestrations:
(broken 1ines) for a particular specimen.




- X— NORMAL
‘ 8000+ N 0-ENLARGED
g\ 7000 -
- N .
O 6000 4 -
El- -0
Lo ’ ¥ —
E S 5000- "
W 4000+ w -8 00—
L —0—
L 3000- T~ - =0 _
> S
= 2000 ~ , ,
w .
m 1000+ : )
O ) )
: .0 ¥ T T T Y 7 T 2 |
O | 2 3 4 5 6 T 8 9 10
DIAMETER' OF FENESTRATION
" (MICRONS)
//«,_J\' ‘
- ) \\
. = ’
i—‘igure 50 A typical graph of‘ fenestration diameter with r"esp‘ect

.. to fenestration density for normal and enlarged
fenestrations. (Error bars represent + 1 SEM). .
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In order to assess the validity of the assumpt\on that therg are
two distinct classifications (enlarged and mormal fenestrat1ons) a’ie,
- ( '
single factor analysis of variance was performed on the data and the

Neuman-Keuls multiple rahée test (Zar, 1974, page 151), at the 0.01

~ level of significance, was utilized to isolate any specimens which did

not conform to an assigned classifications The resul;s in Table 8 are

presented as the proportion of specified specimens that did not agree

.~

with the mean value of other specimens for a particular group. The
mean values for the diameter, density and percentage area for both the
nqrmal and enlarged fenestrations are essentially the same within each

group, except for a limjited number of specimen comparisons made between

extreme values.

)
i

It is evident from the dat® presented in Table 7 that the mean
diameter for the enlarged fenestrations (7 0 hd 0 34 SEM um) is greater
than that for the normal fenestrations (2.1 + 0.13 SEM pm). The -
density for the enlarged fenestrations (2606 + 284 per sq mm. ) is lower

than that for the normal fenestrations (4518 1_397 SEM per sq mm.).

addition, the percentage area has increased forom 1.8 E_I.l SEM percent

for the normal fenestratiofds to 15.0 + 1.1 SEM percent for the enlarged
3 ;\
fenestrations, . /

Since the characteristics for both the enlarged and normal

fenestrations have been computed for each bifurcation, a paired sample

5

t-test was employed to establish whether the differences in the

. . .
characteristics were significant. The t-test showed that the enlarged

and normal fenestrations wece significantly different in. dlameter (p <

0.0005) andwarea (p < 0. 005) but not different in density. (p > 0 20)."

’ ¥

*~
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A comparison (analysis of variance) among the niean values of the

J

{ characteristics for the fenestrations from bifurcations yithout .

enlarged fenestrations revealed one specimen (IV-5) whose mean value of

o

1] -~

area was different from the remaining-ten specimens._ One
éyﬂé%photomicrograph which exhibited an unusuel1y'1arge percentage area Has
| been 1solated as the source of the discrepancy for'thi; specimen, Q]
second specimen (1V-7) demonstrated a higher mean densit& in comparison

to a majority ‘of the other.specimens. )

An analysis of variance comperison (diameter, density, and.\(
pecsggxage area) among the'@ombined°group of bifurcqtions without

enlarged fenestrations and normal fenestrations from b1furcat1ons with

o

en]arge.’enestratwns, reveaﬁed that the charactemstms for several

of the spec1mens deviated from some of the remaining specimens. Since

¢

there was no clear majority of deviatjons for eithec group it has been

&

concluded that the characteristics for the two groups are equivalent.

. d )
4.,3.4 Discussion

' The characteristics of diameter, density and percentage area
measured in this study showed @.remarkable siﬁi]arity between the four s
subjecis. The average fenestration diameter of the _normal

fenestrations in\this study was about 2.1 pﬁ which is‘eonsi\

anterior cerebral artery and 1nternal carotid artery respect1v ly,
reported in the study by Hassler (1962) for this age group. However,

the range of the d1ameters for the norma1 fenestrations ip this study

is in c1ose agreement with the 1 to 2 ym quoted by-Lang and Kidd

(1965). The reasqns for the Miscrepancies between ‘the values in this

J




-study. dnd that of HassTer (1962) were outiined in subsectlon 3. 6 4,

It has. not yeb been estab]1shed whether’ the gap observed-at the Q\-

&
e

apex of many ‘of the b1fur;at1ons ex1s339 in v1vo or was accxdenta\ly
7-'-—7—"-

preduced dur1ng remova] of the arter1a] tree 3rom the(bra1n’ Fn eithers

. beouil L L . ' <
s case, the ex]stence of the gaps suggests that'there 1s a d1stinct )
: G . .
" weakness in the 1nterna] e]astlc 1am1na at the apex of the. b1furcat10n.‘;l L

-+ ) J\ . .
» Furthermore, Macfarlane (1975) observed a s1m11ar ap1ca1 defect wh1ch R

. he described as f.tt {}narrow band extending around the apgx°of the .

: A .o . » - .
’ bgfurcation.“ The presence of enlapded fénestrations in this region

» o - - s \
«

‘ and the1r absence in the tyunk spec1m¢ns suggest that they may . ‘N

°
- » ¢

vcontr1bute to this weakness. ¢ . P . <

4 . - 3 ]

\ gﬁstension of the:fenestrated internal elastic lamina'by Lo

" trapsmural pressure is analogous to a system of holes in a flat “plate -

o v T » ' . x‘t:b-‘.’

. under stressI It 1is an'established fétt from the analys1s of stres§~

o
>. @

[y

A ’ Cin flat plates, that ho]es introduce 1oca11zed areas of stress in the

3

s v1c1n1ty of the ho]es, that may be many t1mes h1gher than the stress in

°

. the adJacent so]1d materiat. Th1s phenomenon ds termed’stress e .

- AR} y-n < ’
toe concentratqon and s represented by the Stress Concentrﬁt1on Fagtor” .
. . $ o
) . . The significance of stress concentratidn 's dependent'upon the nuTbeﬁ;

»

shape, Size and d1str1but1on qf the hole 'as well as the type of
o @
o . stress (un1ax1a1 or b1ax1a1) and orthogona] perort1on of the stress. -

2

\Whe ,parameter “i1gament eff1c1ency wh1ch has been defined’
xprev1ously, is used to describe the spat1a1 geometry Q%Who1es in flat

pTates. Lower 14 gament eff1c1enc1es imply that the/sgvjd materia]'

o

’ betweenethe fenestrat1ons must bear an 1Ecreased load resulting in an

1ncreased stress. It 1s ew1dent frqm F1 ure 44 that”the 11gament

" ’ N Y N

~ . “ . °c )
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* The examination of a series of specimens, subsequent to the

- . completion of this study, revealed one particularly fortuitous
specimen. Visual examifation of the intact artery showed a slight
outward bulge in the apical region of the bifu}cation. Mjcroscobic
examinatioﬁ (Figure 53) revealed an extensive region of the en\§rged

.
. \ .
fenestrations, greater than}anyeprevious region of enlarged

fenestrations. The results for the diameter (8.1 + 0.3 SEM m),
density (2432 + 388 SEM per mnz), percentage area (18.5 +
1.4 SEM %) and ligament efficiency (0.61 + 0.02 SEM) for the region of

-

enlarged fenestrations in this specimen are comparable.to the previous

results for the larger group of enlarged fenestrations. These 4

4/ ~
observations suggest that a region of enlarged fenestrations may be
associated with the formation of a bulge,

™~ The presence of enlarged fenestrations in the internal é\astic

y Tamina of normal intracranial arteries, without evidence of an
intr;oranial aneurysm, has been verified in this study. Since these
regions of enlarged fenestrations may represent areas of weakened

- " tissue and since they have been found almost excliusively in the apical
region of the bifurcation, théy could be considered a’defect 1n.the
internal elastic lamina. Whetfier or not the regions of enlarged ~ -
fenestnatiops could influencte the\developmentvaf an intracranial |
aneurysm has not beeﬁ conclusively verified./ . .

- / . .
: 4.3.5 Summary
Measurenments oquenestrations jor windows) in the jnterna] elastic

lamina at the bifurcation of human cerebral arteries, were obtained

from photomicrographs (Scanning Electron Microscope). Thirteen of




-~

efficiencies in- regions with elliptical fenestrations could be less in

the direction of the major axis than in the direction of the minor

axis. S ' «

An average ligament efficiency was computed (equation (13)) for -

- AN
each specimen.in the three groups. The computed mean value for the

ligament efficienéy bf the enlarged fenestrations was 0.65-i_0.008 SEM

which is distinctly less than that for the normal fenestrations (0.86 +

0.006 SEM). A paired sample -t-test between the ligament efficiencies

) — = N

of }hé enlarged fenestrations and the normal fenestrations revealed a
significant #ifference (p < 0.005). A review of tﬁe Stress '
. Concentration Factors from the available literature {Peterson, 1974,
Faupef, 1964) for a n&mber of different hole sizes and configurations,
and as well variations of stress, reQealed an increase for the regions

of enlarged fenestrations. However, none of the configurations
reviewed were completely representative of the apparent random

-distribution of enlarged and normal fenestrations observed in cerebral

. /
arteries.

- ; . -
In several regions of enlarged fenestrations depicted in the
photomicrographs, the computed 1igament Efficiency was lessy than 0.56.
which could crgate an average fstress concentrétion of\gEOut 1.3 to 2.2

times the stress in an adjacent cylindrical branch., An additional
factor which would be expected to increase the stress concentration in

the interna) elastic lamina is .the corner fgrmed at the apex‘of the

. ’ o )
bifurcation. The Stress Concentration Factq:_derived‘analytica]]y
(Faupel, 1964, page 764) at the edge between a side branch and the main

cylinder (analogous to. the apex of the bifurcation) of a closed system

o

-
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- degradation, fragmentation, and splitting of the internal-elastic

under internal pressure is 3.94 times the stress in an adjacent -
cylindrical segment. As a consequence o% the ;ombined effects of the
enlarged fénestraﬁions and apjca] geometry, the stréss sustained by the |
internal elastic lamina in thé apical region.cou1d be as much. as an

d?der of magnitude greater than fhe spress_in an adjacent straight
segmeni. A %urther decreésé in the ligament efficiency or Jegraaation

of the tissue could result in an excessive stress conceptration causing
rupture of the internal elastic lamina.

. It has been stated by several authors (Nystrom 1963, Lang and Kidd

1965, Cajander and Hassler 1976, Stehbens 1963, Stehbens 1975b) that

-

" lamina are associated with the initiation of aneurysms. Since the Z,Jf~””‘\

-
-
o

Hm diameter of the norma] and w1thout enlarged fenestrat1on5*1s

substant1a11y less than the standard\7 ym sect1ons prepared for 1light
mlcroscopy, then the fenestrat1ons would not be:v1s1b1e and the

'

internal elastic-lamina would appear to resemble a solid sheet.
however, if serial sectionsﬂgere prepared through the regions of the
enlarged fenegtrations where many diameters are gfeater than 7 upm, then
the intervenjng ligaments would appear as fragments of the internal
elastic lamina. ‘

It is therefore proposed that the micro-aneurysms formed by

evagination of the internal elastjc lamina into the smooth” muscle

observed by other® authors (Stehbens 1963, Stehbens 1975b, Forbus 1930,

* Sahs 1966).are.actua11y regions of enlarged fenestrations with low

ligament efficiencies. This would result in an excessive distension of

the internal elastic lamina in this region which would be observed as a

bulging of the internal elastic lamina and underlying tissue.

st
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* The examination of a series of specimens, sgbsequent'té the h

~

- _ completion of this study, revealed one particularly fortuitous
specimen, Visual examifdation of the intact artery showed a slight

outward bulge in the apical region of the bifurcation. Microscopic

examinatioﬁ (Figure 53) revealed an extensive region of the enlarged

~

fenééz?ationg, greater than'anyoprevious region of enlarged
fenestrations. The results for the diameier (8.1 + 0.3 SEM uﬁ),
density (2432 + 388'SEM per mnz), percentage area (18.5 + |

1.4 SEM %) and ligament efficiency (0:61 i:0.0Z SEM) for the region of
enlarged fenestrations in this specimen are comparable to the previous
results for the larger group of e:&g:ged fenestrations. These 4
6Bservation§ suggest that a region of enlarged fenestrations may be
associated with the formation of a buige.

o~ ) The presence of enlarged fenestrations in the internal elastic

* lamina of normal intracranial arteries, without evidence of an

intracranial aneurysm, has been verified in this study. Since these

regions of enlarged fenestrations\may represent areas of weakened
- ’ tissue and. since they hdve been found almost exclusively in the apical
region of the bifurcation, théy could be consideéred a’defect 1n-the
internal elastic lamina. Whether or not the regions of enlarged =
fenestratiops could influence the\developmentvaf an intracranial
aneurysm has not been conclusively verified.// -

- / ) .

' 4.3.5 Summary

»

Measurenments oquenestrations (or windows) in the internal elastic

lamina at the bifurcation of human cerebral arteries, were obtained

r [S

from photomicrographs (Scanning Electron Microscope). Thirteen of




Fijure 53

Photomicrograph of an extensive reyion of enlaryged
fenestratfons. (Short white bars represent 100 pm),

»

-
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g
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twentx;gigzi~iifurcétions revealed regions of enlgrged@feneétrations
among the normal fenestrations in the vicinity of the apex. The mean
diameter for thé enlgrged:fenestrations (7.0 + 0.34 éEM pm) was ‘
significantly greater than the mean diameter (2.1 + 0.13 SEM pm) for
the normal fenestrat;pns.\ The number of fenestrations per sq mm, was
less (2606 + 284 SEM per sq ﬁm:) for the enlarged fenestrations than
for the normal fenestrations (4518 + 397 SEM per sq mm.). The
proportion of the area of internal elastic lamina comprised of
.fenestrations increased to 15.0 + 1.1 SEM percent for the enlarged
fenestrations from a mean of 1.8 + 0.16 SEM percent %or the normal
fenestrations, Fegestratjons from bifurcations without enlarged
fenestrations, demonstrated similar charac}eriétics to the normal
fenestrations. More\than 80% of the specimens exhibited a gap in the .
1ntern$l elastic 1qmiha in the apical region of the bifurcation. Based
on a comparisqn of stress concentration factors, it is proposed that
the presence‘of enlarged fenestrations represents a weakness in the

internal elastic lamina at the bifurcation apex which may contribute

- . - - - -~ »
to the initiation of microaneurysms,

4.4 K~Physica1 Model for the Formation of Evaginations .

4.4.1 Introduction | s
Despite considerable research on the etiology of intracranial

saccular aneurysms, the mechanism for their creation remains

unresolved. At presené, there are two main theories about their

etiology, iiig: congenital defects and deve]gpmental defects.

Consideration of the factors which invalidate the congenital theory are

extensively discussed.by Stehbens (1972, 1975b). The current evidence
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(Stehbens, 1981) strongly supports the degenerative theory of
development. 3

Stehbens (1981) identified tﬁree ear{y.changes related to the
development of saccular aneurysms: i) areas of fhinning; i)
funnel-shaped dj]atationé; and ii1i) microscopic qvaginafiéns. Thé
micro-evaginations are essentially small bulges of the luminal surface
into the wall of the media. Stehbens (1981) commented that~one

»

micro-evagination". . . exhibited a fragmented elastic lamina, with a

>

e

small\hural'thrombus and fibrin and red-cell infiltration of the wall."
Sahs (1966) attachéd considerable importance to the evaéina}ion,
comnenting ". . . they (small outpouchings) may be the precursor of
saccular aneurysms.™ A further observation was that the elastic 15yer
had undergone conspicuous fragmentation and that further fragmentation
would result in widening, which may progress to-a recognized saccular
aneurysm. The significance of fragmentation of the’intennaJ elastic
lamina durin§ the formation of saccular aneunysms has also been
mentioned by other investigators (Nystrom 1963, Merei and Gallyas
1980a). '

The internal elastic lamina of human cerebral arter%es has been
described as a fenestrated sheet (Hassler 1962, Campbell and Roagh
1981a, Stehbens 1981). Regions of ‘enlarged fenestrations in the apical
region of cerebral arterial bifuréations‘have been reported in
subsection 4.3 (Campbell and Roadh‘1981a), as well as by Merei and
Gallyas (1980a). It was dediced that serial sections (typically 4-7 pm
“thick), which are cut through areas of enlarged fenestrations with an "

average diameter of 7 pm, would make the elastin appear fragmented

since the enlarged fenestrations would appéar as/gaps with intervening




- ‘ ) \
. .

bands in the internal elastic lémina, while the adjacent areas of
- normal fenestrations (diameter 2.3 um) would resemble a solid sheet,
It is S}QBificant that enlarged fgﬁestrationé have been reported at the
mouth of saccular aneurysms (Hasiler 1972, Merei and Ga]]yds ]980&{.

Since it could bé logically-concluded that reéipns of eplarged
fenestrations may stretch more bea@ily than the adjacent areas of
normal fenestratf?ns, the iegi;ns of enlarged fenestrations could
transform into a micro-evggination. In this subsection the tensile
prOperfies; as well as tﬁe spatial geometry, for regions of normal and
enlarged fenestrations will be investigated with the use of perforated

. latex models.

4.,4,2 Methods ‘ w

sSince the internal elastic lamina is buried within the arterial
wall, isolation of the désired region of the internal elastic 1aﬁina,
in a form suitab_le for mechanical testing is at p&sent 1'mpract1:ca1. .
Most existing methods require the application of excessive heat (50°C
or greater) which might cause irreversible protein. damage that could
influence the ﬁetha&ica] characteristics of the tissue, but‘this has
not‘Seen confirmed to our gnow]edge. The'techniéal difficulties in
handling such a thin, fragile tissue along with the 1éck of an
appropriate testing procedure have nécessitated consideration of an .
alternate technique. The techAique entails replicating the image of
the actual fenestrations (both normal and enlarged) from a

photomicrograph in a latex rubber sheet, followed by a comparison of

the relative tgnsile charactéristjcs.




Part A‘- Geometrical'Parameters

7 -

<Phot3h1crograpﬁs obtained with the scanning electron microscope

~

for regions of normal and enlarged fenéstrations from the same
specimen, are illustrated in Figure 54. The seecimen is a bifurcation
" from the anterior circulation of a 50-year-old female, obtained at

autopsy. The procedure for isolating the internal élastic lamina from

the arterial wall has been described previously (Subsection 3.6) and

wi}l not be repeated here. An analysis of the shrinkage during )
preparation of cylindrical specimens and of bifurcations (Subséction -

2.6) has revealed a linear éhrinkage of only 6;9%. *Since the intent of

this study was to compare the re]qéive tensile properties, the

geametric characteristics repo}ted subsequently for both the normal and
enlarged fenestrations have not been corrected for shrinkage. ‘

The negative for each photomicroéraph was mounted in an en]argerﬁﬁ
and the image projected on the platen of a Hewlett Packard digitizgr
(model 9864A) interfaced with .a Hewlett Packard 98304 microcomputer.
Both images in Figure ?4 are shown at the same final magnificatiQS:

Two sets of two points each, which repFesented the'1engths of the
major and minor axes for the inside border of each fenestration, were
digitized and entered into the microcpmputer for further processing and
storage. Only fenestrations which appeared to pa%s comp]ete[z through
the internal elastic lamina were measured. The area for each
fené;:}ation was computed with the use of the equation for an ellipse.
The four geometric characterisfics of Diameter, NDensity, Percentage-
Area and Ligament Efficiency were computed. The equations for

computing the characteristics, including the derivation of the

expression for computing a 1igément efficiency for the case of a random

L3
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pattern of holes with unequal diameter§, have been presented in sectio
3.4. ' /

’

Part .B - Mechanical Testing

A replication of the fenestra;ions iapghe internal elastic lamina
for both photomicrographs was produced by tracing the inside border of
eaéh fenestration shown on a 50.8 x 50.8 mm glossy print (magnification
of 770) onto the surface of a sheet oﬂ latex rubber.

Models of the spatial geometry (termed “geometrical models") of
the fenesirations were created with a single (average) diameter, a
uniform array of rows and columns, and the same ligament efficiency.
Since the number of rows/columns for kﬁe actual geomeiry was not an
integer (i.e., 6.6 for the normal and 4.6 for the enlarged) it was
necessary to create two geometrical models for each replication: One
geometrical model consisted of the number of rows/columns with the
closest integer value less than the actual number, while the other
geometrical model consisted of the closest integer;xalue greater than
the actual number, The square borde; of the model ‘must also be scaled
accordingly. - The outline df tpe holes and external border were again
traced on trle latex sheet, 4 |

Two opposing ends of each latex §héet were trimmed along the edge
while the remaining e&ges were sandwicﬁedvbetween two strips of 1.3 mm
thick aluminum sheet that were aligned along the transverse border of
the mode?. The aluminum strips were attached to the latex rubber with
double-sided masking tape. The aluminum strips were then mounted in
the grips of a constant-rate-of-crosshead-movement testing'hachine
(Instron model 1125). The latex samples (unperforated) were stretched

£
in uniaxial tension at a crosshead speed of 100 mm/minute to a maximum

L3
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elongation (strain) of 30%, through three¢sequences of loading and

unloading. The load/deformation record for each specimen was
subsequently coqvertéd into a stress/strain curve. The stress computed
was "engineering §tress“. ' _ :

Tbe perforations were cu® in both the replication and geometrical
model samples. The samples were again mounted in the testing machine
ani the ?ensi]e test repeated, except the samples for the enlarged
fenestrations were elongated to 60%. The stress/strain curveslfor the

'perforated samples were ‘subsequently computed.

The condition of-the Tatex rubber” models with the holes marked but

not perforated will subequently be termed "solid". Models with the

perforations cut out will henceforth be referred to as "perforated".

Part C - Spatial Geometry‘

Following each uniaxial tensile test (described previously iﬁ Part

B), photographs were taken of each samp]e mounted in the testing

. L et
machine. The photographs for the normal fenestrations were obtained in

the unstretched condition, as well as at 10, 20 and 30% elongation

(strain). A similar series was obtained _the eniarged

fenestrations, except that the series was exten¥ed tg the 40, 50 and
60% elongation, for the perforated condition only. Since it was found
during preliminary studies that stretching to 60% was not followed by

. p——
immediate return to fhe initial length, an extended series was not

obtained for the solid condition. This procedure was selected since I
‘believe that the material properties of the latex itself should not
change between the tests on the solid and the perforated conditions.

Figure 55 illustrates the perforated replication and 7 x 7%

»—

geometrical model for the normal fenestrations in both the unstretched
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(c) (d)
»
Figure 55 Photographs depicting the replication and 7 x 7

model of the normal fenestrations, mounted in the
grips of the umiaxial tensite testing machine.
(a) replication {perforated) 1n the unstretched
condition -

(b) replication {perforated) at 30% elongation
(c) 7 x 7 wodel (perforated) in the unstretched
» condition

(d) /7 x 7 mudel {perforated) at 30% elonyation

186
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and 36% elongated con A similar arrangement for the
replication and 5 x 5 geometric;] model of the enlargzd fenestrations
is presented in Figure 56. .

- The image from the negative for each photograph depicting the
stretched condition of the sample, was projected‘ﬁﬁ th% platen of the.
Hewlitt Packard Digitizer. Since the circular holes tran§form into an
ellipse when fhe rubber is stretched, the 1ong€tu61na1 and transverse
dimensions of a single row of holes (solid or perforated) closest td
\gﬁg centre of the sample were recorded and ;véraged altong'with fhe
wiath of tﬁe-samp]e*coincident with the hole.

The series of measurements were converted into the set of'spat}al—

parameters:'Arga, Ligament,Efficiency, Eccentricity}and Expan;iop

Ratio. The equations assdciated with these parameters have been

presented in subsection 3.5.2. . . .

4.4.3 Results . s

A). Geometrical Parameters
Table 9 presents the characteristics™of the normal and enlarged

specimens, computed from the photoﬁicrographs illustrated in Figure 54.
The va]uegﬁfor both the normal gpd enlarged fenestrations*fbmpare
f;;ourably with the mean values for the larger group of specimens,
presented in séct%on 4.3, *

B) Mechanical Testing

.

The corresponding characteristics for the perforations in the

' latex, which model the spatial geometry of the .ferestrations, qﬁid/{"

presented in Table 10. The stress/strain curves faor tﬁ% solid

condition were essentially identical and have been combined on Figure &\/




figure ‘56

—

-

Photoyrapns showing the replication and-5 x 5 model of
the enlarged fenestrations, wounted in the grips of the

uniaxial. tensile testing machine.
(a) ‘replication (perforated) in the
condition
(b) replication (perforated) at 30%
(¢) 5 x 5 model (perforated) in the
condition
~{d)—5 x 5 model (perforated) at 30%

unstretched

uelongation
yastretched

elongation

~




N DIAMETER  DENSITY  PERCENTAGE LIGAMENT
(um)  (#/sq. mm) AREA (%)  EFFICIENCY

Normal 43 1.5 9861 2.2 0.85
Enlarged 21 4 5.9 - 4821 17.4 "~ 0.59

TABLE 9 - Geometrical Characteristics of
' Fenestrations in the artery (not
adjusted for shrinkage)

-

DIAMETER CENTRE;TO—CENTRE L IGAMENT

MODELS (mm)  DISTANCE (mm) EFFICIENCY
Normal 6 x6, 7 x7 1.2 7.7 0.85

Enlarged 4 x4, 5x5 4.6 11.1 . 0.59
Q .

TABLE 10 - Geometrical Characteristics of
. Perforations in the latex model
, (based ‘upon Table 9)

1 ’ Mo
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57. The stress/strain curves (Figure 57) for the pe}forated

190

replication of the normal fenestrations demonstrated a slight but
distinct shift towards increased strain (elongation) at the same stress
values as the solid sheet. That is to say, the replication tended to

stretch slightly more under the same stress conditions. The .

stress/strain curves for the perforated replication of the enlarged

- fenestrations exhibited a pronounced shift to increased strain
(elongation) at the same stress values as the solid sheet.. The ﬁéan
increase in the elongation of the replication of the enlarged fn
relation to thé normal fenestrations (based upon 16 inérements of
stress from 0.2 to 3.2 kg/cm?) was 47%‘120.06% SD. ?ﬁ‘

In order to compé}e the relevant change in the stress/strain
characteristics for‘phg solid condition-to the perforated condition for
both the replication ;nd geometrical models, the stress/strqin
characteristics for the perforatéd condition were standardized with
respect to the solid condition. The results (in terms of standardized
stresg) for the.éémple containing normal fénestrations, presented in
Figure 58, exhibited a. reduction to about 0.92 of the original value
(solid condition). There is close agreement between the geometrical®
madel and replicate configurations.

The sténdardized stress values for the enlarged fenes;rations

/. decreased to about 0.66 of the value for the solid cOhdition (Figure
58). The agreement between the geometrical model and rep]icafe.
configurations for the enlarged fenestrations is reasonable but not as

close as the normal fenestrations. In both cases (normal and enlarged)

° both geometrical model configuraiions (6 x6 and 7 x7, 4 x4 and 5 x 5

respectively) were\}w agreement, which eliminated the necessity to

% 3
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interpolate between the geometrical‘gode1s to account for the

difference between the actual numbers of rows/columns and the nearest

integers. 4

C) Spatial Geometry

The satisfaptory agreement between the geometrical models and

replication for the regions of normal and enlarged fenestrations

demonstrated in the preceding section, has facilitated the ana1§iis of

‘the Spatial Geometry, since the regular shape of the uniform pattern of
perforations in the geometrical models miy be measured rather than the
irregular shape and pattern of fenestrations in the replications.

It is evident from Figures 55 and 56 that progressive elongation
of the latex sheet transformed the circular holes into elliptical
slits. The width of the sheet was also reduced. The results for the
two geometrical -models representing each specimen have been combined
and a linear Fgﬁﬁession (1east squares) fit has been applied to the
data for diamefer, area, and ligament efficiency. The r2 )
icoefficient of determination) values for the slopes werg 0.92 or
greater (p < 0.001) except for slopes near the horizontal which were

considerably less. Since the s ope is approaching zero for this latter

situation, the r2 computation is\not a reliable indicator of the ’

regions appeared, equivalent. Consequently, the results have been
reported in this section for only one of the two models of each

specimen.
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The results for the transverse diameter (solid and perforated)
associated with the models of both normal and enlarged fenestrations
are presented in Figure 59. None of the cu;ves apbear to deviate
substantially from the initial diameters. This observétion is further
confirmed by the low value of the slopes which are presented in Table
11. The slopes for the perforated condition of the axial diameters %or
both the normal and enlarged fenestrations are greater than the solid

condition as showh in Figure 60 and confirmed in Table 11. It is also
- x>

N s

interesting that the rate of increase of the axial diameter for the
perforated condition of thg enlarged fenestrations exceeds the rate of
increase of the normal. fenestrations by the factor of 2.7.

The éxpansion ratios computed for the normal and enlarged
specimens were 3.02 + 0.6 SEM and 2.26 + 0.01 SEM respectively.

Therefore, although the rate of increase of the axial diameter for the

enlarged fenestrations gregt]y exceeded the-rate for the normal
fenestrations, the expansion ratio for the larger diameter holes was
actually less. - | . -

When the transverse and axial 9iameters are combined for the
_calcuTation of the relevant areas, the perforated conditions again

increased more rapidlty than the solid condition (Figure 61, Table 11).

However, the more startling oBservation is™that the rate of increase

for the enlarged fenestrations is an order of magnitude greater than
that for the normal fenestrations. |

The results for the transverse ligament efficiency shown in Figure
62 and confirmed in Table 11, exhibit a horiz;ntal slope. The slope

for axial ligament efficiency for the solid condition is also

horizontal (Figure 63, Table 11). However, the axial ligament

[}
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TRANSVERSE AXTAL

DIAMETER  DIAMETER AREA LE ' LE

Normal . - ‘

Solid -0.002 0.011 0.0073 -0.002 0

Perforated -0.013 0.036 0.03 -0.00035 -0.0025

Perforated/Marked (1) 3.2 4.0 (1) (2)
Enlarged

Solid -0.015 +0.044 0.086 -0.00035 0

Perforated -0.006 0.099 0.3 -0.00063 -0.003

Perforated/Marked = (1) 2.3 3.5 (. (2)
‘Enlarged/Normal

Solid (1} 3.9 11.8 (1) (2)

Perforated (M) 2.7 10.2 (1) 1.2

PSS, N

NOTES: & .

~ St
(1) Not .Relevant ) . .
(2) Not Defined

TABLE 11 - Slopes of Linear Regression
t
4 -
»
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efficienc} for the perforated con%;tion decreases with increasing

*

strain as depicted in Figure 63. The relative rate of this decrease

~

listed in Table 11 1s 1.2 for the enlarged with respect to the normal,

*

which indicates that the rates are_ comparable. .

The eccentric{fy for Both the solid and perforated conditions of
both specimens increased rapidly with initial strain, with progressive
moderation of the rate at higher strains (Figure 64). The perforated-
copdition of both samples increased more rapidly and .maintained a
greafer magnitude throughout the elongation. It is intriguing that the
results for both the solid (normal and enlarged) and perforated” (norma]
and enlarged) conditions were remarkably similar.

. w . . -

4.4,4 Discussion ' '

The characteristics éf the fenestrations for‘Loth the normal and
enlarged fenestrations listed in Table 11 are in'good agreement with
the previous Fesu]ts for the larger population of specimens (sectionc
4.3): Replication in latex rubber of the actual geometry ?br both the
normal and enlarged fenestrations at the same magnification, has
provided a means for comparing the tensffe propertids_of the same
material with two distinct pefforat?d’coqfigurations. The obvious
increase at comparable stress levels witﬁ elongatioﬁ of the speciméﬁ
with enlarged fenestrations illustrated in Figure 57, indicates that a
region of enlarged fenestrations in the internal lamina should bulge
more than the surrounding region of normal feHestratiénsﬂ

If the shape of the ulge in the internal elastic 1qpina is
depicted to be elliptical in.cross-section, {as shown in Figure'65),
then the depth of the bulge (H) can be related to a known proportional

N

increase in the length (K) of a localized region of the internal

- !
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UNIFORM DISTENSION

BULGE APPARENT
ONLY WITH PRESSURE

PERMANENT BULGE

E€XPANSION OF PERMANENT
BULGE WITH PRESSURE °

Schematic representation of the effect of transmural pressure on
normal and enlarged fenestrations. )
normal fenestrations only

formation of bulge (30% strain) in a region of enlarged
fenestgations, created by transmural pressure (relative

(a
(b

(c)

(d)

dimensions of bulge are drawn to scale).

formation of a permanent bulge by the enlargement of a
region of fenestrations (relative dimensions of a bulge dare

drawn to scale).
expansion (30% strain)

of a permanent bulge by transmural ¢,
) .

pressure (relative dimensions of bulge are drawn to scale
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< " elastic %amina, The standard solution (approximate) for computing the

2] -

perimeter of an ellipse is (Selby 1972, page 13):

where: P

= perimeter‘
'ﬂ;r L = semi-major axis*{i.e.. one-half of the léngth of
-the region of enlarged fenestratjons)'
H = semi-minor axis (i.e., the depth ‘of the butge)

This expression may be re-arranged:
1/2

[ p? j

- L2 ) (18)
]_,271’2 ’

. \ .
_For a proportional increase in one-half of the perimeter, the ;

»

applicable expression is:

P/2 ' (19)

2L ’ .
Substitution of equation (19) into equation (18) and re-arranging,

yields the result: :
. 2 1/2 (20)
H = L(0.81k% - 1) -

In the case of a continuous internal elastic lamina with normal
fenestrations, the transmural pressure would cause a uniform distension
3
of the interrffal elastic lamina (Figure 65a). In order to assess the

" factors affecting the creation of a bulge in regions of enlarged

fenestrations, three conditions are considered.

4




i) Bulge Apparent Only With Préssure

The regions of normal and enlarged fenestrations when examined
with the scanning electron microscope, usually appear as a continuous’
flat surface without any discernible evidence of a permanent bulge in
the region of enlarged fenestrations. Nevertheless, the technique of
mounting the speéimen on a flat surface along with the small size of
the regions of enlarged fenestrations could account for the, flat
appearance. Unﬁer the influence of transmural pressure; a stress.would
be induce& in the arterial wall. .If the pressure is sufficient or the
wall weakened t® permit the stretching of the internal elastic lamina,
then the results depicted in Figure 65 would predict that the region of

“enlarged fenestrations would stretch fore than the circumjacent region QE-
with normal, fenestrations. .The increased elongation of 47% presentéd
earlier for the regions of enlarged fenestrations in relation to the
normal fenestrations, may be converted to gn appropriate K value by the
expression:

K= 1+ (kg x kg) (21)

where- KS proportional increase in strain

1]

P 4 kg = proportional increase in e&?pgation pf the

_regions of enlarged to normal fenestrétioﬁs
Solution of equation (20) with the substitution for K of 1.47, 1.294
and 1.441 for 10%, 20% and 30% strains respectively, results in
corresponding Bu1ge depths (H) of 0.13, 0.39 and 0.41 per unit length
(2U). - That is, the depth of the bulge for the 30% strain, would

- " represent 0.41 or 41% of the length of the region of enlarged

3
fenestrations. The-dimensions of the bulge representing 30% strain,

shown in Figure 65b, have been drawn to scale, in order to demonstrate

this relationship,

o~

-

e




ii) Permanent Bulge -

Aﬁother possibility is that the enlargement of the,fenestratioﬁg
has created a permanent hulge. 1In this instance, the increase in the
linear dimension in the region of the enlarged fenestrations is
attributable to an increase in the centre-to-centre distance, since it
is assumed that the average width of the ligament remains constant,
while the fenestration diameter increases. Therefore, the original
ngrmég fenestrations increase in size,-but do not coalesce.

Computation of the average 1igament widthﬂ?or the model configurations
repreéentiné the two samples presented in Figure 54 was 8.54 pum for the
normal fenestrations and 8.52 pm for the enlarged fenestrations.
Simi]ar]j, the ligament width computed from the precgding section on
enlarged fenestrations revealed average values of 12.8 ym for the
normal fepestrations and 13.0 pym for the en]aéged fenestrations. The
exceptional agreement for each of the two. groups, suggests that the
fénestrations have enlarged without consuming the internal elastic
tamina. This finding also suggests that thé conversion from ﬁorma] to
enlarged‘fenestrations, perhaps as a consequence of accommodation to
increased stress, could create a permanent bulge. A further discussion
about enlargement of the fenestrations will be presented later. A
proportional increase in tﬁe length of the region of enlarged
fenestrations (é3 is calculated as the ratio of tpe average
centre-to-centre digtance for enlarged in relation to the normal
fenestrations. For the regions of enlarged and ndLma] fenestrations

. presented here, the result'for "K" is 1.44. Substitution of this value

into-equation (20) yields a depth for the bulge of 0.41 per unit

length, This result is depicted in Figure 65c wi€h the dimensions

206
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of the bulge drawn to sgale;

iii) Effect of TFansmura] Pressure on Permanent Bulge L

Under the influence ofd}ransmural presihke, the permanent bulge

described in the preceding section (115 would increase in size. The

-

increase represents a summation of the proportional incredses for the

leﬁgtﬁ of the regions presented in sections i) and ii): s
K = ky +'(kS X kg) (22)
where: k7 = ratio of centre-to-centre distances

. for enlarged to normal (section i)

Substitution into equation (20) for K values of 1.587, 1.734 and ].88{-
for strains of 10, 20 and 30% respectively, resulted in corresponding
bulges of 0.51, 0.60 and 0.68 per unit length (2L), An illustration of
the resu}ts has been preéented'in Figure 65d with the dimensions of the

N\

bulges representing the original condition, as well as 30% strajgé
-drawn to scale.

It is acknowledged that this analysis has ignored the influence of
other componehts of the wall on the formation of the bulge. jA1so, the
shape of the bulge is two;dimensional, whereas, the relative elastic
characteristics were determined from uniaxial tensile measurements,

The precéding anglysis suggests that the formation of evaginations
in the'é]astic lamina may be attributable to regions of enlarged
fenestrations. Consideration ;f whether en]argément of the
fenestrations is a primary effect:which directly results in an

evagination or whether there is another effect such as a medial defect

or thinning, is beyond the scope of this invesfigation.

The c]oge agreement for the standardized stress betWeen the

J
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replication and the model configuratjons (geometrical) of the normal
féhestrations as well as a reasonable agreement for the comparable
configurations of the’enlarged fenestrgt{ons (Figure 58), substantiates
the rationale for the.use of the geometrical model configurations based,
upon equivalent ligament efficiencies ‘to represent the average spatial
geometry of fenestrations during p}ogressive stretching. 1In the
complementary investigation (sections 3.4 and 3.5) thg same mode]]ing
technique for straight segments of cerebral arteries of various
e;ternal diameter with variation in the characteristics of ihe
fenestrations and photomicrographs at differéht magnificat?ons, also
provided similar excellent agreement between the stress/strain
characteristics of-th& replication and geometrical model
configurations. '

Ittwas evident from Figures 59 and 62 thatlprogressive elongation
did not diminish the transverse diameter nor affect the transverse
ligament efficiency. Nevertheless, the axial diameter for the én]aﬁged
fenestrations increased at a faster rate than the normal fenesirations.
This effect resulted in a progréss?ve decrease in the ligament
efficiency as well as a.substan£ia] increase in the average area of the
enlarged fenestratiéns in r?1ation to the normal fenestrations. It is
interesting that the eccentricities which répresent the™ shape factor
for both the enlarged and normal fenestrations are equivalent, even
though the increase in their axial diameters and areas are considerably
different. : -

' %
Infiltration by fibrin and red blood cells into the arterial wall

between the internal elastic lamina and the media has been reported by

a number of authors (Stehbens 1981, Stehtiens 1963, Nystrom 1963). The
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pronounced increase in the average area for the enlarged fenestrations

with respect to the normal fenestrations may play a role in this
infiltration.

Stehbens (1975a) has also studied the degenerative changes in the
intimal cushions or pads present at bifurcations. He cited their-
susceptibi]ity to lipid accumulation to substantiate his hypothesis
that the cushions are sites of mild but persistent injury, indicéfiVe
of an early stage of atherosclerosis. One of the degenerative changes)
identified (Stehbens 1960) for the formation of cushions was elastin
fragmentation which suggegts that perhaps en]arge& fenestrations may
play a role in the development of atherosclerosis.

Klynstra and Bottcher (1969) have shown that the preferred sites
of fatty streaks and spots in pig thoracic aorta demonstrate enhanced
perneability, Oka (1979) and Niimi et al (1979) have stated that the
permeability of the endothelium is enhanced'by wall shea: stress, N
stretch, vibration, circumferential tension and high stress
concentrations, Others (Still 1967, Olsen 1969) have demonstrated
with the use of rats ﬁhat hypertension will%aicelerate the infiltration
of mononuclear cells as well as fﬁuorespent proféfns and colloidal
carbon pariic1es inta the arteria]awa11. Olsen (1969) further observed
wAth the use of serial sections that in the permeable areas, the
internal elastic lamina is either lacking or depicted as "disconnected
fragments”. E |

A previous sfudy by Hass]ér {196 2) demonstrated that the diameter
of fenestations (anterior cerebral artery) increased to a péak at about

“the third decade of 1ife, and then subsequently decreased at a moderate

rate. In a recent study by Hayashi et al (1980a), the circumferential

,‘ .
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wall %}reés (constanpitransmuFal pressure of 100 mmHg was assumed for
all ages) computed for the intracranial vertebral artery increased toa
peak at about the Qecohd decade of life (values for th@ithird decade of
life Qere not reported) with a moderate decrease thereafter. This
decrease in wall stress is attributable to the increased thickness of
the arterial wall (Hayashi et al 1980a) wh%ch includes a concomitant
increase in thickness -of the internal elastic 1@mina (Hassler 1962).
The remarkable similariity in the shape of the curves for change in the
diameter of the fenestrations and wa]} stress associated with age,

£l

suggests that the fenestration diameter may be influenced by the stress
induced in the iﬁternal elastic lamina. B
Preliminary results of a recent study by Potter and Roach (1983)

showed that the average diameter of fenestrations from the thoracic .
aortas of rabbits was 1ar§er‘ n th‘e region of the dilatation d@ to
a stenosis. This fiﬁding indicates that the change in mechan%c%l
properties of the internal elastic lamina is associated with the
enlarged fenestrations. It was also suggested in section 4.3 that

regHPns of enlarged fenestrations create stréss concentrations which

may further influence their growth. Ferguson (1972) has concluded from
.mode1 studies, that the impingement of blood at the apex ;f |
intracranial bifurcations increases the shear stress adjacent to the
apex which could stretch the tissue at the apex. The combined
influence of,this‘efﬁect along with the transmuhal pressure could be an
important factor contributing to a focal degeneration of the internai
elastic lamina. *Macfar]ane (1975) has shgwn that increasing the
transimural pressure has the effect‘of increasing the radius of

curvature {caudal-dorsal) at the apex of the bifurcation but also

IS
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results in flattening of the central portion. He has attributed the

f]attgning to very high wall stresses in the apicdal region of ,the

bifurcation. Therefore, localized regions of increased wall stress

induced by: haemodynamié flow; the geometo of the artery at a

bifurcation; and/or changes in the structure of the arterial wall may

contribute to the creation of en]afged fenestrations.,

- ®

Although the modelling technique presented in this section has

limitations, nevertheless, it has demonstrated that the regions of

F

enlarged fenestrations could produce éma11 evaginations and perhaps >
increased permeability of the internal elastic lamina.; Even though the

progression from a small evagination to a fully-developed aneurysm has

not been conclusively proven, other investigators (Stehbens 1963,

5

1975b, 1981, Sahs 1966) have suggested that fragmentatisn of the

internal elastic lamina and evagination are necessary precursors to the

———

.\ :
formation of a saccular aneurysm. The observations by Hassler (1972)

and Merei and Gallyas (1980a) of enlarged fenestrations at the mouth of

<

saccular aneurysms provides further evidence to suggest that the

en]argementlof fenestrations maj.p]ay a significant role in the

etiology of intracranial sagcular aneurysms.

4.4.5 Summary

The actual spatial geometry of separat; regions of normal and
enlarged fenestrations from the internal elastic lamina of human
cerebral arteries have been replicated in shéets of latex rubber from
scanning‘electron microscope photomicrographs. Geometrical models '

which assume a constant diameter for the fenestrations, a constant

1igament efficiency for the regions of fenestrations and a uniform

S/
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array of rows and columns have also been created in sheets of 1atex.
rubber, The stress (load per unit of cross-sectional area) and strain
(percent elongation) were-computed for each of the samples during
uniaxial stretching. ‘The elongation of the sample representing the
region of enlarged fenestrations increased an average of 47% compared
to thg'similar representaf;on of normal fenestrations, at the same
increments of stress. This suggests that the regions of enlarged
fenestrations would form a bulge, indicative of an evagination of the
internal elastic lamina. ‘

The model configurations demonstrate very similar stress/strain
characteristics to the replications. This finding justified the use of
this modelling technique using equivalent ligament efficiencies, to
‘~“represent the actual spatial geoﬁetry. Qpring g]onéation, the average

area of the enlarged fenestrations increased at a rate which was an
order of magnitude greater than that for the normal fenestrations.
Since a number of observations associated with the development of
intracranial sacCu]aE aneurysms can be correlated to a region of
enlarged fénestrationé, the region of enlarged fenestrations may be a
defect in the internal elastic lamina which plays a promin;nt role in
the development of intracranial saccular aneurysms. ‘

. . /




‘Chapter 5
SUMMARY AND CONCLUSIONS

The purpose of this thesis has been to investigate the form and

structure of the internal elastic lamina for both the straight segments

.,......<
o ndy 3D YRR e

and .bifurcations from human cerebral arteries. A secondary

P

consideration was to examine the apical region of the bifurcations for
a weakness which could be linked to the formation of intracranial
saccular -aneurysms. Towards tﬁ}s endeavour there are several firm
statements which have evolved from the research:-
j) A technique has been established for isolaﬁing the internal

elastic lamina from the arterial wall in a form suitable for ~ | g

examination by the scanning electroa microscope.
ii) A new method has been developed for assessing tﬁe dimeﬁsiona]

changes of specimens dur%ng preparation for examination by the

scanning electron microscope. The method.includes a companion

lcomputer programﬂgiahich facilitates the acquisition of the marker

points, optimization of the alignment between the photomicrographs

_ depicting the before and after conditions of the specimen, and =

computation of the dimensional changes. . 5§
iii) The shrinkage'of the internal elastic lamina from cerebral
arteries with different external digmeter was assessed by the - new
method; It was found that the radial shrinkage remained constant
at about 6.9 % regardless of the external diameter of'fhe artery.
The shrinkage of the apical region of bifurcations was comparable
to the cylindrical segments., The relative shrinkage between the
circumferential and longitudinal orientations of the artery were

similar which indicates isotropic shrinkage.

-
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The morphology of- fenestrations in.the internal elastic lamina has

been described by a series of geometrical variables (ie. diameter,
density, percentage area, and ligament efficiency) for a range of

arteries with steadily decreasing external diameters. It is

particularly interesting that-the average diameter decreases
linéarly, while the density increases rapidly towards the
periphery of the circulation, wﬁereas the ligament efficiency
remains essentially constant throughout. Moreover; the results
are remarkably consistent among the subjects analyzed, I have
postulated fhat the factors dete}mining thetspatial geometry of
the fenestrations in the internal elastic lamina during

moﬁphg&gnesis and elastogenésis are dictated by a process which

e

may be described by a consistent ligament efficiency.
The uniaxial tensile characteristics for replications of the

actual spatial geometry and a model of the spatial geometry based

-upon an equivalent ligament efficiency duplicated in sheets of 4‘?
1]

latex rubber are comparaSle for specimens with different hole

. diameter, densities and hence ligament efficiencies. This
agreement‘confirms thé effectiveness of the ligament efficiency to
represent the actual spatial geometry of fenestrations.

vi) A study of the changes in parameters (diameters, areﬁ, 1igament
eff%ciencies, eccentricity, necking, expan;ion ratio) for the
spatial geometry, revealed differences amdﬁg three cylindrical
specimens with various external diameters and various geoﬁetriéa]
charécteri§tics of the fenestr;tions, The'simi1arity between the

relative results for the expansion ratios and the relative

decrease in the standardized stress, suggests a relationship, but




vii)
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further studies would be required to verify'whéther a relationship

exists, .
An analysis of the geometrical characteristics for the
fenestrations in the Spica] (egian of bifurcat{ons revealed
regions (13' of 28 specimens) im the form of cluster$ or bands

where the diameter of the fenestrations has increased

. . . © .
vsignificantly while the ligament efficiency has decreased

signifigcantly in comparison witR the surrounding region of -

fe}me‘strations. On]yk of 34 cyiindrica1 specimens showed
evidence of enlarged fenestrations. These changes in the
geometrical characteri;tics have also beeh shown to create a
localized)streSS*concentration substantially in excess of that N
associated with a region of'norma1 fenestrations. Furthermore
1aﬁge elliptical gaps in this region were observed in more than

80 %-of the specimens, but it has not yet been established whether
the Eaps existed in vivo or were accidentally produced during
preparatﬁon‘of the specimens. Nevertheless the 1ocat13;!of the
splits at the apex of the bifurcat{on along with the presence of
enlarged fenestrations 5uggestithat the enlarged fenestrations may
represent a weakness that can precipitate the split. The regions
of enlarged fenestrations may also be interpreted Bs fragnentation
of the internal elastic lamina sinse the standard 4-7 pﬁ serial
sections show a 5611d Qahd of material in the case of normal
fquﬁtrations (ie. diameter of fenestrations is less than the

-

width of the section), whereas the intervening ligaments in the

region of enlarged fenestrations would appear as fragments (ie.

\
many fenestrations are larger than the width of the section). .

>

LY
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'viii) The uniaxial elongation of.a replication in latex sheet of
. enlarged fenestrations was 47 % greater than for‘normal
fenestrqtjoag in latex.sheet at equivalent magnitudes of stress.D
Therefore in a closed system it would be anticipated that the ‘.
rggion of enlarged fenestrations would elongate more readily, )
creating a bulge. By assuming that the bu]gg formed an elliptical
shape, the proportional changes in the shape of thg bulge have
been assessed baseg upon the uniaxial test. I have proposed that
these bulges may represent the evaginations reported in the
1itefature. »
ix) The changes in the spatial geoﬁﬁ ry were assessed by a series of
. parameters (diameters, area, ligament éfficiencies, eccentricity,
and expansion ratio). The substantial increase in the average
. -fenestration area for the regions of eniaréed fenestrations
compared to the normal fenestrations.may play a role in the
infiltration of substances into the wall of the area. The

infiltration of substances has been demonstrated by other !

investigators to destroy the internal elastic tamina.

Although the presence of enlarged fenestrations in the internal
elastic lamina has not been firmly 11inked £0‘the formation of
’jntrécranja1 saccular aneurysms, squorting evidente exists td suggest
that they may play a preminent role. The coﬁsiderations which allow
this as;ertion are based upoﬁ t?e informatLoﬁ derived }n the thesis
along Qith existing observations and postd]ations:-

Aifﬂ The predominant locatidi éOr enlarged fenestrations~is the apical
region of bifurcations yhich concurs wigh the observapion that

this is the region where most intracranial saccular aneurysms are

a
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present, ~ B ’

i1) The observatiﬁn by other inveséigators of "fragmentation" could
perhaps be attributable to the interpretation of serial sections
fortu%tous]y cut through a region of enlarged fenestrations.

iii) Enlarged fenestrations represent ;reas of weakness by virtue of
the increase ip stress concentrations and the presence of splits

- in the internal elastic lamina.

iv) The increased e]ongatioh for regions of enlarged fenestrations

) (uniaxial testing of latex sheets) iqdicates that a bulge may form
which is indicative of the evaginations in the interna]‘h
elastic lamina observed.by others.

v) The substan£1a1 increase in area for the regions of enlarged
fenestrations may faqi]itate the infiltration of substances into

\\?HE’%rterial wall which has been reported by o;hers to‘destroy tbe'

‘. internal elastic lamina.

vi) Enlargement of fenestrations with a sustained increase in the
stress induced.by poststenotic dilatation concurs with the
proposition by other investigators that turbulence, axial stream
impingement, wall vibratioﬁ, increased shear sfress and increased \\
transmural pressure contribute to a f;cal degenperation of the a

. internal elastic lamina.

vfﬁ) Other investigators have reported enlarged fenestrations in the

internal elastic lamina of the neck region of saccular aneurysns.
o
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iii1} Fenestrations 15 the Internal Elastic Lamina,

. The measurement of the characteristics for fenestrations in
outpouechings and saccular aneurysms would be of vald; to esiap]ish
if a relationship between a size of outpouching (or aneurysm) and

) the characteristics can be defined. An examination of specimens
from three distinct age groups (newborn, adolescént and adult)
~could provide information on the changes with age as well as
identifying the staée in the developmental process when enlarged
fenestrations bécome evident. The analysis of the characteristics
for fenestrations in rat arteri%s may‘determine whether tHe

enlarged fenestrations play a role in the development of saccular

aneurysms that have been induced by artificial means in rats

« (Hashimoto, 1979).




BIBLIOGRAPHY

Albert EN, Nayak RK: Surface morphology of human aorta as revealed by
the scanning electron microscope. Anat Rec, 185: 223-234 (1976).

Andrews RJ, Spiegel PK: -Intrgcra%ﬁa] aneurysms: 'age, sex, blood
pressure and multiplicity in an unselected series of patients.
J Neurosurg, 51: 27-32 (1979).

Ayer JP: Elastic tissue, Int Rev of Conn Tiss Res, 2: 33-100 (1964).

Barford NC: Experiménta1 measurements: precision, error and truth,
?ddisgn-Nes]ey Publishing Co. Inc, Don Mills, Ontario, pp. 33
1967).

Berry CL: The establishment of the elastic structure of arterial
bifurcation and branches. Atherosclerosis, 18: 117-127 (1973)

)
-

Bjérkerud S: Reaction of the aortic wall of the rabbit after
‘superficial, longitudinal, mechanical trauma. Virchows Arch Abt A

Path Anat, 347: 197-210 (1969). *

Black JT: 1. The scanning electron microscope - operating principles:
Principles. and techniques of scanning electron microscopy;
Biological applications, Hayat MA (editor), Vol. 1, Von Nostrand
Reinhold Co, Toronto: 1-43 (1974).

w4

&

Bloom W, Fawcett DW: A textbook of histology. N.B.ASaunders, Toronto,
1975. ‘

Bowyer DE: SEM and the surface coat. Prog Biochem Pharmacol, 14:
192-195 (1977).

Boyde A, Bailey E, Jones SJ, Tamarin A: .Dimensional changes during
specimen preparation for scanning electron microscopy SEM/IITRI,
1: 507-518 (1977). *

Boyde A, Boyde S: Furth;r studies of specimen volume changes during
processing.for SEM: Including some plant tissue. SEM/IITRI, 2:
117-132 (1980}.

Boyde A, Franc F: Freeze-drying shrinkage of glutaraldehyde fixed
liver. J. of Microscopy, 122, Pt. 1: 75-86 (1981).

Burton, AC: The stretching of "pores" in a membrane. Permeability and
function of biological membranes (Edited by Bolis L, Katchalsky A,
Keyes RD, Loewenstein WR and Pethica BA), North Publishing Co.,
pp. 1-19 (1970). .

Busby DE, Burton AC: The effect of ageon the elasticity of the
major brain arteries. Can J Physiol and Pharmac, 43: 185-202

(1965),




221
*Cajander S, Hassler 0: Enzymatic destruction of the elastic lamella at

the mouth of cerebral berry aneurysm. Acta Neurol Scandinav, 53:
171-181 (1976).

Campbell GJ, Roach MR: Fenestrations in the internal elastic lamina at
bifurcations of human cerebral arteries. Stroke 12: 489-496

(1981a). - )

Campbell GJ, Roach MR: A method for measuring dimensional changes of
tissues prepared for scanning electron microscopy. Scanning, 4,

188-195 (1981b).

Campbell GJ: An optimization procedure for the alignment of marker
points to assess dimensional changes. Comp Prog in Biomed, 15:
45-60 (1982).

Campbell GJ, Roach MR: Dimensional changes associated with freeze-
drying of the internal elastic 1&mina from cerebral arteries.
Scanning (in press).

Carmichael R: Gross defects in the muscular and elastic coats of the
larger cerebral arteries, J Pathol Bacterijal, 57: 345-351 (1945).

Carnes WH, Hart ML, Hodgkin NM: Conformation of. aortic elastin
reveglgq'by scanning electron microscopy of dissected surfaces,
Advances in Experimental Med & Biol, 79: 61-70 (1977).

Carton RW, Dainauskas J, Clark JW: Elastic properties of >

single elastic fibers. J Appl Physiol, 17(3): 547-551 (1962).

Chalupnik JD, Daly CH, Merchant HC: Material properties of cerebral
blood vessels. Final Rep. on Contract No. N1H-69-2232 (1971).
Referenced in Hayashi (1980b). '

Chason JL, Hindman WM: Berry aneuryms of the circle of Willis; results
of a planned. autopsy study. Neurology 8, 41-44 (1958).

Cook TA, Salmo NAM, Yates PQ: The elasticity of the internal lamina.
J Pathol 117(3): 253-258 (1975).

Crawford T: Some observations of the pathogenesis and natural history
of intracranial aneurysms. J Neurol Neurosurg Psychiatry, 22:
259-266 (1959).

Crompton MR: HMechanism of growth and rupture in cerebral berry
aneurysm. Br Med J, 1: 1138-1142 (1966).

Damude LC, Cope DA, Roach MR: The effects. of enzymatic digestion on
the elastic properties of isolated human cerebral arteries, Can J
Physiol Pharm, 55: 161-1692 (1977).

k.

Dees MB: On the fenestrated membrane*of Henle. The Anatomical Record

26(2): 161-169 (1923). '




222

Faupels JH: Engineering design: A synthesis of stress analysis and
materials gngineering. New York, John‘W11ey & Sons, 1964,

Ferguson GG: Turbulence in human intracranial saccu]ar aneurysms, J
Neurosurg, 33: 485-487 (1970). .

Ferguson GG: Physical factors in the initiation, growth, and rupture
of human, intracranial saccular aneurysm. J Neurol, 37: 666-677

(1972).

Flaherty JT, Perce JE, Ferrans VJ, Patel DJ, Tucker WK, Fry DL:
Endothelial nuclear patterns in the canine arterial tree with
particular reference to hemodynamic events: Circulation Research,
V. 30: 23-33 (1972). . .

Forbus WD: On the origin of miliary aneurysms of the superficial
cerebral arteries. Bulletin of the Johns Hopkins Hosp1ta1 Vol.
XLVIT: 239-284 (1930).

Fdfgzan JEK, Hutchinson KJ: Arterial wall vibration distal to stenoses
in isolated arteries of dog and man. Cir Res 26: 584-590 (1970).

Gerrity RG: Some aspects of scanning electron microscopy techniques
applied to the study of large arteries. Prog biochem pharmacol,
14: 306-311 (1977). '

Glynn LE: Medial defects in the circle of Willis and their relation to
aneurysm forpation. J Path Bact, 51: 213-222 (1940). a

Gosline JM: The physical properties of elastic tissue. Int Rev
Connect Tissue Res, 7: 211-249 (1976).

Gosline JM, French CJ: Dynam1c mechanical properties of elastin,
Biopolymers, 18: 2091-2103 (1979).

Grut W, Edwards J, Evans E: Scanning electron microscopy of freeze-
dried aortic elastip, J Microsc Vol. 110, Pt. 2: 271-215 (1977).
Gusnard D, Kirschner RH: Cell and organelle shrinkage during ) ’
préparation for scanning electron microscopy: effects of =
fixation, dehydration and critical point drying. J of Microscopy
110, Pt. 1: 51-57 (1977). .

Ham AW, Cormack DH: Histology, J.B. Lippincott Co., Toronto, 7th

. Edition: (1974).

Hashimoto N: Experimental inducement of cerebral aneurysms in rats.
~~ Arch Jpn-Chir, 40: 667-678 (1979).

Hass GM: Elastic Tissue, 1., Description of a method “for the isolation
of elastic tissue. Arch Path, 34: 807-819 (1942).

- "




Hassler 0: Morphological studies on the large cerebral arteries with
reference to the aetiology of subarachnoid haemorrhage. Acta

Psych Neurol Scand, 36: suppl 154 (1961).

Hassler 0: The windows of the internal elastic lamella of the cerebral
arteries. Virchows Arch Path Anat, 335: 127-132 (1962).

Hassler 0: Scanning electron micfoscopy of saccular intracranial
aneurysms. Am J Pathol, 68(3): 511-520 (1972).

Haust MD, More RH, Bencosme SA; Balis JU: ETastogenesis in human
aorta: An electron microscopic study. Exp Mol Pathol, 4:
508-524 (1965), .

Hayashi K, Handa H, Nagasawa S,  Okumura A, Moritake K: Stiffness
and elastic behavior of human intracranial and extracranial
arteries, J Biomech, 13, 175-184 (1980a). -

Hayashi K, Nagasawa S, Naruo Y, Okmura A, Moritake K, Handa H:
Mechanical properties of human cerebral arteries. Biorheology 17,
211-218 (1980b).

Imaizumi K, Shigeﬁ?\VT“Nakamura M: Chemical comparison intimal elastin
in the human cerebral and coronary arteries and aorta. Paroi
Arterielle - Arterial Wall T 1I,4: 213-219 (1975).

Kawamura J, Gertz SD, Sunaga R, Rennels ML, Nelson E: Scanning
electron microscopic observations on the luminal surface of the
rabbit common carotid artery subjected to ischemia by the arterial _
occlusion. Stroke 5, 765-774 (1974).

KlasSen AC, Sung JH, Stadlan E: Histological cﬂanges in cerebral
arteries with increasing age, J Neuropath, Exp Neurol, 27: 607-623 .
(1968). \

Klynstra FB, Bottcher JF: Permeability patterns in pig aorta.
Atherosclerosis 451-462 (1969).

Lamb JC, Ingram P: Drying of biological specimens for scanning
?1ectgon microscopy directly from alcohol, SEM/ILITRI, 3: 459-472
1979).

Lang ER, Kidd M: Electron microscopy of human cerebral aneurysms. J
Neurosurg 22: 554-562 (1965).

Langille BL, Adamson SL: Relationship between blood flow direction and

endothelial cell orientation at arterial branch sites in rabbits
and mice. Circulation Research, 48: 481-488 (1981)

Legg MJ, Gow BS: The size of endothelial cells in the rabbit thorac1c
aortas Atherosclerosis, 39: 22/- 279 (1981).

:i?“




224

Locksley HB: Report on the cooperative study of intracranial aneurysms
and subarachnoid hemorrhage, Section 5, Part 1. Natural history
of subarachnoid hemorrhage, intracranial aneurysms and
arteriovenous malformations. J Neurosurg, 25: 321 (1966).

Macfarlane TWR: The geometry of cerebral arterial bifurcations and its
modification with static distending pressure. Thesis, The
University of Western Ontario (1975).

McCormick WF, Acosta-Rua GJ: The size of intracranial saccular
aneurysm, An autopsy study. J Neurosurg, 33: 422-427 (1970).

McCormick WF, Schma]stiég EJ: The relationship of arterial
hypertens1on to intracranial aneurysms. Arch Neurol, 34: 285-287

(1977).

McGarvey KA, Reidy MA, Roach MR: A quantitative study of the
preparation of rabbit aortic endothelial cells for scanning
* electron microscopy. J. of Microscopy 118, Pt. 2: 229-236 (1980).

Merei FT, Gallyas F: Role of the structural elements of the arterial
wall in the formation and growth of intracranial saccular
aneurysms. Neurol Res 2(3-4): 283-303 (1980a).

Merei FY, Gallyas F, Horvath Z: Elastin elements in the media and
ad ent1t1a of human intracranial extracerebra] arteries, Stroke,
11% 329-336 (1980b). o ®

Morirdke K, Handa W, Okumura A, Hayashi K, Niimi H: Stiffness of
cerebra] arter1es -- Its role in the pathogenesis of cerqbra]
aneurysms. Neurol Med Chir, 14: 47-53 (1974).

Moritake K, Handa H, Okumura A. Nagasawa S, Naruo Y, Hayashi K, Safo M,
Hazama F: Quantitative analysis of microstructural .components
of human cerebral arteries, Neurol Res, 3: 67-82 (1981).

Nagasawa S, Handa H, Okumra A. Naruo Y, Moritake K, Hayashi K:
Mechanical properties of human cerebral arteries. Part 1: Effect
of age and vascular smooth muscle activation in physiological
state. Surg Neurol, 12: 297-304 (1979).

-

Niimi H, Horie R, Yamori Y, Oka S: Hemodynamic factors on the
development of atherogenesis in stroke-prone SHR. Jpn Heart J, 20
(Suppl. 1): 368-370. (1979).

Nystrom SHM: Development of intracranial aneurysms as reyealed by
electron microscopy. J Neurosurg, 20: 329-337 (1963).

= Oppenheim F: Uber den histoogischen Baue der Arteries in der
wachsenden und alternden Niere, Frankfurt Z Path,.21: 57-84

(1918).

Oka S: Physical theory of perm@gbi]ity of vascular walls in relation
to atherogenesis. Biorheology, 16: 203-209 (1979).

- . /




225 *

hY

Olinger CP, Wasserman JF: Electronic stethoscope for detection of
cerebra1 aneurysm, vasospasm and arterial disease., Surg Neurol,
8: 298-312 (1977). '

Olsen F: Arteriolar permeabi]ity and destruction of elastic membrane
in hypertension, Acta.Path Microbiol Scan, 75: 527-536 (1969).

Peterson RE:’ Stress concentration factors. Toronto, John Wiley & Sons
(1974). '

P R L

Potter R, Roach MR: Are“enlarged fenestrations in the %nterna] elastic
lamina of the rabbit thoracic aorta associated with poststenotic
dilatation; Can J Physiol Pharm, 61: 1, 101-104 (1983). -

Reidy MA, Levesque MJ: A scanning electron microscopi¢ study of
arterial endothelial cells using vascular casts. Atherosclerosis,
28: 463-478 (1977).

Roach MR: -Changes in arterial distensibility as a cause of poststenotic
dilatation. Am J Cardiol, 12: 802-815 (1963). :

Roach MR: Role of vascular wall elastic tissue in hemostasis,
Thrombosis et Diathesis Haemorrhagica, Suppl 40: 59-77 (1970).

Rodgers JC, Puchtler H, Gropp S: Transition from elastic.to collagen
‘ in internal elastic membranes. Arch Path, 83: 557-566 (1967).

Ross R, Bornstein P: Elastic fibres in the body. Sci Am, 224: 44-52
(1971).

Sahs AL: 'Observations on the pathology of saccular aneuryms. J .
Neurosurg, 24: 792-806 (1966). \ s

Sandberg LB: Elastin structure in health and disease, International
®av of Conn Tiss Res, 7: 159-210 (1976).

Schneider GB: The effects of preparative procedures for scanning

electron microscopy on the size of isolated lymphocytes (1). Am J
of Anat, 146: 93-100 (1976).

Scott S, Ferguson GG, Roach MR: Comparison of the elastic properties
of human intracranial arteries and aneurysms, Can J Physiol ?
Pharmacol, 50:°328- 332 (1972).

Sekhar LN, Heros RC: 0r1g1n, growth and rupture of saccular aneurysms:
A Review, Neurosurg, 8: 248-260 (1981).

Selby SM: CRC standard mechanical table, 20th ed. The Chemical Rubber
Co. Cleveland, Ohio (ed.)(1972).

Shéppard BL: Platelet adhesion in the rabbit abdominal aorta following
’ removal of endothelium with EDTA, Proc R Soc Lond B, 182: 103-108
(1972).




226

Sheppard 8L, French Jt: Platelet adhesion”in the rabbit abdominal

aorta fo]low1n? the removal of the endothelium: A scanning and »
transmission electron microscopical study. Proc Roy Soc Lond B,
176: 427-432 (1971). F

Smith JFH, Canham PB, Starkey JE Orientation of collagen in the tunica
adventitia of the human cerebral artery measured with polarized
zlggt)and the universal stage,”J Ultrastructure Res, 77: 133-145

981)..

Stehbens WE: Intracranial arter}al aneurysms, Australasian Ann Med: 3:
214-218 (1954). \

Stehbens WE: Focal intimal proliferation in the cerebral arteries. Am
J Pathol, 36: 289 (1960).

Stehbens WE: Hypertension and cerebral aneurysms. Med J Aust, 2: 4
(1962). i

Stehbens WE: Histopathology of cerebral aneurysms. Arch Neurol, 8:
272-285 (1963).

Stehbens WE: Pathology of the cerebral blood vessels. C.V. Mosby Co.,
St. Louis, pp. 351, 421 (1972).

Stehbens WE: The role of lipid in the pa%ho]ogenesis of
atherosclerosis. Lancet 1: 724-727 *(1975).

Steﬁbens WE: Ultrastructure of aneurysms. Arch Neurol, 32: 272-285
(1975).

Stehbens WE: Arterial structure at bifurcations with reference to
physiological and pathological processes, including aneurysm
formation. Structure and Function of the Circulation, Vol. 2.
%d. Sghwartz CJ, Werthessen NT, Wol$ SG, Plenum, N.Y.: 667-693

1981).

Stemerman MB, Baumgartner HR, Spaet TH: The subendothelial microfibril
and platelet adhesion. Lab Invest, 24: 179-186 (1971).

Steven FS, Minns RJ, Thomas H: The isolation of chemically pure
elastins in a form suitable for mechanical testinqg. Connect
Tissue Res, 2: 85-90 (1974).

Still WJS: The early effect of hypertension on the aortic intima of
the rat., Am J Path, 51: 721.734 (1967).

Underwood EE: Quantitative stereology. Addison-Wesley Publishing Co.,
Reading, Massachusetts (1970). ’

Velican C: Studies on the age-related changes occurring in human
.cerebral arteries, Atherosclerosis II: 509-529 (1970).



g 227

Walmsley JG, Canham PB: Orientation of nuclei as indicators of smooth
musclie cell alignment in the cerebral artery, Blood vessels 16:
43-51 (1979). - ’

:X Zar JH: Biostatistical analysis. Englewood Cliffs, NJ, Prentice-Hall

Inc. (1974).

boilnge £ oY W«WWWWW

it Xy, B 3 TP /».«ﬁ'-mva-fdmmm.‘zg., At W B odtient

AN




APPENDIX 1

TISSUE TREATMENTS

Al

PR 2

i) 1Isolate the Internal Elastic Lamina (cat carotids) -

Intact specimens of cat carotids were mounted in a }ig, flushed
with saline and then exp?sed to 1) 0.1 M ethylenedidminetetraacetate
disodium salt (EDTA) at 37°C for varying timeé periods up to 30 minutes;
2) EDTA;at 37°C for 15 minutes as well as«4~hoqr and 8 1/2 hour
exposures to 0:5 mg. of trypsin in 0.2 M Tris buffer, pH 7.4; or 3) 1;
minutes in EDTA at 37°C followed by 4 1/2 and 8 hour exposures to 300.
units of collagenase in 0.2 M Tris buffer. . A11 specimens were
subsequently fixed under pressure (100 mmHg) with 2.5 percent
glutaraldehyde in pﬁbsphate buffer, processed through graded alcohols,
critically point dried, gold/pa]ladiwn~coated and examined with "the
scanning electron microscope.

> R

ii) Expose Elastin fibres (cat carotids)

The carotids were pinned out on styrene or cork backiﬁg and
exposed to 1) 88 percent formic acid at 45°C for up to 44 hours; -
2)* 5 M guanidine hydrochloride in 0,05 M Tris buffer at 4°C, pH 7.0 _
for up to 192 hours, and 3) 0.1 N sodium hydroxide at 100°C for up iq\ 9
75 minutes. The specimens were thg; fixed (while pinned) in 2.5
percent phosphate buffered glutara]dehyde, processed through graded

alcohols, critically point dried, gold/palladium coated and viewed with

]

the scanning electron microscope.




~

- g 229,
i11) Isolate the Internal Elastic Lamina-(human cerebral)

Spécimens were mounted in a jig and exposed to EDTA for 15 minutes
under pressure (100 mm Hgl before flushing and preisure\fixing'(loo T -

mm Hg) with 2.5 percent glutafa]dehyde. The subsequent preparation

procedure for examination with the scanning electron microscope was
identical to the previous preparation with cat. carotids. ' ?
Specimens of cerebral arteny ﬁére/pinned on styrene backing and

¢

exposed to 88 percent formic acid at 45°C for up to %4 hours. The

specimens were then fixed in 2.5 percent glutaraldehyde and processed

according to the prece&ing seci}gn on the cat caroti?s. The same

procedure as outiined immedia;p\y ahove for the formic acid treatment

was repeated with the use' of ‘quanidine hydrochloride except the time .
period was extended to 7é hours. The procedure outlined previously for
the treatment of the cat carotids with sodium hydroxide was repeated h é

for specimens of human cCerebral arteries.
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APPENDIX 1I

kS

'DESCRIPTION OF THE SOFTWARE STRUCTURE

/7
* Introductiofy T ' . .
The prog}amﬁe used here is written in BASIC and imp]emeeted on a

Hewlett Pag?ard 9830A desk-top calculator, which must be equipped with

a minimgm of 10 K words of READ/WRITE memory; a String Variables ROM to .”
permit- the recognition and operation on 1etters and wores ("strings")

and an Eggended I/0 RQM for the digitizer. Peripﬁeral devices

‘5n§erfaced with the 9830A are a Hewlett Packard 9866ALPrintér and 3

Hewlee; Packard Y864A digitizer, If a mass memory un{t such as the

Infotek Systems FD-30A flopey disk system is interfaced with the 9830A

then the mass memory R%M,is also neceSsar{é* . -

A compatip]e System reF;efitted with Infotek hardware consists of

the saﬁe periphéraT devices along with the Infotek FD-30A mass memory -
bﬂ!’incdrpogates the in}otek'FP-ép fast processor and the Infotek MX-30
expanded memory, (containing the ROMg ;Qecified apove), in the mainframe

.of the 9830A. These options convert‘the.9830A from a bit serial to a

full bit paraldel processor, which increases the operating speed of the
system and expands the READ/WRITE memory to 32 K words.
) 'The “Special Funct1on Keys", a, facility available on the 9830A .
syséem, has been used to advantage«1n this programne for structuring
aad implementing segmeqts of the software. A series of separate
programpes. with a common group of wvariables can be allocated to
1ndi§idua1 Special Funceion'Keys (designated fo to f19).
Therefore, each segment of a' programme ({nitialization' input, data

man1pu1at1on, output storage etc.) can be allocated to a separate key

which can be accessed by th& operator. This eliminates the need for.a .
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directory jntegra‘fhto the software architecture in order to access.

the various segments of a programme since the special function keys ’
perimit ac&ess to any segment,-in any order (except fg must be
accessed initially ip this particular programme) by pressing the
appropriate key. The explanation for the structure of the programme

*
has been arranged to correspond with the sequence of the Special

Function Keys. Only-the flowcharts associated with the main portions
of the optimization procedure (Special Function Key f4) are

presented.

fq - Initialization .
0 @

The arrays which store the original as wéTl‘Bs the adjusted
coordinates of the wet and-dry markers ares initialized. . A prompt "

requeéts the keyboard entry by the operator of a code (alpha-numeric if

=

desired) identifying the particular compo§}te to be analyzed. A
@ ’ ' 1.4 .
further prompt requests a keyboard entry to determine whether the

v

YQ
operator desires data to be entered from the digitizer or to terminate
~the initialization procedure‘for'ﬁata entry from the direct access

.

storage unit (floppy disk or digital cassette). To initialize for data

input, two points representing the origin and a second point

establishing the orientation of the X coordinate axis, are entered from

the digitizer,

f1 - Enter Marker Coordinates .
' The common marker is entered (digitized) first. fhegingin for
T the composite is then transposed to the common marker and the )

coordinates for all subsequent data entries are determined wff% respect

| o

to the new origin. The X and Y coordinate pairs for both the wet and
! .

dry locations of each marker point\(nuﬁbgrs'z to 14) illustrated in
i 7
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Figure 67a - Subroutine I *
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( START )

- [47 Initialize variables 1 .

Compute proportional
dwmensional change

No s

End of markers?

Compute mean
and standard deviation

( Return )

Figure 67b - Subroutine II
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[

Increment shift

|

Perform +X shift on
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|

Perform X Shift on
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Figure 67¢ -
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Figure 67d - Subroutine VII
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[ﬁlncrement clockwise rotation ]

[;;Erement antr-clockwise

rotat\onl

1

/

Subroutine IXa

4}& //7 Subroutine IXa

\

\

Perform clockwise rotation
on dry marker coordinates

Perform anti-clockwise rotatio
on dry marker coordinates

( Return )

( Return ,

L 4

Figure 67e - Subroutine VIII ‘
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Y shift marker arrays on
temporary marker array

-
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Figure 67}‘ - Subroutine IX
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( Return )

Hat or dry marker within
Z mm of X or Y axis?

Yes
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Figure 67g Subroutine X
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Figure 6 (subsection 2.4.2) are‘entered from the digitizer accorqiqe to

a driver subroutine and stored in the corresponding array. Data entry

is terminated when the maxiﬁum 1imit of 29 markers is reached or by.the~
operator by entering the keybqard inpdt STOP.

fo - Store Data

The operator specifies the file number at the request of a prompt,

] . -
. . A -

é;or storage on the direct access storage unit (floppy disk or digital*

cassette).

£3 - Print Coordinate Pairs (0r1g1na1 and Amended) .
for the Markers

-

The complete set of cogrdinate pairs for the composite illustrated

ek HAd

in Figure 6 was presented in.Table 2 (section 2.5.3). The coordinates
)

for the wet markers listed under "WET" remain unchahged. The column

PRy

headings "X" and "Y" under the designation "DRY" represent the original - g
coord1nates of the dry markers. The coordinates for the amended

1ocat1on of the dry markers are listed under the column headings "AX "

and "AY". J - : ..

o

1.

fq - Optimization of the Alignment
« Between the Wet and Dry Markers

The flowcharts depicting the main programme and the subroetines
for the opt1mlzat10n'of the a11gnment between the wet and dry markers
have been illustrated in Figures 68 a, b ang)69_a—3, respectively. The
explanation of the identificdtion codes (see subsection 2.5.3) are
printed, en1y at the request of the operator. The operator enters:)by
means of the keyboard, a single value for the maximum limit of the
shift along the positivézﬁnd negative coordinate axes as well as a

single value for 'the maximum 1imit for the rotation of the dry marker

points about the common point. The incremental shifts (0.51 mm) and
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"¢ the increnmental rotations (0.25 degrees) are specified within the

programme. ' - ) 5

‘Z‘

o

After a number of composites had‘been analyzed, it became apparent
that the proport1ona1 d1mens1oﬁa1 changes assoc1ated with some of the
- markers demonstrated 1rregu1ar results 4f located or adJusted to be in

- cTose proximity to the axes., IA order to avoid this problem it is

<

. reeommended that-markers located c]ose.¢o the axes. not be selected.

v 3
-« -

" As a result, marker .points located within a band:of approximately 1.3%

:
“of the field width (2 mm at projected'magnification of 144 X) are

v ot temporarily exc1uded (subrout1ne X) during the part1gu1ar 1ncrementa1
adjustment of the“marker points. T ' ‘

- - ~ . . &

, - | i) Leve1 1 (Sing]e Shifts or Rotatﬁons) . A - 7

»

. The standard’dev1at1ons for the porport1ona1 change 1n\the X and Y

o

coordinates are computed for the or1glna1 1Qpat1on of the dry marker

://// points by temporarily transferring conteol” to subroutine FL. for level
. % ? ' ‘o, .
-1 of the opt1m1zat1on process, control of the, programme is transferred

to subrout1ne I whﬂch employs s1ng1e shifts in 1ncrements along the L

2 A postitive and-géﬁat1ye directions of both coord1nate axes to détérmine_

» 4

the best locat®on bf. the dry marker points, .

°

New coocd:nate pairs of the dry markers are determined accord1ng

- -« * to the spec1f1ed sh1ft (subrOut1nes IT] and VI) and ass1gned to the

4 s,

tempo;\ry‘array. ‘At th!s_]eve] of opt1m1zat1on only single shift

~

- / ' i 3 3 - - . k3 -
1ncrements~along the positive or negat1ve-X axis, and pos1t1ye_or*

.. negat1ve Y ax1s are 1mp1emented and tested. The computation of the X e

- o - * o

. s . . and X standard dev1at1ons correspond1ng to the X and Y mean

proport1ona1 d1mens1ona1 changes is repeated (subrout1ne I1) and the

. combined sum of the present standard. deviation values is compared with
[ o
- | 1 . ~ . -

i
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. . - the: sim of the jprevious best valués. -If the.present sum is greater, .
« ", ., then the dispersion has not  been reduced and control of the incremental

‘. shift is transferred to a new shift direction (i.e., + to -) or axis.

%

If the present sum is less, thenmbhe dispersion has been reduced and

: B the t&mporary location of the dry marker points (temporary array), X

. and Y standard deviations and the X and Y 'means are assigned to the

S : - - . » - o
provisional array,” standard deviations and means, respectively.

C0ntro1 returns to 1ncrement the shift and €ompute the new 1ocat1on of

N H

the dry- marker coord1nate pairs. Before ~each incremental shift the

/, - .
'

N ‘ L.
locations of the dry marker po1nt§ are initialized to their original

positions (subroutine V). ) - .. (

1

< The cycle is,repeated for each of the four direcfions (+X, ;X, +Y,

ard, -Y) until. either the sum of the X and Y standard devia;idns ceases
t {

‘ B o o Q

« . to decreage, or the mazﬁmum limit of ‘the shiff has beén attained.

After the process(hag been comp]eted tﬁe provisionai array, standa?d'

- o .

dev1at1ons and means represent1ng the best 1ocat1on of the dry markers

0 s K

are ass1gned to the opt1ma1 array, standard dev1at1ons and means ’

reSpect1ve1y Furthermore the best locations of the dry marker p01nts

along the X and Y coord1nate axes are retained for use in 1evel-2 of
“the 0pt1m1zatlon procedure. <pontrol of phe programme is ‘then retunned .
[ _to  the main programme. ’
The set of dry markers is next rotated aeout the origin (common
point) in inqremen}s ifi both the anti-c]ockwise and clockwise .
directions. The process for determiriing if a better 1ocationlexists is
s1m11ar to the prev1ous procedure for the single sh1fts. A new

1ocat10n of the drx markers is establlshed after an 1ncrementa1 B

ant1 clockw1se or clockw1se ﬁbtat1on (subrout1nes VIII and 1X). The

e '
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) a .
the provisional array, standard deviations and means res

.Location of.the dry markeri for rotation is compared with the §im of

: ~

o

246
new coordinate pairs for each marker are computed and &Ssigned to the

o °

tempdrary array. Prior to each incremental rotation, the location of
the dry marker points are. initialized to their original positions
(subroutine V). The X and Y standard deviations correspond{ng to the X _

and Y mean proportiona]vdiménsionél changes are computed and the sum of
R .
the present value is compared with t

previwus best value. If the

sum is less, .then the tempora?y location of the markers (temporary

P

array), X»and Y standard deviations and X and Y means\are assigned to

L]

¥iely.

The cycle continues until both .anti-clockwise and clockwise rotatigns

-

have been tested to the maximum 1imit or until the sum of the X and\y’
standard deviations is not improved.

Next, the sum of the X and Y- standard deviatjbns for the-best

i
¢

14

the standard devaitions for the previous best location obtained by~the

-4

siné]e"shifts, and the better is assigned to the optimal array,
standard deviations and means. At this point,,the'va1ues of the *

"optimal™ staﬁdard(devﬁgtiohs and means are printed and programme

execution is halted until the operator directs whether the optimization ®

x

process is-to be termiinated or continued to the. next level. ' » :

ii) Level 2 (Best X and Y Location
. Plus Single Rotatdons) ' -

_‘Level 2 éf the.bptimization process }nitjally‘ppgitions thé‘
10catj0n of the coordinates of the dry marker ppin;s according to the
best X and_ Y locations derived from ;hé previous single shifts. The o
dry markers are then rotated in increments‘(subroufines VITI gnd 1X) '_. .

about the origin (common point). The best provisional location is

v
©
» . - -
. R r
’ N "

. <

“
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obtained and compared with the previoLs best optimal .location and the
better is selected and assigned to the optimal array, sta;dérd
deviations dnd means. The values of the "optimal" slandard deviations
and means are printed and programme éXxecution is-halted untii the
operato; directs termination or continuation to the next level of
optimization. ) ' S -

iii) Level 3 (Rotat{on Plus Single Shifts) -
' Leye] 3 of the optimizaiion process applies a combination ,of two
separate adjustments to the markers based on the original locations of

{ ) .
the marker points. First, the markers are rotated incrementally. -

[:]

(subroutines VIII and IX), then the sequence of single shifts

o

(subroutines I, III and VI) along the X or Y axis are tested and the
: J

best provisional location is compared with™he, previoug optima)

-

g;]ocatjog. The location which demonstrates less dispersion according to
the criterion descriﬂZH previously is again selected and the parameters
are assigned éo the optimal array, standard deviations and means. The
‘values of thé “optimal" standard deviations and means are pkinted.aﬁd

iprogramme execution is halted until the operator indicates termingtion
or continuétion to the final level of optimization. -

iv) Level 4 (Rotation Plus Multiple Shifts) 1

.The fina) level of the optimization process is: very similar to

level 3, except that ition‘to the incremental rotations

-y

(subroutines VIII a

VII) srather than only a single shift. Upon

. / @ ) ’
zation level, the final optimal standard

(subrqutines 1, IV an

g

completion of this opti

deviation and means are printed and execution is terminated. All

Ve

possible combinations of. shifts and rotations yithin the increments and.



maximum limits specified have been tested and the best location

selected,

For épecified 1imi£s of a 5 mm maximum shift'and a 5° maximum
rotation, the time to complete the four levels of optimization using
the 9830A system incorporating the Infotek Fast Processor aﬁd Expanded
Memory for the 14 markers illustrated in Figure 6 (section 2.4.2) is
0.7 miinutes for. level 1,§9.5 minutes for level 2, 11.5 minutes for
level 3 and about 2.5 hours for level 4. The time to complete the same
four levels using the standard Hewlett Packard .9830A system is

——rn

”increaséd by a f§ctor of 5.6.
fg - Output Dimensional Changes (Original Marker Coordinates)
f7 - Output Dimensional Changes (Amended Marker Coorindates)
The gxp]anations for Special Function Keys fg and fy -
have been combined since both keys perform the same function, but use
either the original or amended marker cooqdinates. The proportioqal
dimensipnal ghaﬁges for each marker point as well as the mean, sFandard
deviation and standard error of the mean|for the group of markers are

computed for the X, Y ”d' radial directions. Column headings along

*s

with the indifidua] values,are then printed. The final results for the
composfte shown in Figure 6 are presented in Table 1.
Té - Load Data
At the request of a-prompt, the operator enters the file number
for retrieval of the desired file onzgpe direct access storage unit . h

(floppy disk or cassettef. Following 1ead1n§ of the coordinatidns into

the’READ/wRITE mefmory, the coordinates are assigned to other ar}ays and’ .

#

seanned to determine the numbe¥ of markers,

-
L 4
el




o d
fg - Modify X-Axis Orientation
Orientation of the X axis (and concurrently the Y axis) may be

modified by the operator. A prompt requests the magnitude and

direction (negative for anti-clockwise, positive for clockwise), of the

" new orientation of the X axes with respect to ‘the original position.

™~ »
As a result all marker coordinate pairs gwet and dry) are transposed to

the new coordinate axes.

fg - Assess Planar Orthotropy/Anisotropy

Following selection of the optimal location of the dr markérs,

- the means and standard deviations for the complete range of possible

orientations of the coordinate axes (between 0 ;nd 180°) should be *
assessed. The operator enters the range of orientations as well as the
incremental step. The coordinate axes are rotated accordingly (the
Tocations of the wet and dry markers remain stationary) and the mean X,
Y, and radial dimegs{onal chahgés a]oné with their associatéd standard
deviations for the group of marker points are printed for each angle,

under appropriate headinés.' Markers within a band of 1.3% of the

field width are again temporarily excluded.

2459
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APPENDIX III -

OPTIMIZATION PROCEDURE: OPERATOR INSTRUCTIONS

?

SPECIAL FUNCTION KEYS

fg - Initialize ,
4
fy - Digitizer 1ngut of marker coordinates
fo, - Store data (diskette) ‘ ;
f3 - Prfnt data points
f4 - Optimal a]ignment‘ -
fg - Print dimensiona) changes (original ‘coordinates)
fe - Load data (diskette)
f7‘ - Print dimensional changes (amended coordinates)
fg - Modify X-axis orientation -~
fg - Assess‘anisotropy_ L.
OPERATION

1; To Joad the Programme from the diskette, type LOADKEY #7, 1.
.Press key marked EXECUTE. \

- fg - Initialize
- 1. Press keys marked RUN, f¢.

2. The display reads "INPUT TIILE?“. Enter an appropriate title
(maximum 60 characters), press key marked EXECUTE.

%S

3. The display reads "INITALIZE? (1-YES, @-NO)". To set origin
«7 and orientation of axes for digitizing coorindates, enter 1, .
press key marked EXECUTE, go to step 4. Otherwise enter § and

select approripate data entry key (i.e., f} or f6).
-~ S—

4. The display reads "SET: ORIG (L LFT) < PRESS 'CONT EXEC'?".

Set the origin op the platen by positioning the crosshairs of
the cursor at the lower left corner of the composite or at the
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- Tower left "+" mark, and pressing the orange coloured "0“
. button on the cursor. Press keys marked CONT, EXECUTEE
N, 4
5. The message "SET LOWER RIGHT" is printed. Position the
crosshairs of the cursor to the right of the origin or at the
lower right "+" mark and press the "S" button on the cursor.

fy - Digitizer input of marker coordinates

1. Press key marked fy.

2 The display reads "INPUT COMMON POINT". Position the
crosshairs of the cursor at the common point and press the "S"
button on the cursor,

3. The display momentarily reads "INPUT 'WET' MARKER n". Position
the crosshairs of the cursor at the location of the wet marker
(i.e., location of marker on wet_tissue) and press the "S"

. button on the cursor., :

4. The display momentarily reads "INPUT 'DRY' MARKER n". Position
. the crosshairs of the cursor at the location of the dry marker
7 (i.e., location of the marker on dried tissue) and press the
(/”/ "S™ button on the cursor.

- 5. Repeat steps 3 and 4 until all sets of_markers have“~been
digitalized. Maximum number of marKers that can be entered is

29.

fo - Store Data \ %E L

1. Press key marked fo.

2. The display reads "ENTER 'STORE' FILE NO." Enter the number of
” the file on the diskette to store the data that has been
entered. previously, press key marked EXECUTE.

3. Following storage of the data (lazy T reappgars at bottom left
:of display) the message "DATA STORED n" is printed (n is the
‘file nunber),

>
2

fg - Print Da;a Points
1. Press key marked f3. ’ ~\ . o
2. The original (X,Y) coordinate pairs of the wet markers are

printed along with the original (X,Y) and,.amended (AX,AY)
coordinate pairs of the dry markers.

\
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fgq - Optimal Alignment

].

2.

10.

Press key marked fg..

The display reads "EXPLAIN-CODES? (1-YES, §-NO)". If a
directory of the response codes (indicates portion of programme
resulting in improved alignment) is -desired, enter 1, press key
marked EXECUTE, go to setp 3. Otherwise; enter @, press key
marked EXECUTE, go to step 4. ’ .

The response codes are printed.

The display reads "ENTER MAX ROTATE (EG 10 DEG)". Enter the
maximum value (in degrees) for the rotation (clockwise and
anti-clockwise), press key marked EXECUTE,

The message "MAXIMUM ROTATION IS x DEGREES" is prlnted (where X
is value entered). "

The display reads "ENTER MAX SHIFT (EG 6 "MM"). Enter the
maximum value (in millimeters) for the Fhift (+X and +Y), press

key marked EXECUTE.

The message “MAXIMUM SHIFT IS x MM" is printed (where_x is
value entered.

The column headings “CODE", "Y-CHANGE" and "X-CHANGE" are
printed., The column headings "S.D." and "MEAN" are both
printed under "Y-CHANGE" and "X-CHANGE". .

-The message printed is:-

“LEVEL 1" . .

"BEST Y-CHANGE: SD = sl AND MEAN = m

"Best X-CHANGE: SD = s AND MEAN = m .

"CONT OPTIMIZE? (1-YES, @-NO) FOR BEST X & Y.+ ROTATION".

If it is desired to continue the optimization pchedure to
Level 2 enter 1, press key marked EXECUTE and go to step 10.
Otherwise enter G, to terminate execution.

The message printed is:-
“LEVEL 2" 0 .
“BEST Y-CHANGE: SD 51 AND MEAN = m, :

“BEST X-CHANGE: SD = sp AND MEAN .
"CONT OPTIMIZE? (1-YES, @-NO) FOR ROTATION + X-Y SINGLE SHIFT".

I[f it is desired to continue the optimization procedure to
Level 3, enter 1, press key marked EXECUTE and go to step 1l.
Otherwise enter § to terminate execution.

a
[

m2 .

7
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11. The message printed is:-
“LEVEL 3Il
_"BEST Y-CHANGE: SD = sj AND MEAN = my"
"BEST X-CHANGE: SD = s, AND MEAN = m2"
“CONT OPTIMIZE? (1-YES, @-NO) FOR ROTATION + X-Y MULTIPLE
SHIFT”. . !:‘
If it is des1red to continue the optimization procedure to
Level 4, enter 1, press key marked EXECUTE and go to step 12.
0therw1se enter ¥ to terminate execution.
-
- 12. The message printed is:- .
"LEVEL 4" :
"BEST Y-CHANGE: SD = sl, AND MEAN = ml"
“BEST X;CHANGE: SD = sp, AND MEAN = m," .
"OPTIMI ZATION COMPLETE"
[
fg - Print Dimensional Changes (original coordinates)
1. Press key marked fge.

. 2. Tnhe results (based upon the ofigihal coordinate pairs) for the
dimensional changes along the X-axis, Y-axis and in the radial
direction (direct path from common point to marker point) are
printed. Also the mean, standard deviation and standard error
of the mean are printed for the dlmen51ona1 changes of the set
of markers. {

fg - Load Data
1. PresS key marked fg. R
2. The display reads "ENTER 'LOAD' FILE NO.". Enter the file
number for the data that is to be loaded from the diskette,
press key marked EXECUTE. -
3. - Following loading of the data (lazy T.reappears at bottom jeft
of display) the message "DATA LOADED FROM FILE n" is printed.
f7 - Print Dimensional Changes (émended coordinates)
1. Press key marked fy. . .
) 2, The results (based upon the amended coordinate palrs) for the
dimensional changes along the X-axis, Y-axis-and in the radial
add direction (direct path from common p01nt to marker point) are
. <.printed. Also the mean, standard deviation and standard
. error of the mean are printed for the d1mens1ona1 changes of

the set of markers.
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f8 - Modify X-Axis Orientation

1. Press key marked fge.

2. The display reads "ENT ANGLE INCREMENT (-CCW, +CW)". To

implement a new orientation of the coorindate axes with respect

to the location of the marker points, enter the desired angle
between the old and new orientation and sign (+ for clockwise
reorientation, or - for anti-clockwise reorientation), and

press key marked EXECUTE. . *

N

3. The message “NEW ORIENTATION OF X-AXIS IS x DEGREES FROM
ORIGINAL" is printed.

-

4. Following modification of the coordinates the display reads
"REORIENTATION COMPLETE". '

fg - Assess Anisotropy® >

1. Press key marked fg- i . vt

2. The display reads "ENTER ANGLE RANGE (MIN, MAX, STEP)". The
range of reorientations to be searched is determined by the
keyboard inputs of the smallest (MIN)-and largest (MAX) angles
with respect to the existing location (+ for clockwise
reoriéhtation, - for anti-clockwise reorientation). The
angular increment between successive orientation is input for
STEP. .

3. The headings "ANGLE(DEG)", "% YidHANGE (S.D.)" and "% X-CHANGE
(S.D.)" are printed. The results at each orientation are
computed and printed.




SPECIAL FUNCTION KEYS

f1o -

Loien NS '

f13 -

- APPENDIX IV
DATA MANAGEMENT OF FENESTRATIONS CHARACTERISTICS:

OPERATOR INSTRUCTIONS
) &£

Initialize

Keyboard input of data (major diameter & minor diameter)

Delete keyboard input ’ )
Digitizer input of data
t-Test pf means ’ —

Statistical analysis of da;a (mean, standard deviation, —
skewnes’s, kugt?sis, minimum, maximum, range).

Store déta (on diskette)

Load data'(froquisgette) .
Cell statistics‘(histogram) \

—y,,

Fenestration inforimation (average diameter, density,

percentage of surface area, ligament efficiency).

-~

e st L ki T

Printer histogram

Printer histogram with normal curve overlay
Keyboard input of data (single value)

Programme subroutine (DEF FNX)

B
VARG g it e 1

Plot histogram
Pragramne subroutine (DEF FNY) U

Programmne subroutine (DEF FNC)

Curve fit to histogram data (maximum 6th degree polynomial

regression)




OPERATION )

1.

fg - Initialize

1.
2.

10.

11,

12.

To load the programme from the diskette, type LOADKEY #7, 1
Press key marked - EXECUTE.

Press keys marked RUN, fg.

The display reads "INPUT TITLE?". Enter an approximate title
(maximum 50 characters), press key marked EXECUTE.

The display reads "ENTER 1 FOR HISTOGRAM?" “1f a histogram

 and/or curve fit will be printed or plotted, enter 1, press

key marked EXECUTE, go to step 4. Otherwise enter {§, press
key marked EXECUTE, go to step 10. - . .

The display reads "OFFSETj= ?". Enter lowest value for
histogran/curve fit, press key marked EXECUTE.

The message "OFFSET = x" is printed (where x is value entered).

The display reads "MAXIMUM VALUE OF CELLS?. Enter the largest
anticipated value for histogram/curve fit, press key marked
EXECUTE.

The message "MAXIMUM CELL = x" is printed, (where x is value
entered).

The display reads "CELL WIDTH?". Enter the desired cell wjdth
for histogram/curve f1t press key marked EXECUTE.

oo

" NOTE: TOTAL NUMBER OF CELLS CANNOT EXCEED 70.

The message "CELL WIDTH = x" is printed (where x*is value
entered). . .

The display reads "ENILR 1 TO PRINT® DATA?". Ifg@ record of
each data point is des1red, enter 1, press key marked EXECUTE,
go to step 11. Otherwise enter ¢, press key marked EXECUTE,

go to step’ 11,

The display reads "WIDTH AND LENGTH OF FIELD (MM)2". Enter

the width and length of the field of view, (expressed in
mi]limeters), press key marked EXECUTE. . :

The d1sp1ay reads "ENT PROPORTIONAL SHRINKAGE (EG D7)?".
Enter the porport1ona1 shrinkage according to equat1on

N

-

shrinkage = displacement wet - displacement dry
¢ “ dispTatement wet

p.

¥
e %ﬁ'ﬁww*“"“"‘s‘

A S ket W A sy,
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If shrinkage correctlon is not de51red enter ¥, press key
marked EXECUTE. _ .

_The message "SHRINKAGE 1S s PERCENT" is printed.

o

i3. The display reads "PRESS|DATA ENTRY KEY?". ~ Select appropriate
data entry key (e.§., fy, f3, or f12) or load

data from diskette. , : Y

fy - Keyboard Input of“Da;a‘(Majp‘ Diameter and Minbf‘Diameter)
o o . ! .

1. Press’ key marked f1. . P

' 2. The display reads "X1, X2|(n) = ?" (where n is data point
' . " number). The two values for the maximum diaméter and minimum
diameter (e.g. 1.8, 2.6) dre entered with intervening-commas,
press key marked EXECUTE. | This procedure is repeated for all
. the fenestrations contained within a given f1e1d of view.
b )
¢ NOJE: THE MAXIMUM NUMBER OF FENESTRATIONS THAT CAN BE ENTERED
s AS A GROUP FOR ANY PARTICULAR FIELD OF VIEW IS 69. If more
than 69 are to be entered, store’ the initial 69, then select’
RUN, fg and enter the identical initial values.”, Select
fq and” continue with the- remainder .of the data po1nts

This process can be repeated any number of times.

A

&

3. To terminate, press key marked END.

£, - Delete Keyboard Inpit
[
W],' Press key marked fj. . . .-
2. The display reads "DELETE X1, X2 (n) -*2". The program has °
deleted the value(s) for the last fenestration entered. To
continue entering data from the keyboard, select fp or

f12 . > o s R N
e fg - Digjtizerélnput‘of Dafa\ ) ' y :
1. Press key marked f3. ;] IR, e

2. The display reads “SET 'ORIGIN, PRESS 'CONT EXECUTE'?". ~ Set
the origin on’the platen by positioning the cross-hairs of the
" cursor at the lower left hand corner of the field of view and
pressing the orange coloured "0" button on the cursor. . Press
keys marked CONT, EXECUTE:
3. The display reads’ "SET LIMITS OF MAG BARY.  Position the.
cross-hairs of the cursor on the left edge ‘of the magnification
‘ marker and press the ."S" button on-the cursor. Position the
cross-hairs of the cursor on the right. édge ¢f the.
magnification marker and press the "S" button-on the cursor.

® "
.\

PN I's
“ - o

»

sk
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4,
A}

i

' 4 - t- Test of,Means s T "_ 3 T ' / #

.S.

ca
6-

]l

3.”

4,

ﬁ@-

'5 = Stat1st1ca1 Ana1y5ﬂs of Data

q.

" 'ars:

' -
« A * ' o
o . ‘ﬂ; o . R
. .
- ) [V

The d15p1ay reads "ENTER' MAGNITUDE OF MAG BAR (MIC)" Enter
the lerigth (expressed in m1crons) of the magn1f1cat1on marker.
A Y
The display momeﬁtarl]y F:ggs "COMMENCE DIGITIZING“ Position
the cross-hairs of the cursor at each of the extreme borders.
of the longest axis and press the *'S" Button-on the cursor.
.Repeat. the preceeding proceddre ‘for extreme borders of the
-$hontest axis. A "bleep"sis emitted after the data entry for.
_each fenestratlon has beehn compJeted ‘

NOTE\ ‘THEZ MAXIMUlq NUMBER OF FENESTRATIQNS THAT CAﬂE ENTERED
*AS A GROUP FOR™ANY PARTICULAR FIELD OF VLEW IS 69. If mere

than .69 aré to be entered, 'store the initjal 69, then select *
RUN fH “and enter the -identical in jtial values. "Select

“f3 an cont1nueow1th the-.remainde of the data p01nts¢ ,
Thls process can be repeated any number -of t1mes.

[

To term1nate press key marked STOP .

Press. key marked f4- - /i~ - Lol P

*The d1sp1ay reads MENTER SPECIMEN CODES". Enterethe codes
for the two specimens (to a- max imum, of 50 characters), press

. key marked EXEGUTE. PN

o 7 P -

va]ues ‘for the mean, standard dev1at1on and number of data
pointd, respect1ve1y for the TSt spec1men, press key marked
EXECUTE . r - a . §- : ’ : ) B

'O .
o ! - .

.The d1sp]ay reads "SRECIMEN"2 - MEAN SD NUMBER" Enter the

values for .the meén, standard deviatzon and number of dat ..

points, respept1ve]y for the 2nd spec1men, press key ma ed-
EXECUTE R E . . .

Iz
The messages A I VALUE FOR SAMPLES IS t" and "’V' 1s v' are
.pr1nted ¢ is degrees of freedomf. The "T" value and “V"
a%ﬁe may be ised to judge the significance of the d1fference
8 the appropnlate table n any statigtics bdok. " ~

- LY -
. .
P AN . . [ <) . -

Press key marked fg. . IR S
If data.pr1nt°opt1on -was seletted in f¢, then each data
pomt wﬂ’l be pr'1nte<k . 8 -

LY

The results ;‘r baslc stat1st1ca1\parameters are’ pr1nted (i. i.e.

numBer ‘of ‘data po1nts, mean,,standard deyiation, skewness, .
kurtos1§ m1n1mum va1ue max imum ya&ue, range)s .

S

A}

”

,
?‘J
The, display -reads "SPECIMEN 1, - MEAN, SD, NUMBER". Enter the ¢

FL



- - . 4 Add1t1onal messages may be printed:

- X ° "MIN, MAX, RANGE MAY BEAINCORRECT“ ¢ -
; ’ , “NO. 160 SMALL = ’ e Tl
’ .o . ""NO. TDO LARGE = “ A L s .
The preceed1ng messages 1nd1cate the number of data points
. which fa]] outside the range of the  histogram,
f5 - Store Data . u .
- 1. . Press Key marked fg- 1 ' ’ J

2. ‘The display reads ENTER 'STORE" FILE=N0.“.‘ Enter .the number
. ‘of the file ‘on the diskette to store the data that has. been
entered.previously, press key marked EXECUTE. NOTE: Only
raw data is stored (d s, not corrected for %hr1nkage)

X .. 3. Fo]]ow1ng storage of the!data (lazy T reappears atebottom left )
.~ - .of display),the messagef"DATA STORED n" is printed (n is the
-file number§ €

Vv

f.- Load Data ) . e
. 1. Press key marked f7s ] R

.o 2. Th dnsp]ay reads "ENTER LOAD FILE NO Enter-the file - .
v, . ber for the data that is to be 1oaded°from the diskette, A
press key marked EXECUTE. NOTE: Only raw data- 1s-1oaded
’ (1 e., not correctfd'for shr1nwage) . -

C . 3. <Upon complet1on of the 1oad1ng of the data from. the des1gnated

. file, ‘the display reads "ENTER-1 FOR NEW-DATA, # ‘FOR CONT". X
Jf the data file loaded from the d1skgtte pertalns te a . .o
Spec1f1c field of view then enter -the value 1, press key marked
‘EXECUTE. If .the data file is a continuation oﬁ the previous
) data file'(e.g. the field of view contained more' than 69
. . ) . fenestrations) or a series .of data files representatlve of a '
. series of fields of view are to- be entered, enter the value ¢, o

e ) .. > press key marked EXECUTE, " This process ‘can be repeated any- ’
v ”o‘ C number of t1mes by proceed1ng from step 1 above. . . .

Y

"

f8 - Cell stat1st1cs I R e 3

o

« NOTE: , fg MUST HAVE BEEN EXECUTED ONCE, BEFORE SELECTING f8.

-
-
'S

: | 1. Press key marked fg: ;_ e K » *ﬂ . ‘”'ie.*“%-‘g ‘;: .

- o L2 A table of results for the stgt1st1cs relatlng to the‘h1stogram ';; T
6. " : . are printed (i.e., cells, 1ower 11m1t, .number observat1ons, _M:Q**‘* .
.7 ‘ S percent relatlve frequency) SN P s - R MO

g * Al
2 , v . 4 I3 . wae ey v @
. . . . < -




;flo - Pr1nter H1stogram .

'f12 Keyboard Input of Data

] " -

-~

fq - Fenestration Information /-

NOTE: fg MUST HAVE-BEEN EXECUTED ONCE, BEFORE'SELECTING'fgk

1. aress key marked.fg- '

2. The fenestration fiformation is listed on the prifter (i.e.
“average diameter, density, percent of surface area, ligament
efficiency). '

! )

<

' NOTE: fg MUST HAVE BEEN EXECUTED ONCE BEFORE SELECTING f10
1. Press simultaneously keys marked SHIFT fg

2. A h1stogram represent1ng the data’ is d1sp1ayed by the-printer.
fll ~ Printer H1stogram with Normal curve 0ver1ay

NOTE: fg MUST HAVE BEEN EXECUTED ONCE, BEFORE SELECTIN& fll

-

1. Press simultaneously keys marekdeHg;? f1-

: 2. A histogram represent1ng the data and the normal curve is
d1sp1ayed by the printer.

©

°

1. Press 51mu1taneously keys marked- SHIFT, f2-V

2. The display- reads "X(n)'- 2" (where n is the data point number)
Enter a data point, press key marked EXECUTE,’ /

~'NOTE: THE MAXIMUM NUMBER OF FENESTRATIONS -THAT CAN BE ENTERED #
AS A GROUP IS 697 If more than 69 are to be entkred,’ store the
initial 69, then select RUN, fy and enter the 1zent1ca1
initial values. Select fyp and continue with t
remainder of the data points. This process can be repeated
any number of times. - _—

<

3. To terminate press key marked END.
f13 - Program Subroutlne oo

L NOTE: SUBROUTINE FUNCTION ONLY - DO NOT SELECT KEY f13.




v f14 - Plot‘ﬁistogram s

A 5

NOTE: f5 MUST HAVE BEEN EXECUTED ONCE, BEFORE SELECTING fy47

Press simultaneously, keys marked SHIFT, fge =
The display momentarily reads "PLOT OF.HISTOGRAM".
The "MEDIAN = m" and "MODE = m" are prifited.

\
The display reads "RAW DATA - 1, NORMALIZED’ Z 2", If the data
is to be plotted without change, enter 1, press key marked
EXECUTE, go to step 5. 1If data is to be scaled such that the
maximum vertical diménsion is dictated by the cell with the
largest number of entries then enter 2 press key mzqqu
EXECUTE, go to step 6. 0 &7

The message "LARbEST FREQUENCY IS - n" is printed. The display
reads "ENTER Y AXIS = Y MIN, Y MAX, Y STEP?". This message
refers to the number of entrigs in each cell. The operator
must decide the desirable minimum value for the Y-axis (usually
zero), the maximum. value for the Y-axis (greater than the
largest frequency) and an appropriate step size to increment
the Y-axis. The three valués (e.g. 0, 100, 10) are entered
with intervening commas, press key marked EXECUTE.

The message “CELL LIMITS ARE - a TO b (OR ¢)" is printed (where
a is offset, b is value of cell with largest data point, ¢ is,
value of maximum cell). “The display reads "ENTER X AXIS - X
MIN, X MAX, X SJEP?". This refers to the values of the cells
def1ned in fq«2he operator must decide-the désirable

minimum value for the X-axis (usually zero),~the maximum value
for the X-axis (either b or c above) and an appropriate step
size to increment the X-axis. The three values (e.g. 0, 30,

5) are entered with, intervening_commas, press key marked
EXECUTE.

The’d1sp1ay reads "AXES AND LABELLING (1-YES, §-NO)". If axes:

.and labelling are desired enter 1, press key marked EXECUTE,

1f labelling and axes are not des1red (such as overlaying a
series of curves. on a single .graph) enter @, ‘press key marked -
EXECUTE. .

The plotter will draw axes then%stop in the centre of the #<

horizontal axis.-' The display reads "LETTER MODE". Positio

the plotter pen to a desirable location below the horizontal

- axis with the use of keys matked —, { ,~. Enter the title of L

the horizontal axis.. To exit from 1etter mode .press key -
marked STOP, The plotter will automatically label the .
vertital axis and draw the histogram. ’

<

r“f

8,

& . ﬁf’ ‘ | F—ﬂf’*;
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- " 9% The display reads "NORMAL CURVE (1-YES, $-NO)". To_ overlay
a normal curve for the data, ‘enter 1, press key marked
EXECUTE. 'Otherwise enter §, press key marked EXECUTE.
f5 - Program Subroutine : -»

NOTE: SUBROUTINE FUNCTION ONLY - DO NOT SELECT KEY f15

fi16 - Program Subrout1ne -

» NOTE: SUBROUTINE FUNCTION ONLY - DO NOT SELECT KEY fjg- -
0]

fq7 - Curve Fit.to Histogram Data - s
. NOTE: fg MUST HAVE BEEN EXECUTED ONCE, BEFORE SELECTING f,. ‘
" . 1%~ Press simultaneously keys marked SHIFT, fy. .
qg‘!‘a 1)

2. The display reads "MAX. DEGREE =". The maximum degree of
polynomial that can be fit to the data is 6, Computation time
increases with the maximum degree of fit spec1f1ed by the user.
Enter the degree of polynomial (max of 6), press key marked °
EXECUTE. The message "MAX DEGREE = n' (where n is the “value '
entered) is printed. During computat1on of ;the coefficients
the d1splay will periodically flash the message‘"COMPUTING”

3. The messages printed are: " } .

"N

"NO. POINTS = n" (where nf¥is number of computed points)

-

"CORR. COEFF = c" (where c is the correlation coefficient);a/

. The display reads "DEG. REG. = ?", €Enter the degree of the

- " ®polynomial (less than or equal to the max.imum degree specified
‘ ' previously) to be fit, press key marked EXECUTE. The message
b ' "DEG. REG™= n"'(where n is the vatue entered) is printed.

NOTE:] IF THE MAXIMUM DEGREE TO BE FlJg IS:n, THEN n + 1 DATA
POINTS ‘ARE REQUIRED. .

4. The values of the “CUEFFICIENTS" and !'R- SQUIRE“ are_ computed ' .
‘ . and printed,

5. The display réads “PLOT CURVE ! ””“(1 YES, O- NO)"“. To p1ot the

curve, enter 1, press key marked EXECUTE go to step 6. To s

™ fit a d1fferent degree of po}ynom1a1, enter @, press key o
marked EXEGUTE, go to step 3 :

6. The curve for the po]ynomial selected is plotted for all .?*{, ,
ordinate values'greater than zero. . -

\
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ADDITIONAL FUNCTIONS ' . . 4

w_i)

. 1.  Initialize by pressing keys marked RUN, fg (see f¢

Analysis éftMultiple Files }~" S

The procedure that follows will, permit: the ana]ysvs (a% plot't*'igg
if desired) of more than’ one data file. ' *

s

~

above).

NOTE: IF THE FIELDS OF VIEW FOR A SERIES OF FILES-YARE NOT THE _SAME
THEN DUMMY VALUES MAY BE ENTERED FOR THE "LENGTH AND' WIDTH OF
PHOTO (MM)".

2. A data file is loaded according to the 1nstructlons presented
under fy. - :

'3: Press key marked fg (see f5 above) after\each data

“-file has been entered. Go to step 2.

4, The preced1ng steps may be executed any number of t1mes until
all data has been ]oaded and ana]yzed The operator may then
select the appr0€r1at e- f; Key-to_display the accumd]ated
data. If fg 0 be‘seTected then the area of tha fields .

of view must be the same.

Statistical Analysis of a Groub of Data Points

The following. procedure can‘be used to analyze a group of data
points (€.g. density, percentage areas ligament efficiencies)

. which are not stored. . T~

1. Initialize data by pre551ng keys marked RUN, fg (see-
fy above)..

2. -Press keys marked SHIFT, 7 (see f12 above) and .enter
) 1nd1v1dua1 data points (to a maximum of 69),. 5 e

3. .Press key marked fg (see fg above) for the execution

of a statistical analysis. The. operator may then select :the
appropriate f, key.to display the accumulated data. - - -
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N APPENDIX V )
SYNOPSIS OF:-SPECIMENS - ARTERIAL TRUNKS
(Corrected for shrinkage) N
: N
- SPECIMEN | N | DIAMETER DENSITY PERCENTAGE |.- LE (SEM)
: (SEM) (SEM) AREA (SEM)
. um mm~ %
26 | 2.5 2648 1.3 0.87
31| 3.5 3420 3.3 0,79
331 3.4 3641 3.3 0.80
A-1 30| 3.7 3340 3.5 0.79
34-] 3.0 3751 3.4 0.82
37| 3.0 3530 3.2, = 0.82
53 | ‘2.1 . 5847 2.1 0.84
531 2.3 5847 2.5 0.21
21| 2.2 L2317 1.2 0.89
A-2 51| 2.2 2758 1.4 0.88
33| 22 3641 1.8 0.87
21| 2.2 | 2978 1.5 { 0.88
212 | 2.2 (0.08)| 3825 (815) 1.7 {0.20) 0.86(0.3}1)
/,,_‘__,‘ - -
d L - : %~ 4
| as | 2.4 4930 . 2.2 ° 0.83
‘ 39| 2.4 1 4303 1.9 0.85
38| 2.0 ., 8385 2.6 : 0.82
"A-3 30| 2.5 %6619 3.1 g | 0.80
: 31| 1.7 6840 1.5 0.86
13| 2.4 " 2868 - 1.3 0.87
" 128 | 2.3 14121 5.7 .0.73
" 16| 2.3 13901 5.7 0.73
" ‘ 68 | 2.4 14302 6.5 0.71
A-4 65| 2.1 13672 4.7 0.76
. a4 { 1.7 19416 4,2 0.77
38 [ 2.1 16769 5.9 0.72
469 | "2.1 (0.06) | 14699(1752)| 5.5 (0.35) | 0.73(0.009)
; . 1




SPECIMEN | N | DIAMETER | DENSITY PERCENTAGE LE (SEM) - Jr
. (SEM) (SEM) : AREA' (SEM)
pm mm %
: 42| 2.4 4634 2.8 0.83
651 1.8 717 2.2 0.85
‘ 37| 3.0 - 4081 1.8 0.86
A-5< 47 | 2.2 5185 2.9 0.84 -
32| 2.0 3530 1.6 0.88
61| 2.1 6730- 2.9 . 0.83
284 | 2.37(0.08)| 5223 (865) 2.4 (0.28) | 0.85(0.008)
, 138 | 1.2 15225 2.0 0.85
177 | 1.3 19527 3.0 0.82
108 | 1.4 . ~™™-11914 1 2.3 0.85
A-6 ] 117 | 1.6 12908 2.1. , ~0.82 .
1132 1.7 14563 4.0 0.79
136 | 1.5 15004 3.4 : 0.82 .
808 | 1.5 (0.03) | 14858(2004)] 2.8 (0.33) | 0.82(0.009)
. .
. 114 | 1.5 12576 3.4 . 0.83
59 { 1.9 6509 . 2.9 0.85
66 | 2.4 " 7281 4.1 0.80
‘ . A-7 92| 1.7 10159 3.0 ) 0.83
I 130 | 1.2 147 24 2.1 0.85
X = | 124 1.2 14183 1.7 : 0.86. .
~ 585 | 1.6 (0.04) | T0905(1966)| 2.8 (0.36) | 0.84(0.009) |+ .
T 52 1.1 22652 3.3 0.84
511 1.2 22217 3.2 0.82
oo - 52| 1.1 | 22653 4.4 0.83
.| A-8 611 1.2 ' 26573 3.0 0.8}
: 571 1.0 . 24831 4.4 0.8 . -~
. ' 41| 1.0 17861 3.5 0.83
i C 314 | 1. z(o 00T) 22800(2816) 3.5 (0.25) | 0.83(0. oo4$ //,hh;,/
. .
© : 59| 1.2 .- . | 25702 5.1 0.80 A i
69,| 1.2 30058 ° 5.3 0.79 b
, 61| 1.4 - 26574 © 6.7 | 0.77
A-9 - 49 1.4 21346 4.7 0.80
89| 1.1~ 38772 ° 6.1 0.78 ‘
411 1.0 17861 o4 2.3 ‘ 0.86 -
- 368 | 1.2 (0.04) | 26720(4372)] 5.1 (0.6¢) | 0480(0.013)1




‘{I

SPECIMEN N DIAMETER DENSITY- . .| PERCENTAGE e  LE (SEM)
- | (SEM)- (SEM}". w. |~ AREA SEM
pm mm_ . % :
. 24| 2.8 2647 1.8 <~ 0.86
321 2.2 3530 , 1.7 0.87
« 25| 2.6 2758 1.5- 0.87 -
B-1, | ‘28| 2.5 T~ 3089 1.7 0.86
33| 2.3 " 3640 2.2 0.86
N 37 | ‘2.2 4082 1.8 * 0.86
40| 3.2 . 4413 4.4 0.79
234 | 2.5 (0.09) | 3951 (441y | 2.1 (0.4) 0.83 (0.07T) |.
68| 3.2 1833 1.9° -1 0.86
76 | 3.2 2049 2.0 0.85
59 | 4.2 1590 2.5 0.83
B-2 99 | 3.1 2669 2.9 0.84
43| 2.9 2318 1,0 - 0.86
25| 3.4 1348 0.%. . 0.88
370 | 3.3 (0.08) T§€§'(§6¢7 1.8 (0.31) 0.85(0.006)
351 1.7 3861 1.0 0.90
. -38{ 1.9 4192 1.4- 0.88
301 2.6 3309 2.0 - 0.85
B-3 23| 2.9 2537 2:4 - 0.85
33| 2.0 3641 1.9 0.88
38| 3.6 1024 1. 0.88
196 | 2.7 (0.712) 1 .7 (0.19 0.86({0.007)
" 3 .
34| 3.1 3751 3.4 0.81
36| 2.4 3972 2.3 0.85
36| 2.6 3972 1.9 0.86
B-4= | 581 1.9 6398 ° 2.3 0.85
44 | 2.2 4854 2.2 0.85
g ‘ 86| 1.6 9487 2.1 .0.84 *
294 | 2.3 (0.07) | 53D6(1158) 2.37 (0.22) | 0.85(0.007).
58 1.9 6339 2,3 0.84
38| 2.9 4132 3.4 - 0.81
) 43| 3.0 4743 3.9 0.79
B-5 39| 2.0 4303 1.9 0.87
311 3.1 ’ 3420 i°3 0.82
- 34| 2.0 o| 3751 . 1.6 0.88
283 | 7.5 (0.09) 6 2.727(0.38) [ 0.84(0.013)

266




SPECIMEN N [ DIAMETER DENSITY - PERCENTAGE LE (SEM)
- (SEM) > (SEM) AREA (SEM)
. um 1 -mm % "
79| 1.9 8716 ) 2.8 1 0.83
64 | 2.2 * 7061 3.4 0.82
681 1.2 7502 1.0 0.89
B-6 69| 1.9 7612 2.5 0.84
86 | 1.0 9488 0.9 - 0.89
. 106 | 1.2 11695 1.8 0.87
472 | 1.6 (0.04) 8679(1222)| 2.1 (0.4). “7§TUTTTFIY
95 | 1.3. . ] 10480 « |- 1.8 0.86
84 | 2.1 9267 : 3.9 0.80
- 59 | 2.0 6509 2.6 0.84
B-7 90 | 2.3 9929 5.5 0.77
47 | 1.9 10370 . , 3.6 0.81
45| 1.2 9929 1.3 0.88
420 | 1.8 (0.05) 9414(1224)] 3.17 (0.63)| O©. 82(0 015y
5 | 2.3 3019 1.5 0.87
60 | 2.4 3235 2.0 0.86
. 52| 2.7 2803 2.0 0.86
B-8 42| 2.4 2264 1.3 0.88
. 62| 1%7 3342 1.0 0.90 )
48.1 2.1 ., 2588 1.1 £ 0.89 -
320 | 2.3.(0.07) | 2876 (363). 1.5(0.18) 0.88(0.007)
331 2.2 3641 1.9 | 0.87
37| 2.9 4086 3.4 0.82
44 | 3.2 4854 5.5 0.78.
35| 3.0 3861 ° 3.4 0.81
B-9 48 | 1.5 5295 1.1 0.89
50| 1.6 5516 - 1.4 0.88°
34| 2.0 3751 1.4° 0.88
: 49 |- 2.1 5405 2.2 0.85,
: 330 { 2. 3 (o 08) 4551 (525) 2.5 (0.52) 0.85(0.014)
53| 2.4. 5847 3.4 0.82
421 2.1 4633 2.0 0.86
56 | 2.5 . 6178 W 3.7 0.81
43 | 2.9 4744 3.9 0.80
B-10 381 3.0 4192 3.5 0.81
- 681 1.9 7502 2.7 0.84
84| 2.0 9267 4,0 ¥ 0.80
L 63| 1.9 6950 2.5 0.84
37| 2.3 (o 06) | 6164 (869) | 3.2 (0. 25}, 0. 82(0 007)

267



. |'SPECIMEN N DIAMETER DENSITY PERCENTAGE LE (SEM)
1. (SEM) (SEM% AREA (SEM) :
pm mim- %
32| 2.3 7060 4.4 . 0.81 _
29| 2.6 6398 4.4 ~ | 0.79
30| 1.8 6619 2.0 0.85
c-1 46 | 1.8 10149 2.9 0.82
40| 1.7 8825 2.3 0.84
34| 2.2 7502 3.3 0.81
211 | 2.1 (0.08) 7759(J967) 3.2 (0.42) 0.82(0.009)
e 36.) 2.7 7943 < 5.7 . 0.76. ...
38| 4.0 4192 6.3 0.74
31| 2.7 6840 4.6 0.77
c-2 .47 | 2.4 10370 6.0 0.75
‘ 81| 3.4 6178 6.7 Z/' 0.73
33| 1.9 7281 3.0 y 0.84
213 | 2.9 (0.11) 7134(1199) 5.4 (0.96) 0.76(0. 016)
82| 2.2 4421 2.1 1 0.85
. 48 | 2.7 5176 3.7 / 0.80
43| 1.9 4637 1.6 0.87
c-3 48 | 2.1 5176 2.1 0..85
54 | 1.6 5957 2.9 0.88
66 | 2.2 7281 9.3 ‘ 0.81
341 | 2.1 (0.07)| 4662{1193) 3.6 (1.2) 0.85(0. 0121
) 54 | 1.7 - 5958 1.6 0.87
39 2.5 4302 2.8 0.84 .
50| 2.2 . 5516 2.7 0.84
c-4 34| 1.9 7502 2.5 0.84
381 2.1 3751 1.7 0.87
52| 2.5 2868 3.3 0.87
62| 1.5 6840 1.5 0.88+
| 325| 2.1 10.06)| 5249 (868). 2.3 {0.27) | 0.85(0.007)
& 30| 3.0 1617 1.2 ’ 0.88
421 3.4 - 2265 2.6 0.84
- 421 3.5 2265 2.6 0.83
c-5 35| 2.4 3775 - 1.9 0.86
57 4 3.1 3073 3.7 0.83 -
49 | 1.9 5405 2.0 0.86
. 7554 2.9 (0.71)y| 3064 (697) | 2.3 (0.34) 0}P4(0 .008)

-n
z,vi
+



SPECIMEN | N | DIAMETER DENSITY PERCENTAGE LE (SEM)
( SEM) (SEM) - AREA (SEM)
pn .omm %

68| 1.2 7502 1.0 0.89
45| 1.8 4965 1.6 0.87
66| 1.9 7281 2.5 0.84
" C-6 60| 2.0 . ~|. 6619 2.6 0.84
451 1.3 4965 0.9 0.91
68| 1.6 7502 1.8 0.86

352 | 1.6 (0.05)| 6973 (890) | 1.7-(0.28) 0.87(0.011)
47| 1.6 5185 1.5 1 0.88
a8 | 1.6 v | 5296 oy 0.88
A 55| 1.5 6067 1.4 0.89
Cc-7 47| 2.1 5185 2.1 0.85
43| 2.3 4743 2.8 0.85
36| 1.9 _ 7943 2.7 0.83

276 | 1.8 (0.07) | 5737 (815) 2.0 (0.27) 0.86(0.009)
56 | 3.8 6178 8.8 0.70
69| 2.2 7612 3.5 0.81
— a4 2.4 4854 2.6 0.83
-8~ 81| Ll.% 8934 2.6 0.84
Yy 39| 2.0 8605 3.3 0.81
32| 2.3 7061 3.8 0.81

321 | 2.4 (0.08) | 7208{1043) | \4.09 (0.97)| 0.80 (0.02)
49| 1.7 10812 . 3.6 0.82
391 2.1 8605 3.5 '0.81
38| 2.0 8384 3.3 0.82
C-9 a8 | 2.2 \| 5296 2.4 0.84
. .35 1.4 7723 1.3 0.88

48 | 1.9 5296 - 1.9 0.86 .
257 | 1.9 (0.06) 7686(1267)] 2.7 (0.38) 0.84(0.011)
. L o
e




SPECIMEN N | DIAMETER DENSITY PERCENTAGE LE (SEM) | -
(SEM) (SEM} AREA (SEM) ‘ PR
pm mn- % A .
; %L 341 1.7 28880 © 8.0 0.71 )
: 41 1.3 34824 " 5,2 .- -1 0.76
32| 1.5 27184 5.3 0.76 )
D-1 341 1.3 28880 4,6 0.78
45| 1.2 19603 2.7 0.83
47| 1.4 20475 3.7 0.80
233 | F.4 {0.04) | 26748(3897)| 4.9 (0.73) 0.77(0.016)
. 46| 1.2 10150 S 1.2 .0.88 \<
1 62| 2.1 135680 5.5 -0.76
46| 1.5 5075 1. 11 0.89
:D-2 9] 1.3 8605 I T N -+ 0.88
éo 1.4 13239 2.3 0.84
. 1] 1.4 11253 2.0 . 0.86
304 | 1.5 (0.04) 1033411822 2.2 (0.69) 0.85 {0.02)
36| 1.4 7943 1.5 . 4 0.87
48| 1.4 10591 1.9 0.87 . :
31( 1.8 6840 no2.1 0.85 .
D-3 33| 1.4 7281 1,2 0.88. Y
2| 1.9 6178 | =% 0.85 . .
39 1.3 8605 1.5° 0.88 '
, 215| 1.5 (0.05) 7906(1111) 1.7 (0.13) 0.87(0.006)
q:\ % ‘ <
43'| 1.0 9488 4 1.0 0.90
a 45| 1.0 9929 0,8 0.90
411 1.6 9047 2.3 0.85
D-4 } 31| 1.8 6840 2.0 0.85 ( s
34 | 1.9 7502 2.5 . 0.84 .
. .+ 38| 1.6 8385 - 2.1 0.85 '\
232 |- 1.5 (0.05) | 8532(1073) 1.8 (0. 30T 0.87(0N12) |~
] S o “
56°| 1.4 *12356 2.5 0.84
. 86| 1.3 18976 3.2 0.82
. 321 1.4 14121 2.8 0.83
D-5 621 1.2 13680 1.8 0.86
. 1 471 1.5 . 20741 ~ 4.6 - 0.79
371 1.4 16328 ° 3.2 -~ | 0.82
N 320 | 1.4 (0.04) 160'34(2283) 3.0 (0.38), | 0.83.(0.071)
- N °

r'S - . ' . / -, n
/ ) - M L ". \
» N : ) P




| SPECIMEN

DIAMETER
(SEM)

DENSITY.

SEM
( m_}

P.

PERCENTAGE
AREA (SEM)

16118

5

37| 2.0 7.0 0.75
1 51( 1.6 22217 5.6 . 0.77 )
45 | 2.1, 19607 7.9 0.7
63| 1.3 27445 4.4 : 0.79
39| 1.6 . 33730 8.7 ., | on
48 | 1.4 20911 137 L 0.80 -
283 | 1.6 (0.05) 23239(3726) 6.2 (0.82) |-.0.75(0.016)

. . - . 9
48 | 2.5 F 5295 . 3;3 x| 0:82
341 3.1 3751 ™ |. 3.4 0.81
S 46| 2.9 T 5674 .. 5.4 0.79
- 35] 2.4 3861 q 2.2 0.85,
“37) 1.8 | 4082 - _ .2 0.89
261 2.9 . |- 2868 bT27 0,85 -
52| 2.2 5737 2.7 0.83" -
48 | 2.5 5295 -] 3.0 0.82
236 | 2.5 (0.08) | %495 (567) | 3.0 (0.42) | 0.83 (0. 0T)

309 .2.6 3360 2.5 0.85°
- 36| 2.2 3972 1.8 ©0.86°
.34 | 2.4 - 3751 2.3 0.85
457 1.8 9598 . 1.5 0.87 .
62| 1.7 *1070 “ I.8w ..0.86
44 | 1.8 . 6950 1.5 1" 8.88
.59+ 1.7 7612 .. | 2.1 0.86,"
47 { 1.9 6619 1.8 ‘ 0387 \§§
357 ‘ZTT‘QTHEU;O BT 1.9(0.13] | 0.86(0.00
> - B R )Y
92| 2.1 10150 4.4 -~ 0.79 .
53| 1.7 6950 S0 0.86 .-
‘99 . 1.8 10922 3.2 0.81
87 |- 2.2 © 9598 Y.l 41 0.79
92| 2.2 10701 5.0 - t0.77
63| 2.3 6950 3.8. 0.8r
69 | 1.8 7612 2.5 . | o.84 ,
60 | 2.3 6612 . 3.4 381
*630 | 2.1 40. 04) 8688(1074) . 3.6 9781 (0.01).

\

(0.39)

&,

N
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'\ 272
- 25—
SPECIMEN | N DIAMETER DENSITY PERCENTAGE LE (SEM)
(SEM) (SEMQ. AREA (SEM) : )
pm - mm %
= 2
48 | 2.3 529% 2.6 0.83
46 | 2.6 ¢ 5075 N 3.3 0.81
47| 2.4 5185 . 7.1 0.75
: 68| 1.8 7502 2.4 0.84
D-10 78| 1.6 8605 2.0 0.86
691 1.9 7612 2.9 0.83
86| 2.1 9488 4.0 0.80
69| 2.3 7612 4.1 0.80
511 | 2.1.(0.06) | 7047 (919) 3.5 (0.56) 0.82 (0.01)
/
~n
?



g\

APPENDIX VI

L]

_SYNOPSIS OF SPECIMENS'- ARTERIAL B1FURCATTONS.

«A. ENLARGED/NORMAL: (Not cprrected for shrinkage)
SPECIMEN | N | DIAMETER DENSITY PERCENTAGE- | -LE (SEM)
(SEM) (SEM) AREA (SEM) y
. " pm mn{ g '\\
30| 8.0 934 241 0.76
Enlarged | 37| 5.4 - 1151 13.0 0.82
67| 5.6 (0.43) | 104Z(88) | 18.5.(4.5) | 0.79 (0.03)
[«1 -
331 1.6 4202 1.0 0.90
45| 1.7 5730 1.6 0.87
39{ 1.2 4966 0.7 0.92.
. Normal | 32| 1.3 4074 0.8 0,92
A 251 1.8 3183 1.0 0.90
3N 1.9 4711 1.7 0.87
21T | T.6 (0.06) . T.1 (0.2) | 0.9070.009)
Enlarged | -- .- -- -- -
11-1 66 | 1.5 4866 1.6 0.89
53| 2.5 3908 3.2 0.84
781 2.9 5751 5.1 0.78
Normal | 57| 2.2 4203 2.5 0.86
49 | 2.2 3613 2.0 0.86
37| 2.4 2728 1.5 0.88
340 | 2.3 (0.09) | 3178 (425) 2.7 (0.6) 0.85(0.016)
Enlarged | -- -- -- -- --
11-2 58| 1.9 3609 L5 0.89
49| 2.0 3049 1.6 0.89
M55 2.4 3423 2.2 0.86
NormaJ 28| 2.1 1742 0.9 0.91
321 1.8 1991 0.8 0.92
321 1.9 1991 1.0 0.92
254 | 2.0 (0.1)| 2634 (335)| 1.4 (0.?) 0.90{0.009)




— . 274

. SPECIMEN | N | DIAMETER DENSITY PERCENTAGE LE (SEM) .
: : (SEM) 1 (sey% AREA (SEM) :
um mm T %
50 | 5.4 1628 4.5 0.78
. 51 7.7 =« 1587 9.2 0.69
. . Enlarged| 42| 5.8 . 1368 4,5 0.79
36| 9.3 1173 10.8 - 0.65
~ 47 | 1.5 1531 9.6 ~0.71
48 | 8.8 1563 14.0 0.65
274 | 7.4 (0.3 | Tar5 {70V | 8.7 (1.5 ~| 0.71(0.02)
111-1 ‘
‘ 751 1.5 9549 2:2 0.85
81| 1.6 10313 2.5 0.84
41| 1.5 5220. 1.1 0.89
Normal 641 3.0 1992 1.8 0.87
. 54 | 1.7 6875 ~ 0.9 ©0.90
69 [ 3.0 2147 1.8 0.86
388 2.0\ (0.6:$b' ¥ T.7 (0.3} | 0.87{0.009)
22| 5.8 2801 11.1 0.69
23| 15.8 715 27.6 0.58
Enlarged 46 6.9 1413 6.8 0.74
' 8| 4.7 4838 12.8 .| 0.67
) 29| 4.6 3692 8.5 0.72
: 27| 10.5 1680 18.1 0.57
o - . 28| 8.2 ‘1742 11.9 0.66
* 213 | "7.7 (0.5)| 2411 (546)| 713.8 (2.7) | 0.66(0.024)
111-2 ’ '
39| 1.6 4965 1.3 0.89
- 48 | 1.9- 6111 2.0 0.85
28| 3.0 3565 3.1 0.82
Normal 29| 2.5 3692 2.1 0.85
: 44 | 1.9 5602 2.0 0.86
‘ % | 2.7 3310 2.3 0.85
. | @ ZZ 07| B0 (982)| 2.1 (0.2) | 0,85(0.009)
-
. '
» 13 8.6 1655 12.3 0.65
14| 8.0 1782 14.0 0.66
19 8.2/ 2419 25.3 0.60
Enlarged [ 21} 9.7/ 1306 16.9 0.65
23 8.3 1431 " 10.2 0.69
27 5.9 3438 13.8 0.66
- 27 5.6 3438 -1 10.2 0.68
111-3 30| 12.8 934 18.0 0.61 . .
16| 6.5 2037 8.3 071 N
517 4.2 <3174 6.6 0.76 '
41 | 5.6 2551 7.7 0.72
282 | 7.2 (0.8)| 2196 (264) 13:0 (1.7) €.67§0.014)




. SPECIMEN N DIAMETER DENSITY - PERCENTAGE LE (SEM) |T
) (SEM) (SEM}' AREA (SEM) .
. pm 1 mm™ * -
1 . .
I11-3 58| 3.2 1804 1.7 0.86
~ 64| 3.0 1991 1.7 0.87
53 | 3.7 1649 2.2 -0.85
Normal 68| 4.1 2116 ‘ 3.5 0.81
. 59| 2.8 1835 1.30— 0.88
, 67| 2.8 2084 1.6- - 0.87
369 { 3.3 (0.08) | 1913 (74) 2.0 (0.3) | 0.86 (0.01)
31] 5.4 3947 12.4 0.66
38| 4.1 4838 v 8.6 - 0.72
Enlarged 261 5.2 3310 8.5 0.70
30| 6.0 3820 13.0 0.64 |
- 24 7.0 3935 15.3 0.62
k 149 | 5.4770.3) 1.5 (1.3) | 0.67(0.018)
111-4 )
791 1.4 10058 2.0 0.86
¢ 29.1 1.8 7385 2.8 0.84
30| 1.9 .| 7639 2.6 0.83 .
Normal 21| 2.0 5348 1.9 0.85
. 23| 1.2 5857 0.7 0.91
56 [ 1.2 . 7130 : 0.9 0,90 .
238 1 1.5 (0.05) 7236(674) | 1.8 (0.4) 0.87(0.013)
28|, 4.4 3565 8.9 0.74
, 24 6.2 3387 12.0 0.64
29 6.1 3692 14.6 0.63
- 221 10.0 1368 . 13.6 0.63
Enlarged 16 | 11.3 995" 12.0 0.64
' % | 11.3 1618 22.9 0.55 -
141 14.8 871 21,7 0.56
14} 13.2 871 14.6 0.61
) . 25| 11.5 1 1556 20.4 - 0.55
28 _ 198 9.2 (0.5) | 1991 (400) 15.6 (1.6) | 0.62 (0.02)
- 111-5 : N
4514 3.9 2800 3.8 0.79
% | 2.0 66 20 2.5° 0.84
, 291 4.0 - 1804 , 2.6 0.83 ,
Normal 73| 2.2 | 4543 2.2 0.85
581 2.5 3609 2.3 0.85
6| 1.2 - 4167 1.2 0.86
5] 1.8 6366 2.1 0.86
317 | 2.5 (0.08) | 4987 {964) 2.4 70.3) 0.84(0.009) \




\ J
SPECIMEN N DIAMETER | DENSITY PEﬁEENTAGE LE (SEM)
‘ ' = (SEM) '(SEgﬁ§ AREA (SEM)
pm mm %
40| ‘6.4 5092 21.3 0.54
Entarged 331 7.7 2053 15.0 0.65
. 46| 7.8 2862 21.0 0.58
119 | 7.3 (0.5) | 3335({909) 19.1 (2.0) | 0.59 (0.03)
I11-6
681 1.8 4232 1.2 0.89
57 1.8 3547 1.0 0.89
61| 1.7 3796 1.1 0.90
Normal 69! 1.8 4294 1.5 0.88
611 2.6 3796 2.7 0.85 =
69 1.7 4294 1.2 «0.89
385 | 1.9 (0.05) | 3993 {131)| 1.5 (0.3) 0.88(0.007)
29 6.3 1804 9.4 0.73
47 5.4 2925 13.7 0.71
Enlarged 18 | 15.0 1120 * 58.0 0.50
41 5.7 2552 8.4 g.71
41 5.6 2552 9.3 0.72
30| 10.1 1867 27.1 0.56
206 7.2(0.60) 2136 (2/0) 21.0 (8.0) 0.66{0.04)
Iv-1
47 2.2 2925 1.3 0.88
691 2.6 4294 2.9 0.81
- 581 1.8 7219 2.4 0.85
Normal 421 2.5 5227 3.3 0.82
33] 2.5 ° 4108 2.0 0.86
47 2.2 5907 2.5 0.83
296 2.3 (0.07) 4946 (616) 2.4 (0.3) 0.84(0.011)
48 | 4.4 2987 7.5 0.76 .
421 5.2 2613 8.2 0.73#
411 6,2 2552 10.9 0.69
371 7.3 2303 13.0 0.65
' 591 4.5 3672 7.8 0.73
Enlarged 44 | 5.4 2738 8.5 0.72
351 7.1 1089 11.5 0.77
40| 7.0 2489 12.8 0.65
N 38| 6.8 2365 12.2 0.67
[v-2 361 7.9 2240 15.7 0.63
40t 5.0 5093 14,1 0.64
591 3.9 | 7512 14.4 0.66
3941 5.0 4966 16.5 0.65
558 | 5.5 (0.2) | 3274 (465) | 11.8 -(0.8)| 0.69(0.013)




‘

5410 (499)

SPECIMEN N DIAMETER DENSITY PERCENTAGE LE (SEM)
A (SEM) (SEM} AREA (SEM) :
pm mm %
571 1.6 =+ 3547 0.8 0.90
IV-2 331 1.9 2053 . 0.7 . 0.91
691 1.7 4294 1.2 0.89
521 2.1 3236 1.3 0.88
Normal 391 1.7 2427 0.7 0.92
421 1.8 2614 0.8 0.91
2921 1.8 {0.04) | 3029 (336) 0.9 {0.1) 0.90(0.006)
29 8.2 3692 24,7 0.50
! 18 | “10.3 2292 2.8 0.561
Enlarged | "22| .7.7 2801 18.3 - 0.59
28 7.1 3565 17.6 . 0.57
24 6.5 3056 12.3 0.64
24 5.9 3056 11,2 0.67 -
145 7.5 (0.4) | 3077 {209) 18.5 (2.6) 0.58(0.028)
1V-5 ) ’
31| 2.5 3947 2.3 0.84
551 1.7 7003 1.8 0.86
Normal 421 2.9 o 5347 4.1 0.79
411 2.7 5220 3.5 0.81
46 | 1.8 5856 1.9 - 0.86
381 1.8 4838 1.5 0.88
253 1 2.2 (0.07) | 5369 (418) 2.5 {0.4) 0.84(0.014)
32| 5.6 4074 13.1 0.65
30 5.5 3819 13.4 . 0.66
30| 5.1 3819 10.9 0.69 -
51 6.7 3189 13.9 0.62
44 | 4.3 5602 11.7 0.68
30 6.4 3821 16.7 0.61
30( 6.9 3822 18.8 0.57
321 5.3 4075 12.8 0.66
211 6.8 3437 16.2 0.60 .
Enlarged 291 5.3 3692 12.3 0.68
309§ 5.7 (0.20) | 3934 (204) 14.0 (0,8) 0.64(0.013)
Iv-4- .
47 1 2.2 | 4710 2.2 0.85
501 1.2 6366 0.9 0.90
331 1.6 4201 . 0.9 0.90
41 ] 1.2 5220 0.7 0.91
361 1.4 4583 0.9 0.91.
Normal 581 1.9 3385 2.5 0.83
: 255 | 1.6 (0.05) 1.4 (0.3) 0.88(0.014)
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SYNOPSIS OF SPECIMENS - ARTERIAL BICF;URCATIOﬁS

B. WITHOUT ENLARGED. (Not corrected for shrinkage)

N

\ <1
SPECIMEN [ N [ DIAMETER | DENSITY PERCENTAGE | . LE (SEM) i
(SEM) (SEM) AREA " (SEM)

um mm 9% P
. \
32| 1.8 4074 1.1 0.89
52| 1.3 6621 1.0 0.89
421 1.6 - 5348 1.3 0.88
v 1-2 33 [ 2.1 4202 1.6 - 0.86
39| 1.8 4965 1.7 0.87
46 | 2.4 5857 3.3 - 0.82
288 | ‘1.8 (0.06)1-5738 (400) 1.7 (0.33) | 0.87(0.011)
53| 1.7 3908 1.5 0.90
56| 1.4 4129. 0.9 0.91
421 1.4 3067 0.7 0.92
e 11-3 59| 1.2 4350 0.7 0.92
a6 | 1.7 3392 0.9 0.90
36 | 1.9 2654 0.8 0.90
292| 1.6 (0.05) | 3583 (268) | 0.9 (0.1) | 0.91(0.0004),
. |
47 | 1.6 2925 0.8 0.91
54| 1.6 - . | 3360 0.9 0.91
52| 1.5 3236 . 0.9 0.92
11-4 37 |- 0.7 2303 0.1 0.9
« 50 | 1.3 3712 | 0.6 0.93
46 | 1.1 286 2 0.4 0.94 .
286 | 1.3 (0.05) | 2966 (153) U' .6 (0.T) 0.9370.0008)
6| 2.8 1618 1.6 0.89
35| 1.6 2178~ . 0.6 0.92
62| 1.2 3858 0.6 0.92
11-5 59 { 1.3 3671 w& 0.6- 0.92
59 | 1.6 3671 0.9 T~ 0.9
66 |- 1.2 4107 0.6 ‘| 0.93 - )\
307 | 1.6 (0.05) | 3183 (418)| ' 0.8 (0:2) | 0.91(0.006) [ '
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SPECIMEN |° N | DIAMETER DENSITY PERCENTAGE LE (SEM)
(SEM) (SEM? AREA (SEM) ‘
um mm~ . % '
67 | 2.3 4169 2.8 0.85
441 2,2 = 2738 1.3 . 0.89
38| 2.0 '2364 0.9 0.91
11-6 491 1.5 3049 0.7 0.92
35| 2.1 2178 1.0 0.90
46 | 3.5 2862 4.4 0.81
279 2.3 (0.09) | 2893 (287)| T.8°(0.6) 0.88(0.017)
y
64 | 3.1 1991 1.7 0.86"
\ 74 | 2.8 2302 1.6 0.87
69| 2.6 2147 1.3 0.88
11-7 108 1.9 3360 1.1 0.89
694 1.9 2147 0.7 . 0.91
93| 2.3 2893 1.4 0.88 ]
477 | 2.4 (0.05) | 2473 (219) 1.3 (0.2) 0.88(0.007)
251 5.5 1556 4,8 0.78
27| 3.0 1680 1.4 0.88
. % | 1.4 5974 1.1 Q.71
111-8 82| 1.4 5103 0.9 '0.90
. R 103 1.3 6410 0.9 0.90
54 | 2.8 3361 2.8 0.84
387| 1.9 (0.08) | 4014 (870) | 2.0 {0.06) | ¢D.84{0.031)
. -~
45| 3.1 2800 2.5 0.83
57| 3.1 3547 3.2 0.81
48 | 2.9 2987 2.2 0.84
111-9 421 3.1 2613 2.4 0.84
331 1.7 8403 2.4 0.85
43 | 1.5 10949 2.3 ~ 1 0.84 .
268 | 2.7 (0.08) 5216(1453) 2.5 (0.2) 0.84(0.006)
491 3.8 3049 4,3 0.79
51 | 2.6 1587 1.0 0.90
59 | 2.1 3672 1.6 0.87
111-10 30| 1.4 . 7639 1.3 0.88
56 | 2.5 7130 4.1 0.79
36| 1.4 9167 W , | 0.87
281 | 2.4 (0.08) | 5374(1228) 2.3 (0.6) 0.85 (0.02)
" ae
-
g'gv.,,
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SPECIMEN | N | DIAMETER DENSITY PERCENTAGSS | "LE: (SEM)
: ' (SEM) . (SEM) AREA (SEM) | -
v pym } mm % ,
53 | 2.1 6748 3.0 0.82
31| 1.6 7894 1.8 0.86
, 421 1.8 10695 3.1 0.82
V-5 26 | .4.7 6112 12.0 0.63
371 2.3 9421 ‘4.8 0.77 °
47 | 2.7 5984 3.9 0.79
238 | 2.3-(0.09) 7809(780) 4.8 (1.5) | 0.78 {0.03)
66 | 2.5 4108 2.3 0.84
52| 1.6 6621 1.6 0.87
\ 46 | 1.8 5857 1.8 0.86
1V-6 41| 2.0 5103 1.7 0.86
o 27| 3.3 1680 1.9 0.86
331 4.7 2053 4.4 0.79
%65 | 2.5 (0.10) | 4237 (3%4) 2.3 (0.4) | 0.85 (0.01)
60| 1.2 15278 2.4 0.85
50| 0.9 12732 1.0 0.90
44 | 1.5 11205 2.3 0.85
IV-7 4 50 1.3 . 6366 1.0 0.90
: 37| 1.5 4710 1.2 0.90
34 [ 1.3 8658 1.3 0.88
775 | 1.37(0.04) 1629) T1.5 (0.3) | 0.88(0.001)
. 41| 1.3 10440 1.6 0.87
. 421 1.3 10685 1.6 0.86
39| 2.2 4965 2,2 0.84
V-8 32| 1.9 4074 1.4 '0.88
35| 2.1 4456 1.8 0.86
86 | 1.2 11713 1.4 0.87
235 | 1.6 (0.05) | ~7724(1457){ 1.7 (0.1) | 0.86(0.006)
69| 1.2 4294 0.6 0.92
a8 | 1.3 6112 1.0 0.90
42| 1.6 5228 1.3 0.88
[V-9 50| 1.9 3111 1.2 0.89
. 581 1.9 3609 1.4 .| o.88
%7 | 1.6 (0.05) | 4471 (4957 | T.T (0.1) 0.89(0.3627
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SPECIMEN N DIAMETER DENSITY PERCENTAGE LE (SEM)
(SEM) (SE@% AREA (SEM)
pm mm %
581 1.3 7384 1.1 0.89
47| 1.8 5984 1.0 0.87
38| 1.6 4838 1.2 0.89
Iv-10 50§ 1.5 6466 1.5 0.88
53 1.3 6748 1.4 0.89
561 1.9 7130 2.4 0.84
302 | 1.6 (0.05) | 6408 (376) 1.6 (0.2) | 0.88(0.008)
—
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APPENDIX VII
LIGAMENT EFFICIENCY EXPRESSED AS AN AREAL FRACTION

4
Ligament efficiency can also be derived from the percentage are4 (8)

which has been used throughout the thesis. Another term for this
® geometrical characteristic is Areal Fraction (AA) which is used in

~ stereological techniques (Underwood, 1976, pg 15). The Areal Fraction’

is presented here as a ratio.
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