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A knowledge of thesmechanical propertles of heart

valve tlssues is a necessary prerequlslte for a better

understandlng of valvular behav1our:and the 9e31gn of 1eaf;‘n

-

let type prosthetlc valves.- The inrenrion of this tﬁesis

is to examlne ‘the response to mechan1cal stress of human

N

mltral valve chordae tendlneae, the anterlor mitral leaflet-:'
e - \ ’ .
‘and aor;zc valve tlssuesz/., . s v ,

The elastic f’"ﬁonse of chordae ;endlneae was studled

» -

.-

by subjectlng the .tissye to unlaxial ten511e stress at .

straln rates of 6.25% mln -1 to 1600% min l—and to 51nu501dal
N .

wstraln varlatlons (frequency 0. 42 to 6.68. Hz) Sefectr&e(j;

enzymatlc dlgestlon and scannlng and transm1851on ele&tron

mlcroscopy were employed to relate the observed elastlc-

response of thls tlssue to its 1nternal structure. The ‘ S
.. - . p

dygamic v1scoelast1crty of the mitral and aortlcfleafiers:

~

was investrgated‘by subjecﬁiﬁg,meﬁbranous samples of these .

tissues to 51nu501da1 fluldﬁbressure varlatlons (frequency

s “ .
. e

05t05Hz) . : e
: AR




('\

a) |

LR %

e The stress-strazqycurves of the chordae ste f°“\ﬁ

ﬁo ﬁe gOVerned prlmarlly by the central collagen~core and

were non-llnear.j Scannlng elfttron mxcroscopy revealed

’

L

‘:that this was due to a network arrangement of ¢ollggen

.t

fiorilS‘in the bentral‘chordal core.' The collagen flbr
,1n the core were also found to be wavy in young spec1mens
but were relatlvely stxalght\ln the older spec1mens. Thls

explalns the greater extensrblllty of young specxmens._

- P L}

-"Chordal exten51b111ty was also found to decrease w1th

' . \ Del ]
1ncrea51ng straln rates, 1nd1:st1ng-that this tlssue is

) . .
v1scoelast1q.. Thlcker chordae Were found to be more ex—t

tens;ble than thinner, speclmens. Transm1851on electron

’ ” - -

mleroscopy ggowed that ﬂhlg was due to a lower collagen

flbrzl denslty ﬁ-x the‘cor of 'the thlcker chordae. P -
‘ ;- Dynamlc studles on the chordae showed that thé dynamlc

modwlus alsp decreased with increase in chordal ,Size. At .

*

stralns'of 6 5%. to 10. 0%, the storage modulus, '; was of
8 9 - e

-to=10 dynes cm anprqiérgﬁ%ed w1th stralnv

the order of 10

.but was 1ndependent of applled,frequency. The loss modulus,

"3E r howéber, depreased w1th }ncrea31ng,frequency, and was

18 to 50 tlmes smaller than E'.

L 4
L 1 .

The s;orage modu11 for the mitral aﬁg aortlc leaf%;ts J

at stralns of '1,5% to 5% were also found ‘to be 1ndépenden

8

of frequeﬁcy Values 1n the. Order of 10 dynes cm -2 were.*

.
- s

btalned, wlth the mltral values berng nearly twice th?/// )




h frequency whlle that for the aortic was”
[ ]
of ﬁrequency.' The loss modulx of both‘the

“

increasedy

independen

: valve leaflets - were 17 to 43 tlmes smaller than their .

~storage moduliT\\%% . > "" o
.+ . The study Ras, therefore, 'shown that the mitral and

aortic tissues are relatively. inextensible and have low

—— +

1osses. -These chanacterlstlcs shou¥d be con51dered 1n the
de51gn of leaflet type valve prostheses. "The low losses
also lgply.that these tissues are more elastic than vis-

cous. This is advantageous~for a structure that is under.

(5S

' constant dynamic stress.’ The collagen fibril network in

o . o .
the central chordal core glso ensures that ‘excessive strains

,"thls valve to bulge 1nto the left atrium to produce the

of these two valves cannot contribute in any 51gn1f1cant

> -

are not imposed on theseifibrils.~ The greater extensibility

of .the thigker ohordae'seryesJa'qsefui function.; It allows

the'moreycentrally inserted larger chdrdae to maintain an

even valve surface on oiosore. ' Under the assumétioﬁ of . ’

comparable loading and. valve ooﬁfigurations;\the higher E*'’.
) , N A . e - R *

of the mitral leafleteizd one to conclude thet the vibrations

»
v

§

-

way to the observed frequenc1es of the flrst anq second -

~

l ’

heart sounds. -In.addition," 1t is believed that the low ex-*-u

tensxblllty of the mitral txssue renders»1t 1mpossib1e for k

-

left atrial pressure 'c' wava. . ‘; Mol
. . ' . N - . . y - "
\ [ ‘. "o
- i ) . re 4 v I3

A . P ° - L
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1. ANATOM? OF THE MITRAL AND AORTIC VALVES

The human heart is a four chamber pump cohsistihg

,.of two atria and two ventricles. The atria funct%pn primarily

2

> M . ’ ! .
_ as reservoirs to the ventricles but they also pump weakly

to move blood from the atria to .the ventricles. The ven-

Py .
L] Al

* tricles supply the major force propellingﬁblood through
"the lungs and periphéral .circulatory system. The effective

and-efficient'pumping'of”thé heart relies, in part,‘on the:

-

presence Qf heart valves to prevent retrograde flow——~"The

>

_valve lying between the right atrium and right ventricle is
the tricuspid valve and that between the left atrium and

left ventricle is the bicuspid .or mitral valve . Valves are
o - * i I .

B also present at the entrance to the pulmonary artery and aorta.

These are respectively, the pulmbﬁary and aortic valves
(figure l.l)..'These foeur cardiac-valveg'aélwell as ' the «

I

atr1a1 and ventrlcular muscle masses are attached to the

flbrous skeleton of the heart.

- . -

: . tThe mitral (and: also the trlcuspld) valve is a f\.mnel"x

[

7’ shaped flbroelastlc dlaphragm that pEOJects into the ventrldleY
. v

. v, . .
- . . . - ’ - .
¥ L . .
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.Figure 1.1, Diagram.of a dissected heart. showing the

« .
>

* ‘locations of the_mitral and aortic valves. AA =
.. ascending aorta:XNEA = right atrium, RV =.right

.
L

ventricle, = LA= left atrjum, LV = leftyventricle, T

. ‘ 8. = interventricular septum, as = aortic sinus, e

['s R . . R . . .
o av = aortic valve, tv s triguspid valve, ct =°chordae
) tendineae, pm = papillary muscles, al = anterior .
~mitral leaflét,” and' Pl = posterior.mitral leeaflet.
_ . X d £ . . .
. . . . h ) ’
. i .
- . *JL .
. P * -; o * l -
o H .
- . 4 ] . 3, . . ’
- ” L > v
. B £ p , «”
! . L)
. ' (¥
L4 . o ‘ . B . s
’ - .. .
. “ , . : . . "
N bl " . . . P .
- o . * /
t ~ *~ L] N .
. -~ y ~ v \ !
, p v, . : ,
LY “, * ’ - %
° . . . - R . , . , .




v
- .
v o ’ .
b i
T -3 - .
K ¢ T - - -
] . .
o . . .
- e I .
R '
Yo . - 5 .
. D
DL I . . ,
e .
K
- - -~ .
gt
- L
sy
‘ . . -
.
.
A \ . .
» . ) . :
)
- .
.
» . * A 6
14 -
. i )
1]
) .
* LY
-
+
?
. .
L)
=
PR
. .
-
-
’ -
. . .
L
- . .
0
N [l
-~
.
.
b
.
s
..
) -
3
) .
'
'
-
t .
-
; .
Y N -
P )
¢ .
P -
R Ea " ‘A -
'
. B} '
' . A
| a -
’ - an
Lo >
. ‘ |
. ; .
.
C . R
.
- . )

-
. -
-
, - .
-4
T
¢

* [ ’
' .
~ . . l.. . . .
.
- Ll 5
. o
S . .
.
. -
\ P
. -
! ’




The 1arger basé of thrs funnel shaped structure" is flrmly

attached tO'UNaiﬁrbumierence of the-flhrous valve ring .

. and the free edge is attached via fibrous tlssues, called
chordae tendineae, to twq;paplllary muscles whlch progect

€rom the ventricular wall Anterolateral and posteromedlal

i P
- ','

. o indentations into this-fui;;&*shapgd diaphragm dividé it-

. . into thé “@nteromedial (or

‘for4posterior) leaflets. fhese 1ndentat10ns, howgver, do’ y

-

terlor) and posterolateral* v

not proceed as far as the valve-rlng, thus some bridging

-

commlssural tlssues are present.between,the two major ’ -

*

_7 leaflets (see flgunp l 2) The anterlor leaflet‘ wH&ch is
somewhat trlangular in shape, has a helght from apex to |
-~

- ) base of 1.8 to 3. 2 cm and is abqut twice the helght of the

quandrangular P sterlor leaflet Thé base length of the
" : . N
anterlor leaflet is about 2.4 to 4.5 cm and that of the .

posterlor leaflet is abodt 2 3 to"4.]1 cm’ (Sllverman and T

4 -

Hurst' 1968). , “ “o . "‘ . T . “‘
N - > B . . . . 3
The chordae tendlneae radlatlng from each of the two .o

paplllary muscles ‘insert 1nto the ventrlcular aspect ofiﬁoth

-
. 4

- -

the leaflets at dlfferent angles-and. 1n ‘different locatlons.

-

P

Thoae that 1nsert dlrectly on the free edge of the leaflets_

L3

- " are usually smaller in size and are termed the first order --°
Sk 3

chordae (Walmsley, 1929j). Larger sized second order Chof-

- -

dae 1nsert a short dlstance away frem the free edge and these'
. “ . »

L are termed éhé crltlcal areas of: lnsertlon by Brock - (1952)
’ . . _Q‘

W ) < e . y
- . < Ry <



. a .
had . . M ! . o
. LR T , '

Figure 1.2. ,.Diagram.of the aortic and mitral valves. . "

- . ; ) .
AA = ascending aorta, LA‘= %eft atrium, LV = left . ,"l
: ventricle, as.'= aortic sinus, av = aortic valve, = . )
) ' . L -
B “ . . .
al = anterio¥™ mitral leaflet and pl = posterior ’ . ’

.o mitral leaflet. - , ) T
Yy .
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‘ e L M. .
'S%?e thlrd order chordae insert onto the leaflets dlrectly

o % .

from the‘ventrlcular wall. The predence of the\papillafy

. . : <
L4 : . ] o .
- *

<o .
_muscles and chordae act’ to prevent the prolapse of the

'mitfal'leaflets into the atqium during ventricular- systole.’

<

°s

Jhey are all undei- tension when the valve is complétely

\ o

closed. The are? of’ the mltral‘orlflce 1s about’ .haglf thev‘

combined ‘area of the, valve 1eaf&ets. The wvalve leaflets
-~ ‘ 4
‘and chordae -are llned by a: glistenlng, sllghtly oagq
° 3
endocardlum (Sllverman and Hurst, 1968).

. .
, The aortic vaive, 1d’contrast to the mitral valve.,
5 ;

¢ . ., o _ - . .
is‘’a much- simpler gtructure., It 15*%ade up of three
a

,flbroelastlc Qusps or leaflets whlch are approx1mately

‘equal in si%e. Each cusp is about 2 cm long and l 5 cm,

-

- wide, and is shaped like absemljdlsc (figure 1,2). When
_the aortle\valve is dgen the‘siie'of the orifice,is‘approx~’ .

imately t same as the smaller spen end of the furinel’
79 ‘ : .

td

shaped dlaphragm of the'mit;al valvggl'Behind each of the :
three aortic valve cusps are outpouc 'ngg called the .~

‘simuses°of Valsalva, which«help\prevent/the Obstruction’of ‘
" the coronary-ostia that are®located here.’ c ) )

o . ’ .7 A ‘ ° ! ‘ A P
2. AIM OF- THE STUDY. . ) )

. o
-

- For over 15 years; cardiac valve replacement has\
N
been an accepted form ‘of treatment for patlents w1th dlseased

and 1ncompetent valves, but". the 1dea1 substltute hasg yet to.

‘ P . o




be found.. Valve substitutes can b€ broadly cla551f;ed

< 3

into’mechanlii;mprosthetlc devices and tlssue valves'
fir

-\
constfgftea biological m!&gzials such- as fascia

*ata and pericardium. ' e

B . . . _'»\“‘: . - 9
‘ -~ _ Whereas meghanical prostheses  -suffer from thé

problem oﬁ‘thromboemhoIism (Kaltman, 1971; Bonchek and\

Starr, 1975), this complication ‘b seldom observed in
. o c k - -

tissue valve 1mplant€.-However, one major dlsadvantage ‘with

. ’ » . 1]

tlssge valve substitutes is wmlve 1ncompetence and even-,

[} o

tual structural fallure (Kaltman, l93l Wallace, 1975)

Thls could in part, be due to the unsultablllty of the

-

tiséue‘substitutes in both elasticity and méchanical N

. s $
stredgth. The importance of a knowledge of "the mechanlcal,y
. . .
'iproperties of normal valve tlssﬁe has been stressed by’

o many as a necessary prereqslslte for flnd;ng ‘a sultable
"substitute 1n the spccessful desidn of tissue valve pros- ‘'
theses (Clark 1973; Mundth, Wright and Austen, 1971)- T

In ad&itlon, the explanatlons proposed for the occur--

y rence of-some events in the cardiac cyele have also lmpll—
- .l - <

’ ‘.
cated the mecharrical properties of these cardiac valvular ,
C ' ’ . R Y ‘ ’
tissues. . e -
; rd

_ In a normal cardiac ‘cycle, pressure in the left
: ‘ .

atrium is not constant and the atrial pressure curve shows

three major pressure glevactlons.¢,a, c, and v waves: (figure

1.3) The presence of the 'c' wauve has been atftributed to




.. Q M
- a .
2 o

capd}ac cycle,

o -

Figure’l.3. . The events: of the

chaﬁ@és_ﬁnlrgft atrial pressure (ALP),

. buiax pressure .(VP), aortié pressure. (AP},

‘troédrdiégram$(ECG}y.

' o)

and the phonocafgiogfgm”(PCG)
o . :

shaowing

left ventri-

"the‘elec- .

B~
.

-

/
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the bulglng of the mltral valve 1nto the - left atx:::l.um‘t ¢
3 6 ¥ L
- 0 < 3 * . N

o durlng ventrlcular systole, -thus suggestlng that the

N
A -« < < o

mltral°tlssuegls readlly exten51ble (Lakier et a;, 1972) ‘ ©0

w

TN Also, the occurrence of the flrst and second heart ° R g° o

<
.
c, .o

sounds “at or near the’ 1nstant30f closure of the M1tral L C e

* \anﬁ aQIth Valvesv(flgure l 3) has led some authors‘to sug-' ? -

gest‘that%thése sounds originate from the‘vibrations of the | ‘ .

: S . b
s° atnloVentﬁlcular and semllunar valves on cloSure.‘ If L 7

i e,c e Lo [ . o

this cpntentron were true then the frequenc1es'of the f1rs§ .

) and second heart sounds mus; be related _torhe overa%} ¢ : :3
o o .2 &~ : -

- geomexry and the elastlc modull of the v1bfat1ng valve | : .

e . - © < .
o PR . . J

s"%lssues. ‘No comparlsbn of the propertles of these tlssues -, .

ohas been made. . v 7 e e LT e Vo _= e .
. c .‘ o oo -"r" SO

i, e Yamada (1970) and Qlark (19?3) reported results on

e the statlc elastlcity of strlps of human aortrc and_ mltrak .

.

- r ] © o

: 2 I3
valye leaflets and,chordae tendlneae. mThelr results show
ry L 4 s i, © D . : "'

(.

qualitative similarity'but are atavarlance~qﬁantltataveiy.

forﬁthe flnal elastlc modull of chordae tendrneae whlle

T oS - 2 ° 2 - - -

Q,Clark*reported & value of 3°9 X ; lO6 dynes cm_ 2. Mundth et'.

"1' (‘ =

. al” 41971) reported pressure-vokumecstudlés of membranous oL

T

Qe

_xsamples o&—canlne adrtld and mltral ‘lee trisues'whlle -

o 4 S

; erght and Ng ‘1974) dld 51mllar studles on human aortlc

/2 ® " e € P o P L3

valve cesps.o : e : .




T-L

R . - .. o
. All of these preliminafy inveétigations dealt only

ylth the statlc elastlc response of the tlssues. Since

o

the carélac valves are stretched ‘and relaxed for aboﬁt 2

x-lO9 tlmes -during a normal human llfe span, and this
s J -
1s done W1thout 1nterruptlon for reparrs or replacements,

©

these prellmlnary statlc studles are 1nadequate for «

-e? 3

ﬁescrlbing the manner in which‘these tissues respond to

- & o
.

/Ehe consténﬁ dynamic stress. Dynamic investigations would

- e, - . 4
be required. 1It°is to this.’end that the studies in this

_ﬁhesis are directed. °
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HISTORICAL REVILEWS. et T e

Qo2

s * 9

Since the_purposef'of the studies in this thesis is A

¢

to prévide*inforﬂEt%on believed to be necessary for-the . T
. . N 9, M

. . . N <. s e . °
.successful design of leaflet type wvalve prostheses and .

o

also to contribute, to a further and better understanding of

.the left atrial pressure 'c' wave and-the,heart'seund§, it
. 5

1 2 . @ .

sis’ deemed ﬁrbpefato'preaentla brief historical .review, of

" @ ° ‘ N

each of these topics. An account of previous work regarding
the response of mitral and aortic ‘valves to mechanical

stress willk be given. . e
. 2 ) N - ¢
o - .

1. ARTIFICIAL HEART VALVES ¢ % e

Over the last 15 years, - cardlac valve replacement

has been an accepted form of treatmeht in humans ﬁor

dlseased valves ghat qre not’ amenable to commlssurotomy or.

\ <
¢ . B . o

teconstruction: - =L 20 e ‘ ’/,a g o
Attempts at valve, replacemen)-dated back as far as° .«
o © Ao .
1950, and thé fmrst art4f1c1al mitral valve that permltted o :

. ~ o ) ' LA
reasdnable prolonged surV1val was used by Denton (1950)

Since then, many dlfferent tYpes of valve/feplacements have

been txled ih aplmels and later in humans. These Inqluded

'flapﬁvalv95 of varjous materidls, ball valves,: sleeve, values,

. - . e ' . .
o © . ‘ . ‘ o



< -
) ‘ -

» leaﬁlet type valves with "chordae tehdineae",ahomoldgou5°

o aortic, neterologgus aortic and autogenous'pulmonary

o N

’transplantéi(Starr and Edwards, 1961). Many of thesé

. : L o
. . showed poor performance and were abandened.” ° °
. No&adays,7artifioial.vaIVe substitutes can be - »
¢0\. o . N ‘. ° ,' ’ ’ X L
brbadly'classified into mechanical prostheses-of either ° ‘.

[~
-

« the caged—ball or low proflle dlSC types and tlssue valve

-

o substltutes. Whlle mechanlcal prosthese 1m1tate functlon

but not form, tlssue ‘Valves were proposed to Lmltaté both.

° ' . The first practlcal mechanical valve was a ball in

-]

cage type used by Starraln 1960 for ‘mitral valve replacement
1y
in dogs\(SEarr, 1960). Thls was followed soon after by its
6 - . . ° “

®

‘use in humans in both the aortic (Harken et al,~1960) and .

o mitral (Starr and Edwards, 1961) positions. Since these .

]

initial attémpts, Tany different types of.mechanical pros- -

o o . o ’ . * . L - -
tﬂeeee have been develOped.- Hdwever, the major;problem ;
.encodntered in® the dse bf tﬁese méchaﬁical prostﬂeees is

: the.frequent océprrence of'thrOmboemboliSm even“with’anti—
» coagulant therapy (Kaltman 197l, gloater, l975) ‘Mechanical

malfunctlon whieh resulted from wear and other phy51cal and

chemlcal changes in the valve materlal and the occurrence ‘

of thromsis.of the prostheses areg also -major set-backs-

“

(Kaltman, - 1§71; Hylen, 1972; Shaw,Gunstensen, and Tutner,

1974) These problems were found to be more .pronounced in

© L

¢




~other 1db1dences of postoperatlve compllcatlons have

. [

some disc type valves (Lee et al, 1974). In addition,

\

©

aktso been documented Hemolys1s, usually caused by para—
valvular insufficiency, is.still a problem espec1ally in
thesaortic position Kaltman, 1971). Hemolysis; though
controIlable, o sometflies be serious°a§ has .been ohserved ,f

in some dlSC tYpe substltutes (Roberts, Flshbeln and

Golden, 1975; Nltter—Hauge et al, 1974). All mechanical

L)

prostheses are mildly stenotic and. show appreciable
transvalvular pressure g;adlents (Brlstow and Kremkau, 1975).

ProblemS'of sepsis,  ledk; dislodgement, infection'and N

‘ . . v o,
- annular injuries have also been associated with mechanical
p :

prosthetic use (Kaltman, 1971; Bowes et al 1974). More

? &

recent 1mprovements in materlal and structural design’

-]

have resulted in’ so called cloth covered prostheses whlch -f'

were first used in 1967,13These cloth covered_devices have

helped reduce the incidéncé’of thromboembolism (Bonchek

. and Starr, 1975) though hemoly51s Stlll occurs (Lefemlne,

Millar and Pinder, 1974). Hence, though advances have -
been made in the development of mechanlcal valve prostheses,

the’ major proeblems .of thromboembolism and mechan1cal mal-
/
function. have yet to be eliminated ’ -

®
-

Whereas mechanical prostheses have been used with a

certain degree of success, the desire to develop-an artificial

valve that will simufate much of the i
a-q ‘ ‘ ‘




.
.

/,and flow condltlons, led to experlments w1th leaflet

type tissue valve=subst1tutes. Valves fashloned from
. e - [

blologlcal tlssues such as fasc1a lata and- perlcardlum

were tried. Aortlc homografts, aqrtanpeterografts and"

[ A ]

autologous pulmonary valve grafts were also used.
B . ~ . - . [, - "

‘The use of fascia'lata.In the construction of a
& . o tn . -t

.valve substitute was prombted by “the initialcwork‘of
4McArthur’(1901},-andfGallie'(l948) who demonstrated his-
.,tologically thAE-autologous/!ascia transplants resemble

‘normal fasc1a even several years after tnansplantatlon

9.

o

Senn1ng (1967) began the use of unsupported autologous

fascia lata in aortic valve replaqements in 11967 and sub-

sequently others have eXperimented.with elther 'ounted or

un%tppbrted'grafts fashioned fromrfascia lata lin the

mitral; aortic and tricuspid‘areas (Ionesou and ROSs,l969;
_ Joseph et"al, 1974; Petch et al,~1974).'°The'immediate
results of the fascia Qalve.shbstitute were éood.ané
incidences of thromboembolism Were“low even in the absence
of anticoagulant therapy® However, long term follow up

.’studles have demonstrated a 4high rate of valve failure . -

'

resulting from the thlckeping and stiffening of the valve

-

cusps. This is especially- so in,the posterior'cusp of

¢ _the ‘mitral posmtlon (Petch e; al, 1974- Ross and Johnson,
L o 19743' More recent reports on the’ v1ab111ty of autologous

fascia lata valvesg after use have indicated that tigsue
. . " ’




°

changes‘do occﬁr-and this could reeult'in valve failure
(Lincdln et al, 1971 Sllver and Trlmble, 1972). -
~ The cllnlcal appllcatlon of aortic valve homo-

grafts was 1n1t1ated by Ross (1962) and Bapatt Boyes (1964).

in the early nineteen 51xt1es in the subcd!onary p051-

‘a

tlon after Murray (1956) demonstrated the long term'func— ‘
tion of the aortlc homograft 1n the, descendlng thorac1c

aorta of dogs. - Slncé these early attemp é; surgeons in

¥ -

| ' ¢ *

different medical centres have tried using the same

-

e

gra{ting”technidue with breserVed and steriiiséd_aortie ‘
valve nomografts_(Ross and Johnson, 1974;-Mallace, 1975). *
HOSpital mortality and incidences letﬁromboenoolism were- |
low and good performance was observed 1‘ the early post-

operatlve period., However, w1th a longer follow up, the

L

. °1nc1dence of valve fallurecresultlng from rupture and .
“tearing of cusps increased. Calcification of the aortic
- wall was also common (Wallace, 1975). Though Kosek et

al (1969) nave reported the presenée~of4viable'cells five

years after implantationlof fresh valve gra&fts, there is

“ still belief that tissue deterioration will occur and
this will lead t0 eventual valve‘dysfunction, the,K major,
. d > E ] .
,'problem in tissue valyés. Mounted aortic homografts have

also been used in the mitral position and the results were

equa1i§,;if not more disappointing (Ross ;nd Johnson, 1974).

’ r
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The presence. of degenerative changes in.aortic homo- .. * |

graﬁts prompted Ross in 1967 to use th& patlent S own
pulmonary valve for replac1ng the dlseased aortlc valve.”

The removed pulmonary valve was replaced by an aortlc Kv.

homograft. The use of" autologous pulmonary valve has also

been trled in the mltral p051tlon (Ross, 1967) Thls‘B;o— -

cedure, however, has been assoc1ated w1th a hlgher oper—

-
ative mortal;ty rate dnd,_ hence,; is not popular. Mounted,

Y

pqlmohary homograft has also been triedelﬁhouﬁ success

- - . o . '
in the mitral position (Ross and Johnsan, .1974). ' The most
- - . . -

recent tissue tried is bovine pericardium. Ionescu et

-

al (1974) have reported reasonable initial results in a

s
®

recent pap®r. - . , °

-
.

"Hence, though tissue valve substitutes have low .
incidences of tprémboembolism, even up to seven years post- .

operatively,.are atraumatic: to blood cells and have good

. L . ., -~

hemodynamic BErformance} the greatest probleq of eventual

ar

tissue failure is still unresolved and hence the long = . - |
: O , o ' T

term fate is uncertain. ® o . B

“2.  LEFT ATRIAL PRESSURE® 'C' WAVE e , R

} -

. It is well ¢?cnmented that pressure in the left atrium

Y
-

.during a cardiac cycle is not constantlbut-has elevations
-called the a, c and.v waves (flgugg 1. 3) The motion off' ‘

'the mitral valveé has been lmpllcat/d, as: early as the begin-
ning of this century, as a o0ssiole,factb;;in the production

of one of these atrial pressure elevations, the 'c' wave. ‘k




Gessel (1911) oiaimed'that higt pressure is Bot'neoessafy
to cause the-mitral valve to bulge into.the igft atrium,

. i . : .
thus implying, biut without‘adequate‘substéhtiation,,that‘
the valve tissue is readily extensible.. ‘

. nggers (1934) stated that the atrial'pressure ¢!
wave, which occurs shortly after the onset of ventrlculat
;contractlon is doubtless due to the mltral valve pressing
back a small‘volume of blood located between tge leaflets
during valve closure. |

‘e A\ . .
Later, Wynn et _.al (1952) suggested that the 'c'

-

wave may be due to thé inward bulging of the floor of the
atrium and .of -the mitral Valve.\ Since then, many have

attributedatﬁe 'c' wave to .the bulging of the mltral leaf-

lets into the left atriuﬁ.' Recent advocates of tﬁis'QOncept

include Nikon and Polis (1962). and Lakier et ai (1970) .
Lakier et al (1972) feported more recentLy ‘that the

magnltude of the 'c' wave 1ncteased with the 51ge of the

anterior mitral leaflet. Their conclusions were based:on
_ ' L B -l s
studies where the mitral valves of baboons were replaced

' by fascia,lata;of different sizes. This and other similar
. . »

reports therefore, imply that the mitral valve tissue must’

a

e ¥
be rathe§-distensible, for they postulate the bulging of’

the valve into the leftlatrlum (Guyton, 1971 Massumi et
: ‘ > S
al, *1973). v

- “ ‘ o

In contrast to these, Rushmer, Finlayson and-Nash .
(19567 u51ng c;nefluorographlc technlques showed .that the
i

.
-~ e




Thds suggests that the Mitralﬁvalve cannot buige into

=4

excursion of the leaflets was smali and at ng time didv

the valve edge ascend to the plane of the'mitral(fzgz.

o

‘theuleft atrium as proposed by other workers. L.

" [}

This difference 1n opinion could be resolved if

3

the exten51blllty of . the valve leaflets and chordae ten—

ineae unde namic; conditions 1is wn .
dine dex dynamicy ¢ d tio kno
T - © . 4 ’ o

3. THE FIRST AND SECOND HEART SOUNDS

The Hlppocratlc'wrhtlngs of about 400 B.C. indicated

‘that heart sounds had'been heard but they were rarely com-—'

mented upon (McKusitk, '1958). It was only after the "vis-

“ceral lectureg8”" of William Harvey in 1616 that references

to the presence of heart sounds and murmurs were documented.
These early reports undoubtedly also-brought with

them numerous theories fof'the origin of the normal heart

sounds and as many a$#40 different theéries have been proe

posed to explain the first sound. In the midst of this

uncertainty and controversy, the British Medical Society,. i

on the' recommendation of the proposals of an appointed

committeef established that thé first sound was due to the

w
e

combined v1brat10ns of the contractlng ventrlcles and atrio-

ventricular valves, and p sibly also the semilunars and

»

-that ‘the second sound ni entlrely due to v1bratlons of the

closing semilunar valves (Wiggers, 1915). However, this dld .
E . . - ’

not settle the controversy and, since then, two different
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views have emerqed} 'Qne view, supported mostly by phy-

siologists, deemphasizes the role of the cardiac ‘valves .
in the production of the heart sounds; however, a second : '9
view, strdngly backed bj&ﬁlinicians, contends that
o * LY » ’ . o

either valve cilosure or valve tension rs‘the only cause
.of the first a;h second heart sounds. - iﬁ

o . ) - ’ :, ° . T‘«,\.v' . ‘ !

The involvement of the valves in the productlon of . ¢
&

Ehe Heart sounds was first suggested'ln 1832 by Rouanet

-1n°Parls. This view was supported by studles such as

. 0

‘those of Dock (1933?, Smith, Essex, add Baldes (1950),

Leatham (1954) and Faber (1964) . However,,Wigoers (1915)
prov1ded early evidence.to the contrary. Macéannon'et
‘al (1969) on the ba51s of c1neanglograph1c studles and ~

energy considerations, concluded that the, energy of a
T~ N a2 :
v1brat1ng mitral valve would'bontrlbute only about 10% to '

= -, s

the total. energy of the first sound This, therefore,

denied- the possible'sole involvement of the mitral valve - ¢
e - ° S ..
and chordae tendineae in the production of the first sound.

-

The more recent work of Luisada et al *(1974) found that .
mitral -and aortlc valve closures, respectlvely preceded

the occurrence of the !;rst and second sounds This was

. ’ - -

3

again supported by the‘mork of Chandraratna and his collea-

L .0 -
gues (1975) in the case of the aortic va}ve using echocdr-
),dlography. These studles therefore, iend Support to the

idege of Rushmer (1970)°that the heart soundsoare produced o
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. by the acceleratiens and decelerations .of blood which : 2

give rise to vibrations of thecheart'walls ‘.an'd~the‘L

major blood vessels. _ ' : , .

°

Hence, even after more than a century of 1nvestl. -

gations there is still>no univérsal agreement regarding

2 -’

the prec15e nature of the ‘cause or causes ‘of heart sounds.

Most of the arguments put forward for. supportlng any

spec1f1c cause .are based on observatwons _of . the temporal
{

.

-

relatlonv.ween sound and some other cé—Tﬁac events such

i

as valve closure, chord 31 ten51ng and muscular contractlon.
<
In none of these reports were the’ phyS1cal propertles of

>
R

‘the structures, supposedly responszble for the sounds,

5
- Iy - . o

—~

studﬂed. - : ) . -

- -

IS B . . . o

[ . . ’
g, CARDIACfVALVULAR TISSUE -RESPONSE UNDER MECHANICAL STRESS

-G . . .
- Investidations on the response to mechanical ‘stress
; ; < 2Cha ,

o . - . o
of cardiac valvuylar tissues (human or otherwise) are

scarce and the first study on éhe elastié property ‘ uman

heart valves was that reported by\Yamada (1970) who, with

his colleaghe Yoshlmatsuﬂ subjected human chordae tendlneae

/ rd

and str1p§ of valvular{;aSsue to un1ax1al tens1le .stress.

.The work was done 1n Kyoto Prefectural Unlvers;ty of .,

[

Medicine, Japan in 1958 and the results were presented in
[y - . . .

<

the form of gtress-strain curves. However, no experimenral
. > ¢ o .

©
o

details and éonditions‘of testing were reported.“ -

} 4 - . ? ' »
o . o
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) Salisbury,1CIOSs and Rieben (1963) laterlmeasured "' .

the 1n:ﬂtu ten51on sustalned by chordae tendlneae durlng ’j o
4... ’

'the cardlac*cycle, by attachlng force transducers to the

chordae tendlneae ‘of the. mLtral anterlor leaflet in

< L . -

*

hmongrel'dogs.‘ This study also id%estigated-changes.ih A

. Y , . e e
“the_chordal.tension with «changes in stroke volume‘ elastlc‘

-storage capacaty of the arterlal tree and also changes 1n

coronary artery pressure.- The effect on . chordal ten51on

3

" with and without a. pericardial, gac was’ also_stndged. LE

- In an effort. to characterise the elastlc propertles -

) IS

_of the valve leaflets, Mundth et al (1971) reported A h‘ "
n + -
-pressure-volume studles of canine aortlc and mitral valve_

- E 3 r

tissues. Membranous samples 1nstead of strlps were used 0

Ain thls anestlgatlon. “' . L - L <

L4 ) N - ; ) N “

. " A theoretlcal approach to ‘the problem of human

mltral tlssue response under stress was dbne by Ghlsta
.. ,
and Rao (1972) They developed by qua81 statlc stress

anaIy51s, a relatlon betweén stressh Young .5 modulus,

a

loadlng pressure "and . valve dlmenslons.‘ 051ng the same

technque and 1n oomblnatlon with v1bration analys1s a ' L

. Second nelatlon behween~Young&s moddlus loadlng preSSure,
‘valve dlmenslon and the frequency of the flrst compbnent

>

- of . the flrst heart sound was found, In the an;iy31s, the |

° v

'mltral leaflet was assumed to be a semi- dlSC flxed at the

o

-]

curved. edge by ‘the annulus and the stralght edge by the
- B
P . e, - : . . - ' ' ‘P

~chordde. .. ~ . _F .7 . : “. . .
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The’ next attempt &% characterlslng valvular tisgue

[

elastlc response was - the sﬁudy of Claxk 61973). TenSIle

&

I -

tests on. fresh and frozen human chordae tendlneae “and

(-4 <

mitral and aortic valve strips were perfonmed.z Though ) .
- * - = i Q = <

[=R ; -0 ~ »

. _c"o - ,
stfetch rate was constant in his experlments, the

.
'1n1t1al spe01men length durlng test was qulte vamlable :

-

ThlS w1ll of course, le&? to s;raln rates that are dlf‘

o
¢ S - e a P B ¢

ferent in dlfferent experlments. ThlS study, though \\\ : .

( 51mglar to that reported by Yamada, ylelded results that

2 s e
'were vastly dlfferent quantrtatlvely. . =7 K“_ o

Further studles on the response ‘of cardlac valvular

tlssueStbg’stress were reported by Swanson and Clark (1974)
. 5
They studled the dlmen51ons and geometrlc relatlonshlps

. “
.of human/aortid~valmes, asla=funct10nvof pressure, from‘ T

silicgn ruﬁher valve eaSts: They found . that the”. ax1al - .

z

length of “the aortlc cusp varied negllglbly w1th pressure )

(O 120 mm Hg) but that geometry and angular dlmen51ons varled /

q i

”

_'azs%gdiflcantly. .Studles of th15“nature are nat new; similar

- -
- e

S
prellmlnary 1nvestlgatlons on porc1ne aortlc valves have
{ <

‘been done by WOOJ, Rob61 and@Sauvage’ClQGQ), Whrle Mer- .

‘cer, Benedicty and'BaﬁﬁSdﬂofl9i3f have reported studies on
‘the;hﬁmanﬂaortic root.°‘ ;f: > ' . "G .

The most.recent attempt at characterising the me

ch-
ets,ﬁas a study by Wriéhtctjé

'

v

- . I3 i3 ‘ »
e studies. similar to the-

w (=Y ..
. *

and Ng (1974). Pressure-voly

. . .
. N ‘e’ ‘ 7
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o UNLAXIAL TENSILE TESTS ON CHORDAE TENDINEAE _ - .
" 1. INTRQDUCTION - e\ ' ,

Slnce 1t is p0551ple that chordae tendlneae 1n vivo ‘k;

v

can ‘be stralned at dlfferent rates under normal and patho-

Qa loglcal condltlons, thls study 1nvest1gates the elastlc o -

o

response and. ten511e strength of.normal human mltral yalve

. N r v
chordae tendlneae at varying stralnlng condltlons. - : o

. i . T . - T b e
[ - - ©

. B B -
°

°‘2.‘.METHQD - s r

- @ . o &

v‘c The elasflc response,and breaklng strepggg dfunormal
. . o w- #

\’ . .
human mltral.valve chordae tendlneae at dlﬁferent strain T

. rates were obtalned by applylng an UhlaXlal ten51LE stress

.on the chordae.. This was achleved by u51ng ‘an Instron Floor.

oo ‘ o

Model Ten511e Testlng Machlne (Model TT=C). A load cell

— N o K <

C was”used.;zBa51cally, the InstrOn con51s%sqof a fixed

L] < _.;

e crosshead and a movable crosshead W1th jaws fac1ng each other

o - o e
© - -

for holdlng the sample. Straln gages at the flxedacross-

’ head measured the 1oad applled to the sample and th? motlon

o v

-

- of the'movable crosshead, operated by a servodr1Ve, stretcheda

(A

‘,the spec1men=un1ax1ally. The amount . of stretch and the 1.

<

force applled were measured 51mu1taneousLy and contlnuously i

on a chart recorder (see flgure_a.l)f ’ e e

N : . c Mt °

. .
CL 3 ' . o~ ¢
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Fig:re43.l. Diagréh.of.ﬁhe apparatus ' (the Instfon)
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Preliminary tests showed that tissues cannot be
. meunted directly between the ja&s of the Instron, as.the
: . N .

‘jaws; exerting a pressure of 6.2 3:106 dynes cmﬁz, damaged

-

the. tissue, ,thus weakening the tissue at the junction of. the
jaws. Hence, a different clamping device had to be used.

Varidus clamps Qere designed and testéd and 1 found that

.- .. . , ’ R . ©

clamps with 'parallel plates having two small pieces of

) ' ) ) ° v 3

sahdpaper (silicop carbide No. 600) facing each other and
©

sahdwiched-between the plates worked well (figure 3.2). The"
)

new clamps held the tlssues flrmly w1thout crushlng them.

b

"< In ten51le testlng experlments,fspec1men sllppage from clamps

hoidlng them can beﬁa real problem. Hence, the new clamps
underwent tests to ensure that slippage’did hot occur. Te.
do this, several chordae were mOunted on the clamps and the

G

exposed tlssue stalned w1th black Indlan 1nk . The chordae

then underwent unrax1al\stra1nr If sllppage diad occur>

unstar£§: tissue would appear at the junctions of the clamps,
stalned tissue was observed in such tests . To ‘show

but n

that stalnlng the exposed,tlssue did hot cause seepage of

o

stalns into the clamped tlssue, which' would invalidate the

’sllppage test, several fresh chordae were agaln mounted on
é ) C e

the clamps and the exposed‘tlssue stalned Without strainin

® ) .
the chordae, the clamps were released and a straight cl

°

boundary between the stalned and unstalned tissue, was

-

observed at the junctlon of the clamps.




.

o

Figure 3.2. A parallel plate clamp. showing how the

e . .,
specimerd was mounted. -
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The new clamps were then attached to tﬁefjaws of

the Instron and used in all subsequent experiments. .,Two

’

hundred.chq;aae, obtained from 20 human/mitral_ valves

., -

(13 male, 7 female, ages 5 to 66) at au%qgsy, were. 2

assigned at réndom to be tested-at 5 différént strain
rates, ranging from 0.05 cm minml (6.25% ﬁiﬂ_l) to 12.7
cm minf}'(IGOO% min_l). Due to techhical limitations,

experimehats at high strain rates could ﬁot be #performed.

Valvies from patients who had no clinical record. of mitral

valve disease and which appeared nermal at autopsy.were
) s

. » .
selected. The valves were removed not more than 12 hours

after death and kept in 0.01% merthioelate smlution at a

tempéraEure of 6°C -until testing. This anti-bacterial

solution prese;ved:the mechanical properties of "collagen

&nd elastin (Roach and,Burton, 1957). The mean cross-
sectional area of each chorda was obtained byotaking

. . G -
measurements at several-places along the chorda with a

‘
. "

travelling microscope. - -

-

All sémples were tested at a room tempe:aﬁure of

21 + 1%-.from 1 to 7 days 4fter removal fromTthe heart and

‘,d . . - ' -
no significant difference in the response curves were oOb-

served over this time éeriod*}?igune 3.3). The tissne was'

kept hgist—throughOut the experimentl All chordae samples

were mounted with -an initial length of 0.8 cm and care

[

was taken to ensure that they were ‘mounted Vgi;icaily "3&;

e

between the jaws of the InStrdn before an uniakial tensile

stress was applied until tissugy rupture occurred. Hence,.

L 4
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tional limit, of chordaé—tendineae p%eserved_for 2
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and 6 days in 0.01% merthiolate solution. chh curve
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is an average of the responses of 3 chordae from 3 ’ :
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Y with speeds that provided a suifahle resolution of the . L

- - - . a
-
-

o only one\€nst was performed on each chordae. The teﬁsion—

tlme traces were recorded contlnuously by a chart recorder

different stralnlng‘:on'dltlons ° From a knowledge of the
1n1t1al cCross- sectlonal area and the straln rate, stress-

strain diagrams, the secant and final elasti@,moduli.and .

breaking stres§ and strain could be cbtained. from these -

conitinuous tension-time records.

° Al

3. RESULTS o .
Figure 3.4 shows an actual typical non-tlinear stress;_p
p .
straln response of a chordae'tendlneae under un1ax1al

1

ten51Ie stress. The chordae 1n1t1ally responded by devel-

oping- low re51stance to stretch as 1ndlcated by the - '_{

3

,smalleragradieut_of the initial'segment of‘the‘stress~strafﬁ

[

curve (A to B). At strains beyond B a greater resistance

to strétch developed as indicated Bvlthe=steeper gradieﬁt

of the curve (ﬁ to D) Beyond p01nt C ‘the stress straln

[=]

-

curve- became‘ilnear but on §tra1n1ng the chordae beyond the ‘
proportlonaﬁgllmlt (D), the curve once- agaln became non-

linear and the. slope of ghe curve decreased . Thrs behaviour,

which per51sted untll rupture occurred at p01nt E, could

elther be an indlc%tlon of plastlc deformatlon and/or the

result of a decrease in thevcross sectlonal area of t%e

<

chordae at hlgp straln values. Since the stress calculationS' .
were based on the initial cross—sectional area, a significant- "
R 3 “ R - e,
2 /'
“ ‘ 6:0 )
° .
> [V




Figuge 3~4. An actual typical cqntinudus strless-strain.

Evd .. o, R .
record of the mechanical response of chordag tendineae.

[ .
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decrease-of this value at.high.strains-would,'therefored

a

_glvefan underestlmate of 'the true stress in this paxt ' .

-
.

ofcthe curve. P01nt C where the’llnearlty of the curve
began will, henceforth-be called the transitional p01nt.”

Thls npon- llnear stress strain response, so typical

- a S r

“of blologlcal tlssues had also Been observed for chordae

-

by Yamada (1970) and Clark’ (1973) In addlth? we found

" that at_higher strain rates ana'for chordae of smaller

&

B - ) . . 6 - e N - .
cross—-sectional, area, the . proport4s®nal limit was reached
; A . - e o . - . 2 .

at %oﬁér'strain{values.tlf'$ -
",‘ A iThe.:results shown/“ln Flgure 3. 5 and 3.6.and Tabies

- a .
3TI,A3~II and 3-III were for chordae from the 21 66 age
orougfth?lgures'3.;(a) to ‘3.5 (d) show the elastlc response,

‘before reachlng the proportaenal llmlt, of dlfferent‘ﬁized

&

" clhordae under 4 different-st;aining conditions. .- It was

Qbsefved that theélarge chordae were initially more °

» . T

., N

. exten51ble than the smallerfgdbs and this behav1pur was:

] I

ftrue fotr all. the dlfferent straln ‘rateés tested. Figures

A N
3. 6%a) to-3 6(c) compare samllar el&stlc response %% dif-

- ?

ferent strain rates for chordae of approx1mately the saMe

¥ r

‘51ze . In all cases,, they showed that the chordae were ‘morg

~ .
]

exten51ble 1n1t1ally ab lower rates-of straln but . became

st1ffer~as straln rates 1ncreased.

: L . »,t«

. Slnce the initial segment of the response curves‘ s
. . . *,

was non—linear, the response 1n this segment ‘of* the Curves

< . ,‘ k4

‘
cannot be. characterlzed by a 31ndie modulus. The nature of

S . .
. \/ - - .
‘ - - < . ¢




Figure.3.5(a). . This and Figures 3.5(B)  to 3.5(aLLshqw - e
) continuougwstr¢58—strain'reco;dé of different’sizedA

chordae under 4 different.strain rates (SR). The. .

’ T *traces show the response before the pbbportiona% limit
is reached. The lower case leéttersafter each coh—*
2 ° L ° [ - .
ctihuouﬁ gurve indicaté the chorgag'éize. The cross- -
sectional areas in the groups. are: a) - 0.001 to 0.003
. 2 " e 2 o2 o
cm”, - (b) .0.004 to 0.0606 cm , (¢) <0.006 to 0.008 cm”,
) . 4 - . i . * ' . 5 i ) .
L “-.(d) 0.01 to 0,03 cm®. The broken lines show the ‘stan-
i dard error. The sdmple Size for edch of the curwes : -
. . in'thfs'and“Figufés_3;5(b0 %O.B.G(C),rangeé from 5
- -~ - . 2 , - - C . .
- s to 8'specimeni;,'similar sample  sizes also_apply ‘to
' ' theécentrjes -in Tables 3-T to 3-III. : ., ..° ‘
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Figure 3.5(d).
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-Figure 3.6 (a).
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This and Figures 3.6(b) and 3.6(c) show.

the variatien of striess-strain response,  before the

proportional limit, with strain rafes for 3 groups

. of chordde of different croés-sec;ional area (AREA).

Thé nu&bers after the continuous curve indicate‘strain

rate values in cm min 1. The’broken Ilines show, the ~ -

standard error. . , ,,,f/
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the curves was such that even: aamodulus at the orlgln

b i .
Ed

was dlfflcult to ascertain. Hence‘a-secant modulus

i, ’ deflned as the gradlent'of the straiéht line joining

oo ) the origin' to the point of tranSLtlon was obtalned o S

The secant modulus wouId glVe us- a qualltat1Ve measure- N p

of the extent of the 1n1t1al non- llnear behav1our. .

4

N : Tables 3~ I and 3- 1 give the values of %he stra;n
' i . N ,
'\\\ 'and stress ai the pornt of transition and the secant

N L -

and flnal moduli before reachlng the proportlonal llmlt. : : -
, , .

A s1mple statlstlcal analys1s of variance (Campbell 1967) .

‘ employed to test the signlflcance, at the. 5%=level of .' e

/‘/ﬁ’ a
" the  variations ' of the flnal‘modulus ‘with.size angaaﬁraln

. rates, showed _that this modulus has,ipdegendent’of strain

o

rates while it’ varled slgnlflcEntly with size.’ For

_ smaller’ chordae, Of cross sectlonal areQVO(Nnkcm- to
T ;f 0.006Jcm2! the f1na1 ‘modulus’ had a value of about 2 'x 109
, dynes cm % while for the la:ger.chordae,_the value was
5 '_ o abodt 1 x 109 dynes cdi%. .

v -

Slnce the uncertalnty 1nvolved¢1n'the determlnatlon
//,//\ . of the p01nt of tran51t10n was gredt, the variations of

. 7 the tran51t;onal strain and stress and the secant modulus

g
a

w1th S1ze and straln rate, cduld at best give -a rough

- estlmate of the extent of the initial poftion of each're5w=

¢ LA

‘ponse curve. Inlgxder to test any 51gn1f1cant difference

in the initial portion of the reSponée curves in Flgures

o

3.5 and 3.6.,stress values for w1dely dlfferent gizes and

. - ¢
. v i - N . ‘s . —— .
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s
‘ . TABLE -3-1
N - ~ :
Percentage Strain at Transition + Standard Error
, . - ' .
Strain rate . ' R
oy '  Cross—sectional area (cm®)
(cm min 7)
0,001  ©.004.  0.066 0.0l
\ toe to . to to
. Ve . .
0.003 0:006 0.008 0.03
¥%.05 8.0+0.5 "11.1+0.5 14.9+1.4
0.13 8.4+0.3" 10.440.7 10.0+1.9 .
1.27 7" ©%8.7+0.6 11.9+3242
5.08 " 7.9+41.0. 10.0+0.7 14.340.8
— . ] . /
12.70 . 6.2+0.4  8.3+0.4 13.9+1.0
4 Stress at Transition + Stanaard Error « .
o 2 (x 10’ Dynes em” %) _ )
Strain rate : Y 2
. 1 : Crosstsectional area {cm”)
So- — 3
(cm min 7) 1 N
. 0.001 0.004 ~ 0.006 0.01 g
, to- to " ' to ° to
0.003" "~ 0.006 0.008" 0.03
~ : - : ~
0.05 €.840.9. 7 8.8+1.0 5.4+1.3 »
0.13 8.0+40.6 7.2+1:4  5.4+1.6
1.27 . 7 B.241.2 8.0+2.6° ‘
. [ - : o
, 5.08 ~-7.J+2.2 '12.0+41.3 11.6+1.6 -
. . - ] . 0 . .
12.70 7.440.8  7.8+0.8 "4.6%0.7
4 LY : -—\

(2}
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TABLE 3-11I . , o
v R .o L~
The secant and final elastic wmoduli of the

-

stress4straih curves of different sized chordae ten-
’ ' '

'

dineae strained at different strain rates.
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oo - 4 : 57
¢ TABLE 3-II ]
Secant MQdulusZi Standaxd Error (x lO8 Dynés cm_z)' -
Strain r@fe . Cross-sectional ‘Area (cmz)'
(em min =) " 0.001 .0.0Q04 0.066  0.01
to to to . . to
. : 0.003 . 0.006 ° 0,008 ' 0.03
0.05 - . 8.29+41.10  7.93+40.90  3.62+0.87 .
0.13 . 9.%240.71  6.92+1.34 -5.40+1.60
\1.27 | 9.43%1.38 6.72+2.19
N - Py
0 5.08 ] . ,9.87+42.87 12.0 #1.30 8.11+1.12
. 12.70 - . 11.94%1.29  9.40+0.96 T 3.3140.50

Final Modulus + %tandard‘Erfor (5;109 Dynes,ém ?)

Sﬁfaiq rate .o Cross?sectioﬁai Area (cﬁ?)
(cm min ™ 2. B N
0.001 0.004  0.006 0.01
‘ . , . to L to . to . to
-0.003 0.006 . 0.008 - 0.03 '
0.05 1.91+40.21 2.15+0.10 - 1.0040.15 -
- . . o 2l : ~
0.13 2.2140.24 - 2.1040.25 1.05+0,10
. 1.27 - T .-‘.'2.2,110.14 1.3040.75 .
5.08 -« 12.2940.50 3,4110.04 2.15+0.30
12.70 ' 2.7340.18. - 2.44+0.24 .0.80+0.14

" - A
. . ) .
o~ 1 g p
- B f i
. e » ‘
L 0 -
~ . ‘ . .
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statistically 51gn1f1cant.

-

»strain rates, at an~arbitrarily chosen strain of 5% (a .

» . - .
vqlue below the tabulated transitional strains) are

tabulated~in'Table 3-I11 for this purpase. Any significan
. difference between the stress values -at :this strain

would, the;eforexxshow a sign1£1cant shift of the response
curve. The probabillty (P) values from_ a two\sample
t-test "(Campbell, 1967)”at the';gtton of~each column
of Table 3-III, show that the differenge of.the two )

stress,  values above them in the same dolumn were- statis-

¢

-

.tically’siénif'cant.at the 1% 1level, tnus indicating T
xS .

4

that the Shlft of‘the response curve towards the stress

ax1s w1tp increa51ng strain rate aﬂd decrea51ng 51ze ‘was

-

a

Figures 3.74{a) and 3.7(b) compare the eladtic res-

oy - .

ponses of cno}dae from a 17-year-old and a 54year-old‘with

the 21-66 age group. In both of these relatively young

. F

_cases, the chordae again exhibited greater extensibility

Lo . - L3

at iqwer strain. rates. Though the tresults were from single“

d#ses, the response‘curVES showed gquite clearIly that for
imilar-iﬁzed’cho;daed the chor&ae:became less extensible
J\Fh'age. However, within the ‘age group of 21-66 years,

- ‘ 2 .. - .~ ' - « . N . o ' :
no significant variation of extensibility with age was
a s rl 3 :
observed.- Co ) ‘ ) . R
. .. .

. Table-IV shows the strains and stresses at Eupture.

The breaking strains(for chérdae wi'th 8ross—5ectional area
) € . (m ’ '.

L3 “'

t.- N

Q

’ .
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TABLE 3-%¥'1
Stress'values at 5% strain. These values
"are tabulated to show that the stress-strain curves

- ‘ - ) .
are dependent on chordal size and strain rate.
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~

Stress Values at 5% strain + SE (% 10’ Dymes cm_z)‘j

-

"TABLE 3-III

@

CROSS- . e : -1 )
SEGTIONAL STRAIN RATE (cm min ) )
| AREAR (cm®) 0.03 12.7 12.7 )
e - . 7 . .
0.003 . / . . - .:}
to - - 2.33+0.36 4.55+0.55 ‘
0.003 )
0.004 .. |
to 2.08+0.33 ~-2.08+0.33
0.006 , ] ‘ :
0.006. - ’ |
to 0.26+0.07, ot
0.008 : .
0.01 - N
to , - Y. 0.4540.16
0.03 . . > )
P -~ value . ] . ) °
. by t-test _ <0.01 <0.01 . <0.01 ‘ :
,'/ - T *" ST ¢ +
- 'STRAIN 4 - : ~ 2 ‘
(RATE _ .- CROSS-SECTIONAL AREA (cm‘)
(cm min ™) , - "
, : 0.001 to 0.003 - 0.006 tor 0.008
. 0.05 ' 0.26+0.07
. 0.13 . . 2.4640.20 e -
5.08 0.9540.17 .
12.7 ) 4.55%0.55
® P - value _ j
by t-test <0.01 & - <0.01
1 Al f'\ » -
. - _‘:Q
‘b' e ¢
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Figure 3.7.(a).  This -and Figure 3.7(b) show the stréss-

. ’ B g' .

strain response of approximately similar si¥zed chor-

L o

dae for different ageé. The'numberé"ﬁjper each curve

v
. : : P . ..=1 -
give the strain rate values’ in cm min ~. The traces
’

show- the résponse before reashing the proportional

limit. ® | N

-
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Though breaklng straln appears to
decrease with an ﬁncrease,;n straln rate,fihe ver;a- A
tlon was.found to bevstatlstlcafyy-1n81gn1flcan£,‘.
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- ' TABLE 3-1V :
Strain rate ) Sample - ' . Breaking strain
(cm min ~1) +» Size (in % + SE)
0.05 ‘ 15 . -22.9740.93
«- . ; .
0.13 13 - 22.96+0.76 )
o 1.%27 14 . 21.83+0.62
5.08 13 M 21.07+0.78
12.70 13 20.31#0.71
S . : ST Ty
CHORDAL' CROSS~ Bﬁeaking stress.
SECTIONAL AREA :, (x X0° dynes cm-2 + SE),

 (cm?2)

N

£ 0.001-0.003

‘-

29 - -

[]

© 3.65+0.26

| 0.004-0.005. - . 13 - * 3.51340.13
0.005-0.006" g, 2.89£0.25
. . - 7 . ‘ L
0.006-0:007 6 2.7740.4Y
. 0.007-0.008 I 2.63+0.33

: ' A} B
L4 . ’ e . ’ .
0.01 -0.03 5 ' 1.3640.35
v. " -t ' " -
8- L
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0. 001 to 0.008 cm? (ages ‘21-86 yrs) wereaiauﬁd to be

~1hdependent of chordal size and straln rate (P> 0. 05)
x ¥ e

though thsre appeared, to be a slight decrease w1th o

increase in strain rate.lAn average value of 21.4 kff
. : " :
= 0.5) % was found. .The breaking stress, however,
decreased significantly with increase invchordal size

L]

7’

(P« .0.01) but was found to be 1ndependent of straln ra;e.

Toughgpss, deflned as energy requlred to rupfure

L]
4

the thordae, was found to increase w1th chord%l size. "

This is' shown in Figare 3.§.- ‘
- ~ N o . »

Chordae arelunder tension during ventrlcular sys-

tole' An attempt was, therefore, made to estlmate the

L3 - . .

rate at which ‘the chordae are belng stretched during

-mitral valve closure. EchocardLOQrams glve traces of the.

Lmotlon of the valve tlssue. Flgure 3. 9 1s one such trace
. *

for the m1tra1 vaive. The seg‘ent of the lower curve .

-

from A to C of the traCes correSponds to the final’ motlon L

of the Valve 1eaflet when the valJe snaps shut, and p01nt

C 1ndlcates the COmplete closure of the valve. - Hence,f e
e :
a maximum slope to the cﬁrve Aqrat lent Cc wrll glve the I
‘velocity or the :leaflet ‘the ;omenteit'shaps cbﬁpletely - '
shug d'sihce at thii:iqstant, the'chordae‘are being> o

-‘stretch d, the veloc1ty of flnal valvular closure will give

us an eé?&hate'of the 1n1t1al-mpx1mum rate at,which the-

éhordae are being stretched in vivdx Since the anéle of.

' attachment of the chordie to the valVe leaflet varies - - - .
) ‘ ’ e “ i : « . ‘

LY ’ . -\
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with the site of attachment to the\legfiet and alsa from

individual to individual,‘fhis estimate would give, ?t,
bé&st a rough idea of the strain rate. Forty-three

¥

records (27 male, 16 female, ages ld‘to 23) from patients -

with normal hearts;ﬁere exahined. The results in fthe

form of a’histogram are shown in Figure 3.10, and ‘an .
"avérage Value of 29(SD “9) cm sec -1 was fouhd Taking '

tpe average 1ength of a chordae at about 1.5 cm, this )
rate would.correspond to a strain rate of about 2000% Sec l.
A4

.However, this is ALhe maximum rLte that the chordae would

- s @

beé stretdhed. ‘Careful examlnatlon of the echocardlographlc'
trace at C shows that lower rates are possible. Hence, s

the hlgher rates «of in vitro testing cpuld well be’ near )
the phy51olog1cal cond 1ons.‘ Jsﬁf*Hﬁ;”

g NaaNNe
. S
2

~

Studies of the chordal responsg‘underfstxess at’

" 4. - DISCUSSION- . ' S

varylng stralameates show that the chordae- exhlblt vis - .
4 4 . -

elastic properties; i that they are 14 extenslble w1th
g increasing strain rates and their viscous properties
. ~,, * . ':‘.‘ o .
become more pronounced at lower rates of strain. oo 4* -
. . B ’ [ P - 3 = )
~The non—linear-stréss-Strain tesppﬁse could be

>

\—dﬂe to" the structural composttlon of the chordae. Caulfield

’ o

et al (1971), sllverman and ﬂ.rst (1968), Fenogllo et al

(1972) showed that chordae tendlneae are made up prlmarlly -

- o
of collagen With some elastln fibres. Roach,and,qutOn,

-




Figure 3.10.°
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» B a
s

(1957) showed that a similaiqnon-linear response for
arteries could be accounted for by its:comPOSitiom‘bfg
elastin and’collagen fibres. 'mhe§ showgd that the

initial segment of the stress-strain curve.is due to
Lo '

the elastin while the final slope of the. curve is due

to the stretching of theAcollageng Sinc¢e the chordae are ’
3 . ‘ .
also of elastin and collagen, the non-linear response L

. hnd L :
could be due to‘this structural composition. The trans-

itional point would then coxrespond to.the instant where,

on- further straining, the resistance'go'stqegch is '.

. & . s
governed primarily by the cgiiggen. . ) .

However, the structural sarrangement of elastin ‘and
t .
! . ’
-

collagen fibres in arteries is rather different from *- K

that of the chordae. In- arteries, there is a netwprk St
. ' : } .

elastin lamellae interlaced with interlamelldr collagen . ~

. ~'g .o
fibres (Wolinsky and Glagov, 1964). Such an arrahgemehnt L 'ﬁ

*a

makes arterial walls behave as a two-phase’materiai

(Glagov and Wolinsky, 1963). 1In thexcaniﬁexchorQae,howi

. LA .
-ever, there is an outermost layer ©f single flattened

endocardial célls, and beneath this is an area of loosely

- ¢ A

meshed coliégen/and'élastin fibres, with the latter predom-

inating. The large central core af the chordae is of dense .
. ¢ B

wavy collagen bundles interspersed|withJscqttered fibroblastg - ’

L Y

and elastin fibres (Fenoglio et al, 1972). If the canine

chqfdal structure is applicable to hu@aés, then whén

such a garél&el qrraﬁqement.of‘tﬁo different-types‘of
: : - vy




76

flbres is stretched the response w1ll bq governed by the
relat1Ve stiffness of Ehe‘lhﬂlVldual components
If the stiffness of elastin is great tha that_'

of stréiéhtening the wavy collagen, the initial portion

of the response curve would be due to the strétching of\
the elastin alohe, as-in arte;ies., If the reveree if | ﬁ.
"the case then the initial resietanee to etretch.wohld'be .
due to simply a straightening of the wavy cellagen'fibres.
however, if both have comparable stiffness then the initial
respopste Qould“be due to a simﬁLtaneous sﬁretching‘ef
the dlastin and a straightening of the wavy céllagen

»

fibres. Whatever the.reason, the final modulus befpre’ .
. ’ : o

reaching the proporﬁional limit will be the\madulue'of T

collagen. The value in the order of 109 dynes cm'_2 observed

.in this study is comparable to that reported by Burten (1954)

.-
r

€or collagen fibres. ~ ‘
The obé#rved-bfeaking strain of 21.4 .(standard - t{,
error = 0;5)% ie quite typical of collagen_f;Pres/(Hall;.
WL1951; Morgan and Mitton, 1960)% -This observation, differs
from that reported by Yamada (1970) on human chordae
. tendineaé where strains up;?o 40§.were feached.’;ﬁqwever,
the values for the breaking stress a?e cemparable.
If the finding thathchekdae from isolated youn§ paf
tients“afe more exﬁeﬁsible is tyéieal, t en the decre;ée

of extensibilitQ'with age up to a certainilevel, (and not

necessarily at 21 years) is in agreement ,with obserwvations
v . '_ . A B .




.on tendonous tissues that the gollagen content 1in
' with-age. Howe&er,'in the 21-66 age'group,fthe
do not show ' any further 51gn1f1cant varlatlon. it'cbuld

be tHat the chordae tendlneae-have reached- full’ maturlty ..

~

- in adults. I ' ‘ h _ . -
The observations that the larger chordae are

‘initially more e!tensible could be-a design to €nable the ..

- »

¢ - ; ) . [ ¢
mitral valve to maintain an even surface on closure. Brock
,(l952t .and Lam et al (1970) reported ;hat the larger chorf

dae are found at the centre of the free edges of the valve

re
<

leaflets and, hence are ore centrally plaCed w;th respect
;to the mitral orifice (figlire 3.11).  Brock called thesé s

. ' .areas the critical areas of insertion. -‘In this position

‘the thick chordae shou;d,be more €xtensible so that dnder .-

~similar forqes'exerted.along'éach chordae theyfceuld be

made to extend by a similar or .even greater amount than
the thin ones (figure 3.11). This observed property

of an inverse relation betwween stiffness and size thus
. ’ . -, .

ensures thdt an even an@ regular valve surface can be L4

maintained during valve closure. This weuld not be
possibig if all chordae had identieal'meEhanieal properties.
. , N , .

5. SUMMARY L _ N
A know;edgé of the mechanical properties of valve

~

¢ tissue is a necessary prerequisite for a better understand-

“ ing of Xalvular behaviour - -and the design of prosthetfb

' . - EY
T ‘g!lb * e
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dlffereht planes gﬁ—w1ng the, attachments, to the - q

anterior leaflet -(AL) of the mltral valve,»of some

small ®nad lqrge‘chordae; 'Posterior leeflet (PL) , PR -
.pgpfjla}y muecles (PM). e., ¢ ‘ - Y :
(B)- %orbmaterialsrwith the seme préperty an§<undef
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". meart valves.' _Elastlchresponse qf chordae téndlneae -

&

- . » . _
.l under strain rates of 0. 05 cm in 1 (6'25% min~ ) to-12. 7

A

- ”.- . cm min-;~(1600%,m£n ) wene obtalned by the applicatlon
’ /

of _an unlaxlal ten51le stress u51ng an Instron Machine.

Lo ~ The chordae exhlblted v1scoelast1c propertles ‘in that

extensx llty decreased w1th11ncrea31ng straln ratéﬁ”“

‘The apprbxlmatépﬁaxlmum phygxbloglcal straln rate of the

;chordae was estimated from echocard;ographlc traces at

the,lnstant of valve closure, and a high-value of 29(SD
) =9 ém sec”t (2000% sec )4was.found The breaking '

'strains which wera independent of straln rate were~found
to have an average value of 21. 4 (+ 0.5)%, while Lhe
breaking stresses whlch Were also 1ndependent of strain
S~ !rate varied from 1.30- (+ 0.35) x 10 dynes CQ\»JFO 3.65 .
(+ 0 26) x 108 -dynes cm 23 depending on chordal size.
Thése values .are typlcal of collggen f1bres.~ The final

/
modulus, before the proportlonal llm}t' was found to be

Ve !

-

¥ .
. about 109 dyn!s cm 2[ which is again. typical of collagen;

" fibres. In add;tion, smaller diameter chordae eshibited

’ - ’ 0 .
- '-less extensibility ‘than the larger diameter chordae, This

v . ’

behaviour ‘could be due. to struétural'end functional | . ’

. differences and allow$ the more cenﬁraliy inserted chordae
to maintain.-an even vglve'sufface during .valve closure.




' CHAPTER 4. °

MORPHOLOGY QF CHORDAE TENDINEAE

AND ITS RSLATION'TG THEIR-EXTENSIEILITY CURVESy

”, - &
b .

INTRODUCTION

4

~Human mitral vadve chordae tendineae, like many

‘e

other biological tissues such as skin (Gibson, Stark and

Evans, .1969), fst tail tendons (ﬁigby'et al, 1959) and

»

R} : , , ,
arteriés - (Roach and Burton, 1957), have also been observed:

o . .. A . /

to exhibit hon-linear quasi-static elastic response (see

.

Chapter 3; Yamada, 1970; Clark, 11973) . In’the case of

rat tail tendons, whlch afe mostly colragen, the 1n1t1al

'3

.segment of the non-llnear stress-straln curve Was attri-,
buted to a stralghtenlng of the wavy collagen fibre bundles
(Rigby et al, 1959) and for skln 1t was suggested tnat the
_behaviour Qas due tb an ihitial re-allgnment'of the ran—
domly'coiled collagen fibres.(bibson et al, 1969r. ”Roach'
and Burton (1957) showed that for arterles, made up of
elastin and collagen, the 1n1t1al responSe to mechan1ca1

stress was due to the response of the elastin and the final

-

o‘sldpe of the stress strazn curve corresponded to the

‘r
»

stretchlng of the collagen.

For chordae tendineae, none of the i vestlgators pro-.

2

vidéd an explanation for .the observed non-linear behaviour

’
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“a

“out to provide evidence for the possible cause of'the

~enzymat1c dlgestlon and eléctron mlcroscopya both scannlng

thpugh it was, poxnted out in chapter 3 that the relatlve ‘

stlffness ln the varlous tissue structural components ‘ b‘ . .
) . - -

could posalbly be involved. 1In add;tlon,, it was also )

found. in‘chapter 3, that the larger the’ chordae the-
& * . -
greater the exten51b111ty, as shown in flgure 3. 5, -and <

that adult chordal tlssues were. less extehsible than

younger spec1mens (Flgure 3. 7) . In thlSJchapter,xIvset~ .

&

non~11near stress—straln response and. also the reason

for ﬁhe dependence of e%}enSlblllty on chordal size and

age. : SR SR

¢ . ‘. < g . -

- e - ‘.' - - ;.
Chordae tendineae arelq3de up primarily of two'major
components, an outer elastln sheath with scattered collagen‘3~‘:; {}

and an inner core of coi&agen w1th traces of elastln.

‘(Fenogllo et al, 1972). Slnce it is the microstructural .

* -
.« . s v

arrangement of the protein flbres that determlnes the

"

mechanlcal behav1our of a glven tissue, the cpntfibutlon '

to the elaatic properties from these .two major'compongpts

LI

in the chordae was examined The techniques of eeieefive

)2
- “ . i,
7

and transmlsSLQn, were employed in thls study O
R

.“ . . . ’

“2. METHOD ﬁ e a . o

-

o

Ninety chordae from 19 ‘mitral valves,(zges 18-79, 10

males, 9. females) were studied. The chordae were selected )



o

K

'frbm patlents with no cllnlcal record 6f mitral valve'

dlsease and whOSe valves appeared normal .at autopsy The

7

valves were removed as soon asvp0551ble and, not more
o . . -

) than 12 hours after death. They were kept, if’necessary,; 3

1n 0. Q}% merthlolate, 0 9% saline at Artemperature of 6°C
=4 ) .
until tests could be performed.

\_a) Selective Enzymatic Dlgestlon o - o -

To determlne the role of each of the two major
compohents, elastin angd collagen, in the elastic response
of chordae tEndlneaef the technlque of - selectlve enzymatlc

dlgestlon was .used. to remove the-outer elastln sheath

Thlrty seven chordae from 9 mitral valves (ages 45-76, T

5 males, .4 females) were diviaed into two size groupsﬂof >

chordaL cCross- sectlonal area 0.001 to 0.003 cm2 and 0.004

-0. 006 cmz, and asSlgned randomly to act as controls or p

'

tost specimens. The test specimens were digested in a -so-

lutipn of 0.1 M NH, HCO, buffer contai’ning 1.5 ‘mg a-chymo-

4 e

-

C F'd "
trypsih (Slgmq,_C4129 Type II) per ml of buffer, 2. 5 mg

~rrypsin (Slgma, T8253 Type III) per 2 ml of buffer and 20 "

pl elastase (Worthlngton ESB4E747) per 100 ml buffer, at
a temperature of 37 ©c for .10 hours with OCcasional agltation.

The pH of the buffer solution was 7 8. The control spec1-

-

’mens were simllarly 1ncupated in the- buffer solutlon of -

L]
0.1 M Nﬁi ch3 ‘without the enzymes. This dlgestlon proce-

jdure removed bath the “amorphous and fibrillar compénents

-of the elastin (Newmankahdeow, 1973). Figure 4.135deS'thq.




L3

L

Figure 4.1 (a). Longitddinal section of‘chordae before SN

Lo . . . .
cardiac muscles. Gomori-trichome stain.

qnzymatiq,d%gestion. The chordae-has an outer sheath = -

-

'of elastin (the 2 dark lides at the edge'of the speci-

men). ‘The darker patches- within the chordae ave

~

. -r )

Figurc)4.I(b). Longiiudinal,ge;ﬁion’bf chordade showiné

g o

the absence of the outer elastin.sheath after treatment

o

‘ - I . i .
with elastasc, trypsin-.and a- chymotrypsin. The darker ,

pasches within the specimen are cardiac muscles. Gomogt -

trichome stain.

- ‘. !
. L - " - e
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effect on the chordae before and after this treatment.
- [ IR Y
Aftexr the dlgestlon and 1ncubation periods test specinfens
I4

and controld were- removed washed, and- kept 1h‘0 01%‘mer- ’
thlolate, 0.9% sallne solution at 6 ¢ until further testing.

- ‘< /o '
To examlne the effedt of "removal of the clastin :::fhe

. h A ‘\}Qchanlcal response, the treated specimens and t

con=

-

trol were subjected to an uniaxial tensile streaa. A floor

.model of ‘an Instron tensile testlng machine (Model TT-C)
¢ - ' .

. was used for this purpose. The details of this procedure

have been described in chapter 3. Strain rates of 0

.

13
-, cm'min;l and 1:27 c@ min~t were.ysed anithe chordae{were
ail stretched at an initial length of 0.8 cm. The amount
N ' of force exerted on the specrhens and the correspondinq : , 
~ stretch were recorded contlnuously and . sxmultaneously on

a chart recorder.

s

b) ScannlﬁgAElectron Mlcroscoglc Studles
Sgannlng elestron mlcroscopy was used to examlne
the internal structure of the chordae tendlneae and 1n

partlculaf the mlcro-archltectural arrangemént of the

collagenjflbres in the central core. Forty .chardae from

L § - :

. .10 mltral.valves‘(ages 18-79,-5 males, 5 females) were ’ '
- ‘ ' ‘ . .
examined. The technlque used 1n preparlng the spec1mens «

P
.

for study was essentxally that of Watters and Buck (1971);

- n'

The spec1mens,‘after removal, from the heart Were washed

1n saline, 1dent1f1ed according to size and then fixed for

‘bhours in 5% glutaraldehyde in 0.1 M. 5qrensen 8 phosphate )
. ’ ] ‘
- . o ‘ . .




‘buffer at a pH 6f 7.1. The spee@mens'were then transferred .

€

.‘td:a 5.4% sucrose'in 0.1 M phosphate buffered solution, )
"and stored overnlght at a temperature Qf 69C, after which
they were gently rlpped apart to expose tHe internal

. struéture. The spécimens were further treated in 4 sclution

of 1% osmium tetroxide in phosphate buffer. The tissue

remained here for a further. 2 hours after which they were

a

washed- twice with demineralised water. Dehydration was

-

done by a series of 15 minute changes in solutions containing

v ¢ 30%4 508, 704, 90%, 95% cthanol and 100% acetone. The

]
specxmeﬂs were lurthcr treated with benzene, then a sol—
Y3 . ]
ution w;th equal-parts benzene and propylene oxlde and
s ., » . R '. .
“then with 100% prdpylene oxide., ' After this they were trans-

ferred to 50% camphene in propylene oxlde and flnally to

meltcd camphene. The last two steps took 20 minutes each.

-

Tl The camphene treated specimens were then left overnight
in a fu@q.éhamber to’allow the camphene to ‘sublime." ' The -
’iji o :queémeﬁs Qere then coeted with golé and,e%emiﬁed under a
l;&;, » scanhtng electfdn microécepe (Hitechi_HHS-2R). bIn addition,

. a few specimensp fixed -under ténsion, were also studied.
, *

. ) Transm1331on Electron Microscqg;c Studies

-

- ThlS Jpart of the mvestlgatlon was used to- determine

the den51ty and size dlstrlbutlon of the collagen fibrlls

- +

in the dlfferent slzed chordae. ;r;ansverse sections of 14.

e ‘, - . - . £

.chordae from 4 mitral valves. were stlidied."s The specimens,,

o




*

after igmoval'from the heért,<were immediately fixed in
k

2.5% glutaraldehyde in 0.1M cacodylate solutidh at a

e

pH of 7. 3 for 10 minutes. After thd lnltlal flxatlon the

3

tissues were minced into 1 mm> with the aid of a dissec- -

ting microscope. and then returned to the fixative for a
. . s

further 2 hours. - The tissues were then{?eshed in 3.

~

changgs; of 10 minutes cack, in 5.4% sucroie“tn.b.i,M Q;\\J/
cacodylate buffer at pl 7.3. ~ Post fixation of 1 haur '

duration was done in 1% osmium tetroxide in the same

buffer containindg 5.4% suc ;E?>The specimens were then

(S

dehydrated with.3 washes, in each of solutions containing ‘Q

50%, -70%, and 95% éthyl alcohol. This was then followed "
v AN -‘ . .

by a further wash in a .solutlon containing equal barts

of ethanol and acetone. Each of the,above washings took

- ) : . ' ) o .
5 minutes. The dehydrated tissues were then stained "en

bloc" in lead acetate and uranyl nf!ia;e for 1% hours

after which £hey wefexwaehed 3 times, éach for 10 minutes
iﬁba solution of 50% ‘alcohol and 50% acetohe. Infiltration
of thc tlsSue was dqone inltlally with a solutlon of 25%
alcohol, 25% acetone and 50% gpurr for 1 hour, then fullowed
by pure spdrr odernight.:>All the processing was done

on a rota&qr. The specumens were then embedded w1th Beem
capsules (Ladd Research Industry Incorp #2365) with fresh
_spurr and left overnlght in an oven at 70°cC. The embedded

blocks werc then sectiohed ‘into spequens of 800 A - 900 A

- v




N
Q

thickness in elther a LKB ultramlcrotome 3'or a LKB - . ) £

~ -

‘Huxley ultramxcrotome. The thxn tiansverSe sectlons of
the chordae were then mounted on 150 mesh formvar
coated copper grids and staxned with uranyl-acetate and

ReYholds lead citrate. The sections-were then examined

>

with a Zeiss Electron microscepe EM9sS, and micrographs'

taken.+ From these electron mic¢rographs the'density per

o °

unit transverse sectional area and thé size distribution,

3

of thé’collagep fibrils were determined with a Particle ' *

Size Analyzef (Carl Zeiss TGZ3). ' ~“ -t

3. RESULTS

a) Selective Enzymatic~Digestion : . .

’ Flgures 4 2(a) and 4. 2(b) show the elastic response
of chordae tendlneae after treatment with a solutlon con-
talnlng elastase, trypszn.and a-chymotrypeln in 0.1 M NH,

HCO3 buffer at a pH of 7.8. 'The~elastic'respense of controls

is also shown. Figure 4.2(a) shows the behaviour of chordae

of cross-sectional area 0.001 to 0.003 cm 2 when strained
. .. :

and Figure 4.2 (b) shows‘the results for

chordaé of.cross-eecticnal Erea 0.004 to 0.006 cm2 and .

at 0.13 cm min

strained at 1.27 cm min_l. The stressfstrain curves in both

- A

the figures indicate .that the fesponse to mechanical stress N

’oftboth the test specimens, whose elastin ‘sheath had been

removed, and the controls were similar. " This 1mp11ed that

’

the more readily extensible -elastin layer cannot contr'pute
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.Figureq4.2(b). Similar tO’Figure'4.2(af-but the chordhl

scross—sectiohal a}eas were 0.00h to 0.006 cm2 and

-~ -

the strain rate-was 1.27 cm min
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- henge, "the hanlcal properties of this tissue are

'sﬁowingia very’slfght wavy pattern. 'This was in contrast
' i
s 2972) . o8

.the coliagen flbre was made up of- a netWork of collagen S

However, at & lower magnification the young specimens

" exhibited, a much more . wavy pattern compared to their older

. -7 S 94
‘ OD‘ . " q “

..

to theﬂnon-liqear élastic beﬁaviohr.of chordae téndineae,

¢ t-

governed primarily by the behaviour of the inner cOl}aaen
: - . .o ' . :
cdre. , o . :

. o )
b) Scanning Electron Microscopic Studies -
. ‘0 - . N
.The internal structure of the .cbllagen fibres im an’
. ° ” ’ ° S
adult chordae tendineae as revealed by scanriing electron

micfosbgpy i%;shown in Eiqpresﬁl.B(a) and 4.3(b). In

) » ‘ ’ _ , ,
Figure 4.3(a) the. collagen fibres in the chordal core ’

were observed to bessligned parallél to the axis of fhe

chordae and were rather. straight, with only a few specimens *

. ©

to the very wavy patterns Qbserved in rat tail tendons

by Rigby et al (1959), ard inm canlne chordae (Fenogllq et
g .
OFlgure g 3(b) shows the enlargement of one of these

<

fibres. Ig Was found that at the mxcro—stnuctural level 3

fibrils,, aligned bn a direction generallyoparallel to‘the -
s N Lo . o . T ’
chordal long axis.” Thfs network arrangement was also *

[ 0 ; «: >’ Y ! ? .
observed at this high magnification for the collagen fibres

¢ T

i chordaes from a yéing patient (ah 18 year old male).

]

T

Y Tl : ¢

counterparts as shown in Figure 4.4. ) ~
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Figune 4‘.4. Scénr{ing electron micrograph .of tr;e tentral
cMagen core of a chordae*from a 18 year old male. - ' s

‘In contradt to Figure 4¢ 3(a) the fibres here exhibit
- s F'4 -

- - s . ¢
a much more wavy pattern. ' . : :
. . N , <
LA o \/ ® i N ‘ 4
- » ' - ! A8
AN . . c .







[ T~ . -
! . .

‘*1'“ If we characterise this wavy battern}by‘a waviness .
a*’ ‘ﬂ' * % . . . l‘ N . -

1ndcx CWI) definhed as - ’ ‘ . ]
b . * (Wolinsky
: o a“J " length of wavy flbre : ‘and Glagov,
" WL = - 1964) .

st;alght length between end p01nts oj fibre
(
WI would'have,a value of 1.0 for a straight fibre such as

.
A‘.

¢

tnese for o)derichordae. For the l18-year-old sPebiﬁens Wl . -

was found to be 1.072 (SE 0.002), implying thdt the

0.4%) longer ‘than f s'traight

H

’.
wavy fibres were 7.2% (SE

fibre with similar fibre end points, - . Lo

~
.

- . . M ‘ ) . -
N Figure 4.5 shows the effect of fixing an adult chor- .
daceender tension., It was observed hére that the network
- of fibrils‘was'mgfe'collapéed in manv‘regions along the

specimen.

. - . . . .. . :'.;,' . ' ’ N -

(c) Transmission Electron Microscopic Studies

L]

.- <= - . : B ‘
Fiéurés 4. 6(a) and 4.6(b) are transmigsion electron .

» s

mlcrographs of transverse sections of the chofaae. The

- collagen flbrlls 1n the scannlng electron micrographs ap—

‘peared as circular dots lp these plcbures. FLgure 4.6(a) ,

shows .the central. core of a typical smalf’chordae and

.
.-

Figure 4 6(b).that of a much larger specimen. Thesé mlcro—

&° -

'graphs show that the density of collagen flbrlls was greater

for the smaller chordae. ‘The fibril den51ty 6f the central
ot 5 S - AR

_—

core for 3 different chordal size groupa is listed in Table

4-1.and the average flbrll ‘diameters are also presented
. » A
An analys1s S% varlance showed that the flbrll den81ty

A

decreased 91gn1f1qantly as chordal size 1ncreased (P<%.01).

[}
"~ .
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Figuré 4.5, Scanning electron micrograph showing -the ,/’J
: . .
. effect on the fibrillar network when the specimen . o

was flxed under tenSLOn. The network of collagen

fibrils wés seen to be more collapsed in this 4!’
3 . . f ‘ »
‘micrograph. This more collapsed network was found ’
. B } 4
-*® in several regions along the chordae.
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o & -
, Figure 4.6(a). Transmission electron micrograph of a
- B . ’o o ) . ‘.
transverse sectipn of the .central core of a thin chor-
© : v

dae. The dots correspond to the collagen fibrils,

. Greyish pat%heS‘sﬁow the presence of elastin.-
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"Figure 4.6 (b). Transhission e;ectron'hicrograph of a'.

fetn : . ~

transverse  section of the central core of a thick

chordae. Note that the fiaFil density in this micro-

> E4

graph‘ié Tess than that shown. i Figure 4.6(a)«

]
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The averaée fibril sizes“between the firs‘t‘two'gr@upsc

<

of smaller _diameter chordae were nbt 51gn1f1cantly differ-

<

ent (t- test, P>O%Ol), but ﬁhe diameter in the thlrd grodﬁ

was found to be smaller.- This smaller averagelflbrlk

size in the large chordae would further decrease the

El

force supporting areas in them. .The distribution-of . .
fibril size for the third group of thick chordaeé add those.
’ - - . > o -
. of the first *and second group of smaller chordae are ’

shown in figures 4.7(a) and 4.7 (b) :

4. DISCUSSION | * - C. e ST e

. : -

i The enzymatic Higestion studies showed that.the’
. © . . . ¢ ?

removal of the outer sheath of elastin from human mitral

<
[

valve chordaeatendineae did not significantly affect the :

elastic response of. this tissue under mechanical stress.
-] [ .,

o

Thus, theuinitial'segméﬁt of the non—linear stress4strainu

o .
curve cannot k be attrlbuted to the presenée "of the more "

exten51b1e elastin. « Thls is &n contrast°to obServatlons

o K

-in arterles. For that tissue, it had been shown that the
. 1n1t1a1 segment of the non-llnear Stress- straln ‘curve was

due to the exten31on of the elastln and the flnal slope of o o

. o o
chhe curve was abtributed to the collagen response %Roach
- and Burton, 1957) .- Myg flndlngs, therefore, indicafe‘that

o
. >

although both arteries and ghordae contaln essentlally the

e
b

' - same 2 structurab components the redson for their elastlc

4

, ’ response dannot be explained by the same theory.- This points

[
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Figure 4.7(a). Collagen fibril size distribution in

+/ chordae tendineae of crossfsectional area 0.001 to
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to the importance of the differences in the architectural

arrangement of the structural components of these two

s

tissues in determlnlng thelr elastlc propertles ,For art-
eries, there is a netygrk of elastln lamellae lnterlaced
with interlamellar collagen fibres (Wolinsky and Glagov,
1964). Such an arrangenent makes the arteri;l wall behay@

-

es a tw0*phase.haterial (Glagovnand,weiinsky, 1963)
In the chordae, however,'there is an outer sheath_ of JF
loosely meshed collagen an§ elastih fibres with the latter .
- » .

predominating, and the large central core is of dense®
collagen bundles with scattered elastin'fibres.i

' The" scanning eleetrén microscggic'studies showed -
that, at the microstruqtprel level,;the collagen ‘fibres-
were in fact a network of fibtils. For such a system,IWhen
a force is. applied, thetreeponse‘is to_initially étxaighten
any wavy pattern that may-be present. This is ﬁollewed .
by the stretching and col;epsing of the fibtillar network,
as shown in Figure 4.5 which illﬁstrates the-st}qcture.for.

-

a cho;da flxed under tensxon On further stretching,

.a force greater. than that applled initially is needed to .
strain the tissue as this will now 1nvolve the straining

of the bonds and bond angles within the f!%rlls. This.
response will, ther‘fore, give rise to the obserVed non-
linear stress-strain ;nrves; This network alsoaensures Ehat
the ind;vidual fibrilslafeAnot excessively strained. '

® - R

»
‘ )
” .
.
.




1f the observation that the collagen fibres in
the younger chordae were much more wavy than thé e
essentially straight fibres in older specimens is typical,
then this finding would explain the greater extensib-
ility exhibited by these younger chordae. The waviness
index found for the 18 year old chordae (2'speci%ens)‘ -
showed that these specimens would extend by a further
7.2% before the fibres were straighteﬁed. From the
results in Figure 3.7{a) which is repfoduéed'here as
figure 4.8, it is observed thét the transitional strain
(i.e. the strain level yhen the elastic cﬁrve.becomes

linear), occurs at 8.0% for the mature chordae and at

15% for a 17 year old specimen. Since this difference

-

‘of 7% is comparable to the waviness index of 1.072 ,

it thus appears to indicate that the initia% portion

of the s?ress-strain curve of young chordae is attributed
primarily to the straightening of the wavy collagen
fibres and that the contribution arising from the
fibril‘neiéo;g ;;rangement is small in these young spe-

cimens.

Fibril size and distribution could not be determined .

-

- ¥ . . .
accurately from scanning electron microscopy as this

'inVolved'the‘coating of the specimen with gold. Hence
’ L

transvefse‘section of the -chordae were studied by trans-

mission electron microscopy. The transmission elecgtron
; . o
» e
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Figure 4.8. A comparison of the elastic response of

chordae of different-ages. In the 21-66 age group, .

most specimens were from patients over 35 years except

7

one which was from a 21 year o0ld male. Strain rate

was 0.05 com ﬁin“l and the ‘“hordae have cross-sectional
o . c )
-areas of 0.001 to 0.003 cmz. -
e ) »
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microgrdbhs 1?igure~4.6)°showed the presence of the fibrils

. : & . . i
in the central core of the chordae thus confirming the
observations of the scanning pictures. Results summarized

’

in Table 4-1 show the fibrils in the sméller’chordael

to be more closely packed compared to the iarger size

»

specimens, thus implying that a greater -force per unit

area would be necessary to stretch the more dense net-

il K o

. work of fibrils in thin §pec1mens. This explains the ) .

4.’i greater exten51b111ty exhlﬁﬁfed‘by the larger size chor—

a
»r

dae. The average size of the collagen fibrils observed

in this investigation was also found to be comparablg
to values reﬁorted for collagen fibrils %Viidik, 1973).

In conélu§ioa, this study provided an €&xplanation

©

o

«for the greater stdffness observed inchult human mitral
valve chbérdae and the grejter éxtensibility exhibited

) ' by the larger size® chordae. It 21so showed that the non*:

linearity of the elastic respon§e of mature chordae .

N was due to the architectural arrangem€;;7of the collagen
fibrils of this tiséue.‘ N

N [

3 5. SUMMARY ¢
v .

Human mitral valve chordae. tendineae whose elastic

response curves are non-linear have also been found to
- ' < ;
exhibit extensibility that increases with an ihcrease in -

2 . .

o chordal size and decreased with an increase in chordal

age. °The.techniques of seleétivevenzymatic'dfgespﬂqn and
. 4 Y- , “ A
sganning and transmission eleq;ron micrdscopy were employed
[ ., o '

v - )
- . ’ i
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- - ' RV 4 L 12

-

.
L4

»

. . . ’ o Q
. periging on chordalﬁ}}qe ranged from 516 A to 352 A,

o N , s . 3

-, ' -
'to provide explanations for these observations. . It was

=<

© found that the removal of the Quter elastinzgheéth by
'enzymatic.digestign did not signifigantly A?fect-the‘
elasti¢c response of this tissue. Scanning electron
microscopy reveaied'that for young chorBae the collagen
"%ibres in the central core exhibited a very d%vy-pégtern
but‘in'adplt specimens relatively st}aight fibres were
obéerved. The increased waviness account’s foE the greater
eitensibility shown by the yQung\speqiﬁens. ?At high
magnification, the collagen fibres from botk“yoqng and

©ld chordae were found to conslst of a network of collagen
£fibrils that became moré Eollapsed wh;n the glssue'wés -
. ' - PN
fixed under tension. &his network arrangeﬁent of the
fibrils exg}ains the nonflineérity in the,elastic response
L 4 . 2

pf the tissué, and®ensures that the individual‘zollagen y )
fibrils"are not excessively strained. Transmission elec-

t}on micrographs. showed that the density of collagen

fibrils decreased as chordal size increased. The number
of fibrils per 10'—8 cﬁz of the central core decreased from

182.4 (SE = 1.3) to-131.3 (SE = 1.6) as average chordal
crosifsectionql area increased from50.0616°cm2 to 0.0268
cm?. This difference in fihril density provides an explaa-

ation for the greater extensibili%y showﬁyby the thicker

chordae: The collagen fibril diameters were found to

o

- [

show an apbrokrmately normal distribution and values, ' de-

1] a

Iy
A

~ ~
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- CHAPTER 5 .
‘ : N )
DYNAMIC ELASTICITY OF CHORDAE TENDINEAE

- ' . i -
1. INTRODUCTION

The Uniaxial .tensile- tests on chordae tendlﬁeae

c o=
.2

7.

h £

» N
reported in chapter 3 do not fullg{characterlze the man—

, her in whlchcthls tlssue responds underx’ the norﬁal

= »

accondﬁtlons of dynamic ‘stress. This chapter thefefore'

1 ks n v

sets out to eXamLme the dynamlc elast;c propertles of

-

human mitral valve\chordae tendineae by.squectlng the -
¢, - L . ) . -

tissue to sinusqjdal -stress variations over a frequency

w

.range of 0.42 .Hz to 6.68 Hz.:

2. METHOD
at;7%heor

When a llnear v1scoela5t1c mater1a1 is subjected

FE o]

to a 51nusordal mechanlcaL stress (0), deformatron is-

P kY

r051sted by both an elastic re%torlng force and a Vlscous

a

resistance. In the steady-state condition thg resultrng

strain (¢) is also sinusoidal. but -will be out of phase

"

N o -
. therefore,
]

©

with the stress as shown in Figure 5.1. I view of this
&J

phase shift’ (}adians), the. stréss ¢a

'be, resolved {(vectorially into ‘a component - in’ phase with.the

3

[
»
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O : ¢
. . strain and a componehnt 90° out of phase with the strain.
. , ‘ © L . -
These stress components-when divided by the strain will,

¢ -

. o [} ’ . R
y ' therefore, give an in phase’(real) -and an out of phase
(iméginafy)ﬁcompoﬁent of tpé dynamic elastic modulus/,
' e 4 ' ‘
¢ E*. .Thus, E* can bg written as a complex ratio.

E* = = E' + iE" . (5-1)

Tla

: < * J
L] .

where E' will be the incphase or storaée modulus, E"

o . ¢
I ' the out .0f phase or loss modulus and i = vl . E' and
E" are related to.the bhase shift ¢ and the magnitude of
° . - . ". E* f by o .
. * ¢ O'O .
P - E' = — ‘cos ¢ : (5=-2% i
LS S o OQ . .
“ & < oyo " . ) . ’
“B" =« — sin ¢ (5-3) .
. . ‘ ot . %o o
- 2 o : .

2

. where oovand £ are the respective maximum stress and
B . o [
> ¢ % - .
. strain vdiues atfg.given frequency. In general, E¥*,
¢ E'; E" and ¢ are frequency dependent. If €7 9,

e ) and ¢ can pe detegmined experimentally® both E', the

a o« storageomodulﬁs, and E" % the lIoss moqﬁlgs ¢an be found
0 at each frequency of. the stressing funqtion.°

b) Apparatué and” Experimental Procedure .

The apparatus“usea-fbr subjecting the chdrdae to

P - N

uniaxial sinusocidal tensile stress variations.is shown - '
' . ‘ ¢ - .

. o

.. M o Y
. 3 in figure 5.2.° Essentially it consisted of a motor coupled
‘to a system of gears which drove a connector rod attached -

L

P
© . ] , * . .
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Figure 5.2. Diagram of theoapbaratUS”used for the

o .

‘uniaxial and sinugoidal stretdhi?g of chordae tendineae.
S ,
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-

to a parallei-plate clamping device, at 5 different

preset frequencies. Atached ‘to the clamp and resting

.vertféally on it was the core bf a,linéer variable ¢
differential trénsformef (LVDT, Schaevitz,,type 160 MHR),

which according to the manufacturer's specifications,
i

. offered negligiblefrictionchujngﬁuse; The LVDT'measured

~ the movement of the clemp and hence the stretch on the

- » f . L4 -

tissue. The force exerted on the stretched tissue was

-meesured by a*force—displabement transducer (Gtass,"
model FT.03C with black sprlng, dlsplacement rate %
0.5 mm/kg), whlch also carrled absecond parallel plate
clamplng dev1ce.( These clamps were found to hold ‘the
spec1mens flrmly w1thout slipping (see chapter 3). To

| stretch Ehe chordae sinusoidally, the specimen under study
was.held vertically between the c;amps as shown .in
figure 5.2. ‘A slight initial teosion of about 7 gms o
was appiied.‘ This produced an initial strain id thetel )

+ order of 1% on the_epecimens. . The tissue %és then sub-
jected to repeatedfstretcﬁee°by the sinusoidal upward and
downward motion- of the upper'clamps; Signaie from
the LVDT and the force transducer were connected to
the ampllfler assembly of the Beckman Dynograph recorder
(type M) . 7 TQe a%pllﬁled s;gnals were theh oonpected* '

B - . to q,storage oscilloscope (Tektronix 5103N). As the tissue

) Qas sinusoidally stre&ched,two siyniusoidal traces .of applied

stretch and the”resulting force were dispiayed on the

’




@

<
>

oscilloscope. Any phase shift between the applied stfeteh‘

and the resulting force would‘appeaf as a phase

shift between the peaks‘of these 2 traces. When, a

0 \ < _
steady—state_condition was reached, permanent photo-

graphic records of these traces were taken. ,

. . - %
;. Seventy-two chordae from 19 mitral valves (11 males,

'8 females, ages 31-76) were tested. The specimens were
selécted from patients with no clinical record of mitral
valve disease and whose valves appeared normal at. autopsy.

The valves;wefe‘removed not ‘more than 12 hours after
death and storedﬁin 0.01% merthiolate, 0.9% saline solu-

tion, at 6°C until testing. Only chordae whose cross-

A
sectional area were nearly uniform were selected for

“——testing and .the mean crosefsectional area of each chorda
was obtained with a travelling microscope. §Since the
N / . .
mechanical properties had previously been showrn to be .’

dependent on the thlckness bf the chordae (chapter 3),

';he spec1mens were ClaSSlfbed 1nto 4 size. groups and tested
—

'at three dlfferent levels of - straln at a: rooh temperature

(-4

of 22 + 1°c and not more than 3 days after removal from

the heart. qulngvgh;s.permcd of etorage no observable

. Tw
changes in mechanical response was detected.,

Throughout each experlment, the spe01men was kept

m01st by wrapplng it with a plece of tlssue paper soaked

£ ®

in sallne. " Each spec1men was stretdhed to one selected

-




/\/\ "‘ ' . -’/‘ Sy !

¢ . . . - * ’ -;
level of strain at the 5 differenf stressing frequencles: -

The initial- lengths of all specjmens were kept conétant;,
‘ _ N ‘ ; :
_at 0.8 cm, and care was téggﬁ to- ensure that the speci-

mens were vertically mountes. ‘

o

From the peaks of thé sinusoidal force and stretch

a

traces and knowing the créss-éqctional area, .and the

. Y . . . 3 - ~
initial length, values of the maximum stress, Oo- , and

- - .
- L3

the maximum strain, ¢ , were dvaluated. Any motion

0

of the force transducer was corrected accordingly.

The phase lag- ¢ measured in radians was calculated from . .
. P4
g r !
¢ = 2mwfAt (5-4)

where f was the frequency of tﬁe forging func;ion and

At whs_the time difference between the occurrence of the
peaks of the force‘andJstretchAcurves. Any phase shift
due to tﬁe equipmentaitself Was,also corrected accordinglf.
Equations (5;2[ and (5-3) Qere £hehmused to evaluaté E',

the storage modulus, and E", the loss modulus.
; - R . '4‘ ,.‘

3. RESULTS )

., Figume 5.3(A) shows typical oscilloscope traeings

4+

-0of the imposed sinusoidal.est)retch and the corresponding sin-
. . ) 1
usoidal force  on the .tisgué. In order to determine the

»

phase shift between these 2 treqes with greater accuracy

tﬁe.peaks of the traces were enlgfged and sweep rate on

- o




Figure 5.3. h.typ%cal résponse trace taken from the

v

e
oscilloscope . Chordae tendineae were'stretched
siﬁusoidally»about mean strains of 3.25%, 4.75% and

5.0%. ‘ - .

(A) Lower trace shows the sinusoidally

applied stretch and the fop trace the corresponding
. 3 &

»

sinusoidél force on the chordae. .

{(B) Peaks of the force and stretch traces

.

¢ ’ 4
enlarged and sweep rate incregsed for measurement of .

(3

phase shift.







Cl

©

AN ' .

the oscilloscope increased. For both the piétures the

o .
<

k]

lower trace was for the sinusoidal applied s@retch and

the uUpper trace the corresponding:sinusoidal5force. e .
Sihce ﬁh% results in figure 5.3(A) show that the

forcée®ind stretch traces were good approximat}ons to
1

sine waves, (in that when the traces were ;ub\;cted to .
&
Fourier analysis, the variancecof thg fundamental harmonic

'accounts for more than 95% of the total~varian e of the’ : °

.
>

series), the use of equations5-2 and 5-3 for th%ﬂevﬁl—

N °

uation of E! and E" was justified.

o

Table 5-I shows the average stress leVelq at the

<

‘various strains. It was fbund that the stress d veloped 4

L4

was independent of the applied frequency and thaﬁ'the

thinner the choraae»the:largér the stress for théxéame

amount of strain._This finding was in agreement'wfthimy

prévious étuéy on duasi—static properties (see ;ha&ter 3)f
Figures 5.4 and 5.5 present the storage deh £s

’E} for the wvarious ﬁﬁEquenc:eq applied. ~As'e%pécteéw X

3

. . ) o . . - \ )
since stress yas independent of g;equency, the correépond—
¢ . ) : - W

LR [*4 - N
irg E' values were found to behave in a similar mannen.
. . A ) °
An inverse relation between chgrdal thickness and E' wds -
N - . \

. i ‘ ) . * 3
again observed. The average values of the storage mod-

A
LAY

uhf}fbf the different sized chordae at the different

strdin levels are also shown- in Table: 5-I. €~' \y
Figure 5. 6 shows the variation of the phase lag, 'y

9 °s

‘with® frequenéy. The ¢ values appeared to decrease with e -

increasing frequency. A straight ‘line fit to the data ‘
poinﬁé gave a rqgresgion'coefficient of, -0.0042 which was o

€ !
, ° .
“ -

o
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Stress and storage modulus values for different
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X TABLE 5-1
'\f ) i ‘Stress values,0p 4+ SE (x 107 dyn ém_?)
EE Cross-sectional o . e -
- area (sz) - . ' Percentage Stralltl'
' e ' 6.5 ° 9.5 -10.0
. 0.001-0.003 ¥ 8.85+0.28 18.51+0.64
"0.004-0.006 " 4.30+0.22 =~ ey
0.006-0.008 '2.82+0.11 © - 5.56+0.37 -
0.01 -0.08 1.23+0.04 . *
P . s 1
1 - ’ | ' 4 i ' 8‘ . "'2
T Storage modulus, E' + SE x 10 dyn cm 7)
’ , — ' _ - . o ( - - S,\
. Cross-sectional . - ) - i 5
area (cmz) - g . .Per;‘centage strain ' :
: 6.5 . 9.5 . 10.0 - °
. 0.001-0.003 13.63+0.79 -  18.55+0460
"0.004-0.006 6.79+0.41 - : - . ¢
sl 0-006-0.008 - 4.45+0.18.° ° 5.89+0.41 , - * S
"~ 0.01%~0.02- 1.84+0.05 . - s
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Figure 5.4. Graph shows the storage modulus, ‘E', versus
. LY . . v ’ﬂ
. + . . . N
= frequency at 6.5% strain. "Area" in this anhd subsequent
+ « . - . \ - +
- figures in this chapter is used to denote cross-sec-
& 1 A .‘ ’ ' . 7
, tional area of°the chordae. The vertical bars iAdicate
ome standard error of £he mean. The sample size for.
. each of the'p"pﬂnts in this figure- and figures 5.5, to
. P . . ) o <
= . 7 5.8 ranges from.5 to 11l. g
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Figurée 5.5. Storage modulus, E', versus frequency at

* 10.0% -and 9.5% strain.
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found to be significantly different éroﬁ'zero P <0.001).

The phase‘lag at each frequency was fouzd~to be lpdepen—

dent of chordal size and strain level. Since q debreasea‘

with-freduency so would the loss modulus. The behaviour
.of E" with rrequency is presented in Figures 5.7 and |

5.8. Since ¢ was independent of choroal size Eut_stress

decreased with chordal size E" was aiso seen to behave

in like manner. The regreSSion coefficients from straight

line fits show that the slopes of the’ various E" plots
j

were significantly dlfferent from zero and their values

are shown in Table 5-1II. °

As with my previous study (chapter 3) with syngle

un1ax1al tensile stretches, the results in this lnvestlga—

™~

tion did not appear to vary with either sex or age (31-76

years) .

4. DISCUSSION

" Since ’o’rdae tendineae of the mitral valve (and

jﬁsd of the tricuspid valve) are'repeatedly stretched

7

throughout the entire. life of an..individual, the tissue
AN

was subjected to 51milar stress variations to elicit its
4

v1scoelast1c propertles.” The frequency range employed
1ncluded the phy51ologlcal rates that the tlssue would

likely experlence durlng normal function. Due to the'

oL T , . . f
limitations pf .the experimental technique, response at
P . L4 R -

»
A~




D) .
. . -
-
‘a
'
«
k . -
AN s R
-
. -? .
v D
N -
. »
- R R -
.
.
» -
, -
¢
- »
’
-
r - .
o - . /
e
s ,
! >
i
-
N -
. - %
¢
«
. R
v
v . « *
.
3
i

s . - . ‘ {o ‘
' o r . o \\,..___W__,g__,,wv_;m __'_._,,g,“__,vw.

4 . e
s R ‘ : ’ -
' , : . ’
) Figure 5.7. Plot of the loss modulus, E", versus frequency
' . . . ° ¢ a 5 . )
at 6.5% strain. Vertical. bars denote one standaxd error.
L K » ‘ . - :
r ¢ . . '
B - - N \-]
. . , P
“ )
4 ., ° x
. - ’ . -
— .
{ ' | '
’ ° [
b @ 1
Vv '
. . - ) ° g ‘




é e e - ,
R - . '
s-").“ " 4“ - 1 ‘1 ,3 ’
~ . . ’
r +
»
.- )
. | . T L ) )] - -1 .0 N I . s -
, ‘ Strain = 0.065 Area in cm? ' .
| . ! e
. ] o 0.001 - 0.003 b .
sy N '

.
oo
T
N
»

0.004'- 0.0C6

I a  0.006 ;,Q.ooa.
7 o B

< ‘ e 0.0 - 0.02

(X107 DYNES. CM
/
i

- ) \\ ° ' E)
6 - ~ -
. ~< B B K . )
L) \,\:—/““ N
v ) ~
N ~
/ TN ’ .
. L ~
: 5 \\\ ' .
. ~
. S 3
, - -
172 -~ \\\
° . : 4 ’ S ) °
. » I3 ~a i .
2 . ~d
. . ~ .
o N . N .
. ~
/ , o -~ - . * .

LOSS
N
I
ll .
-
I
/
/
|
/
/
[
/
/
/
/
/
/
I

[} T ——
- ..‘
£ . -~ —~—
. , ——
. - -—
LI e S & ¢ - .
e —
. e —————— -
! ) I g -
e e
. — — _{_
* .\
a 1 1 1 1 1 1 <
v




1 t e-q
c. ) ¢ ©
2 »>
_‘ , o -
2 . ) [
. - * °e
¢ : d =
a.” 3 . ’ :
. - . . o o
- 3 . R °
. . - .
. ‘: . b -, «© 1
~ -4 : ’ o ’
. . “ ]
« Figure 5.8. Less modulus, E", versus frequency at 10.0% '
. " . Q

T ‘ and 9.5% strain. Vertical bars denote one st§ndard .

~

.

. , error. ’ . , ..




© ¢ Y
4 N °
< r * .
- e €
o e )
) .
Sy
*
. [ LI
, -
- v 2
s - ’ y . )
. R
,
j y .
b
, . . [ ] ©

PR ¥ =T T T .1 .
° & : ' * !

o

'Y

. Area'in cm2 ..

10F - ,
' . o "0.001-0.003 -

° : A 0.006-8.008

e

-

AN . - -

‘

o

n

(X10 7’DYNES CM™2)
Q0
B
/
/
)

-

MODULUS
N
;
/
1

/
/

o e

2. - T~ stfain=0.095.

2 —

<
]
. — .
b
o N B I
© PR '3 s ) [ TS
. " “ . s . B .
B

..LOSS
—t
/

-




o & : . .
TABLE 5-I1 p : .

* €

- -
N 3

. Regression éoeffic%eﬁéé of the logs modulus?

versus frequency graphs for different si;ed chordae

‘tendineae and for different leﬁels of strairt. All

[

! 4
the regression coeff

icients were found to be signi-

ficantly.different from zero.
‘ e
-
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. 1.48
f lqyér strains, ihough;desirable, cqpld'ﬁot be ac¢gurately ,
@ studied and hence was not pegfdrmed.: |
bl The independence of:séfeséiaﬁd; ﬁénée storage v
- e’ . ~
‘médulus, aﬁ a‘particulér'st;ain, with'frequgnéy'is an - Tw .

- * - - - *

- advéh%%géous fﬁeture. .This_wou}drensure.that’thé chordae“ .

N - are noE OVerstr;§§éd’w%th an increase- in heart:rage. '

S The low ¢ values indicate that tge:qhoféae would
return ver§ ¥é?idly and ?lﬁbst Eompieteiy to their oFig;nal
;- -.'iéhgyp‘wheg éhe stress dérthg& is remQVedj “fhis is in ’ -
‘Fgg;eeqént with‘the,studies of Ckark'(197ji wykfe he_iépsy-
":Fed ﬁhét the elastic reéd&E}Y'ﬁés greater than 98%. This
wouh;im a necessary property fo;;g étrﬁcture éhat is

Y
1

stre%ched‘abou;'z‘x iOQ times during a normail iifespaﬁ.

P 2

B N T inéep?ndence of phasé lag with chordal size-and
strain: 1 vel.would

enable a smooth and even closufe of the
valve. en the valve closes, the differenht sized choxr- R
. "’ “r . : X . .- .

o

dae onsany'singie valve would?bs.stretched by différeﬁ%
jdmountsZ'Sh?ﬁld?thé phase fégAbglweép stfess and rgspﬁnseﬂ
be‘daéenQené‘oﬁ fhe sizgiof ¢hérdae éqg strain levél,iit‘
would~imp1{ that certaih.chordé% would Sttaip'iheir max£4 K ' .
: . - . « v e . S .
nﬁqm"étrain before others, thu;'upééttinq the émooth o

> !

) - < e

‘'~ anhd even -closure. - e
‘..’/ Lo . R4 °

-

. . . ¢ v . K
g . H*The_finding that both phgse lag and loss modulus . . .) T

L/ ‘- 1*
, T - g B i
thé chordae’ do i%t, -

. behave like an ‘'orthodox’ viscoelastic. substance. . B
N . . . T .

.decreased‘%ith fré&ﬁenqy'éhows ﬁhgf

¢




-~

- . a
. LN . 9

S . e

Hoﬁever,°this property is both advantageous and desir—.

able in that it WOula allow the chordae to reSpohd more

N

qulckly than llnear materlal at rncreased heart rates.
. v .

tole as to render the proper functlonlng of the valve
1mp0551ble at.elevated heart dtes. .

The results'reoorfed in this investigation indicatel

<

that chordae tendlﬁeae possess propertres ‘that are pér—
o¢

>

tlnent and advantageous for the _proper and coordlnated

,functlonlng af the=mrtral valve.

x4

5. .SUMMARY °

K
‘e

‘ Chord‘ae tendlneae are ‘under constant dynamlc stress
LI .

_and, therefore, measurements ‘of statlc pﬁOpertles alone
L 4 o 4y

canno% provrde a compIete analysls of thelr mechanical -
/

response under stress. This study’ 1nvest1gate& the

t ~ s - -
dynamic‘viscoelastic properties of human mitral valve

RS . . Sk to

chordae tendineae. The trssue &as subjeoted to sinus-

oldal stress varlatlons over a frequency range of 0.42
to 6463-Hz. ‘At a fixed straanAthe storage modulus, EE’
.Qas'fOund to he'indepenaent of applied frequen%y but

e . LI *

varled 1nVerSe1y w1th chordal thlckness. Values»in‘the

order dE 10 to. ;0 dynes cm “2 ere fognd. E' aisd

N

1ncreased wrth straln 1evel. Therﬁhase lag, ¢, between

stress;ng functlon and response was found to be small




e
v

E}

and décreaséd’@ith frequency,
i - ¥

(0.02 to 0.068 radians)

thus'allowingiavqone rapid response (than a linear

. 'viscoelastic material) at elevated heart tateés. _Phi

o »
’ .

* values at each5ffequenby,we}é“found to be independent

v

" of chordal size and strain level. This‘proggrty wguld
"enable a smooth and aven cidsu;e of the mitral valve.

The lass modulus, ﬁ", was found tO'bé 18 to 50 times °®

{

Pl
b

~

smillar than E'. ‘Tﬁis implied an almost comﬁlete re-

. . . ) - - - . N
covery on removal of any. stress on the tissue. E',
which also decreased with frequency, was found to be

B [

"smaller for the larger chordae.

.
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] ) ' CHAPTER 6 ' o :

-

, THE LOW FREQUENCY DYNAMIC V;SCOELASTICITY OF THE

ANTERIOR LEAFLET OF THE HUMAN MITRAL VALVE :

- . i

- ] LY . .o . ‘ ’ A " P4
- 1. INTRODUCTION o _ ' -

r

»The mitral valve is in a dynamic state of stress in
Vivo; therefore, ip this study the dynamic v15coelast1c1ty
R .
ot human mltral valve leaflets for low stressing fre-

,quencxes was invesktigated. Membranous samples were used,

instead of strips.of.the valbe tissue for, owing to the

arrangement of the connective fibres, cut edges of strips '

could p0531b1y weaken the tissue and, hence, ' lead to ’ .
incorrect 1nformqtion on its«mechanical response.: . ‘

- 2. METHQD . : - . : .

o ¢ o . o . | . .
a a) Theerz . o ’ . 'ﬁ? | . . i
When a linear viscoelastic material.is subjected to  *
'sinusoida;)mechanicgl stress, ¢ , the resulting, = ', is
— 4 . " .

] . . ) ' '
also sinusoidal. but will be ¢ radians out of phase with
-~ the stress. The dynamic elastic modulus E* can ther be ‘ .
j vritten as a complex ratio.®

E¥* = = = E' 4+ iE" \ (6-1)



FERr

.anHvE", t/™ loss modulus is given by

) at,highqr frequencies. . . : " ‘
: L .. , .

o
where E!, the.storage modulus is given by
. , o .
JE' = =2 cos ¢ ) (6-2)
. 0 - )

AY ' - O ) .
E" = —> sin ¢ , (6-3)

O

)
4

where Oo . and co are the max1mum stress and strain and

4

»e v
!g;>\have'to-be defermlned ‘experimentally. (see chapter

5 for a Qﬁ%e detailed discussion).

b) . Agﬁgﬁstus and Experimentai Procedures o o
Flgure 6+1 shows the apcﬁfatus used to investlgate

the dynamlc v1scoelast1c1ty (i.e. to*®experimentally deter
e .

« L4 ) 13 [ ) . ) .
mine o_ the maximum stress, €, the maximum strain and
L4 ‘ .

- i -."‘ N 'l
¢ +-, the phHase shift) of membranous;.samples pf human mitral

valve tissdei An écrylic plexiglessycylinder of internal

diameter 1 cm had a circular opening of diameter 1 cm:at
. ¢ .

. . : .. T ' 4
one end and carried a.piston at .the other. The piston was
. . n- ’* . . ) ..' - )
operated hy an AC-DC Universal gear motor (Bodihe Type NSE-

" 11R Model 108) cbnnected to-a frequehcy contrci built in

our laporatory Connected between the motor and the plston

a2t
was an electromagnetic clutch ‘with sprlab brake (Pre0151on

InStrumen%s DX79) and a micro-switch. This assembly allows -

LY / - -

-'haif—cyq;e operations to be performed with greater éccuracy

@




rg

-

Figure 6YL. Diagram of the apparatu

-

membranous samples of the mitral and aortic val

leaflets.
.
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*

Mounted on the 1 cm diéﬁetér opening of the cyliﬂ%‘

der wete 2 annular.rings of acrylic plexiglass which

r e .

served as clamps. The fings had internal diameters of 1
cm and were constructed such that the lower ring had a B
, ' - é}gove running atound its orifice and placal 1 mm away

o from it. At this sahe position, the upper removable ring- -
. - \ . i .
N had an elevated €lrcular structure so, that the rings .

n

fitted closely when a piece of material was sandwiched:

between them. This design of the .clamps held the material
~ . ) "y S

firmly preventing slippage.

~N ) .

- ) i

" The cylinder was éémplg;ely~f11}gd Y}th O.é% salf&e
solution and when‘;ressﬁrg was appiied by moving the‘

. " piston inwards, aﬁy material moqued*én the ciamps‘would.
be gtrétched and, hence, wdufd bulge upwards. ;ﬁe appiiea_

' [

« pressure was measu}gd by a pressure transducer (Statham

. ’ BZBDﬁc) connected-to the side of the cylinder:and the
height of the bulge was measured by a }ight?weight core **

N ‘(0.52 gms)® linelr v%xiab?e diffe}ential‘éransformer (LVDT,
) ' ¢ o
* Schaevitz, type 100 MHR, which according to the manufag;

turer's épecifications, offered negligible friction during
use). The core of the LVDT was attached to one end of a
small,;very light yooaen:splint whose other end-:rested on

the top surface'af the tissue (see figure 6.1) . Contact
between the é%ténded core and the tissue was+found to be
[ Y <t ) R - - : 1.
.maintained at all times for all the experiments. Sjignals
L,. ' (< ” . - : ' . . ) N 0
( " ) w7 L, . ' -

-
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from both the transdﬁcers were fed into the amplifier
+ o i ‘ e
assembly of 'a Beckman Dynbgraph_recdrder (type RM) and

S the amplified signals were displayed on a storage oséilf
, loscope (Tektronix 5103N). .If the piston was made to
move.in a sinusoidal fashion, sindsoidal pressure varia-

LY .

tiens would. be sent down the cylinder and these would . . -

cause a-sfnusoidal bulging of whatever maPerial that was
clamped to théVOpenihg. Hence, the oecilloscope would.
display 2 sinusoidal traces of pressure (P) and bulge

height (h) Sg‘thé same frequency. . Any phase shift ()
¥ ki
between the applied 51nu501dal stress and the resultlng

Y

51nu501dal strain would be dlsplayed as a phase Shlft

" -

betweeh the pressure and bulge eight traces. o ‘ »
Eighteen human m1tra1 vallves (ages 26-78, 7 ’

_ females, ll males) from patle s who had no clinical record

-

of mitral valve dlsease and which appeared normal at
rautopsy were used. Thé vy}ves were removed not more than
. > “ e y
12‘h9urs;after,death and kept in 0.9% saline, 0.01% mer-

. ' I
. thiolate solution at a temperature of GOC until testinq.

‘Since the anterlogfleaflet of the m1tra1 valve has the

P

. largest surﬁa;e/ﬁiea and covers most of the left atrioven-

tricular orifice, it was used in the experiments and pieces
0 ~ ' / - , :
of diametet greater than 1 cm were'cut’jrom A region with €.

as’ unlform a thlckness as pcs51ble. A plece‘of the tzssie .

. was then placed OVEI the opendng of the .saline filled

H

\
. . .

4 . s -> ‘ A ' - . o~ .

. A ‘

v ' , . . .
’ . - .
. .
.
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‘cylinderlanq c¢lamped. During the filling of the cylihder

and the fastening .of tissues, care was taken.to ensure

- .

that no air bubbles were trapged. As the ventricular

" aspect of the @itrhl‘valve is the surface-where pressure

~

fs applied in the in vivo state, Qhe'tisshes_were mounted

-

with the ventricular aéﬁect'é;wﬁﬂ‘ ‘The ﬁount!‘ tissue’
‘was then éubjecteq to sinuébida} pressure variations
and the resulting préésure applied (?).and thé buige
heiéht (h)“were‘gimultaneousif‘regordéd when a steady state

, was achieﬁed. Throughout the experiment the upper exposed

s

surface of the tissue was kept moist. Permanent records

.in fhe form of'photbgraphs were taken of these traces,

and from them, ualuég\o stress and strain could be cal-

culated. In order to incréase the accuracy in the -deter-

L]

ﬁinatign of - the p?agé‘shift; traces at high sweep rates

and WJ.}{K the peak regions enlarged viez:e al“co;ded.
N . 3 T ' ~ ) ’ ’ )
. Each membrahqus, sample was subject%§ to sinusoidal stress
L L c o ’ \ 3
’ ~
ﬁ at 5 different frequencies ranging- from 0.5 Hz to 5 Hz '@~
’ . . , . .

and all the éxpeximents were performed at a room tempér4

‘

~ature of 22 i.loc and not more than 5 days after removal
. . Lo Coes
from the heart. For the stresses Sbﬁiied, it was observed
+ f’ . R

-

that the bulge appeared -as spherical caps.. To obtain 4
stress values from the medsured pressure values, the

average thickness of the almost‘upiform'sample“waé re--

-

‘quired, andfthis’haﬁ obtained with a travelling microscope.

{




c) Analysis.

Singe o_, the maximum stress and €, .the maximum

4 -

strai ere fequired they had to be calculated from the

o

measured pressure (P) and bulge height (h) values.
», e ® :. . 4 "J' ,‘ﬂ . °n" ’ /

' For a segment of a sphere cut by a single plane of ° .

radius r, the area A of the conveﬂ surface is given by

A = 7(r? + n? ) (6-4)

h A 8
where h is the hElght‘Of the cut segment of the sphere '

. For a thin 'piece of t1§sue stretched’ to  form part of a

P sphere from a plane configuration; h would be the height

‘ of the bulge and r the radius of the oi;glnal c1rcu1ar )

\

unstretched tissue. Hence, the initial sur{ece area of

»

the.uns;retched tissue was | ‘ : ‘ x
: ] Ay, =, "’YQ . f (6-5) -\
- , 4 N - $_
Therefore, the increase ¥n area was "AA = A =~ Al s?'f;
- ‘ - . . * -
; = h2. Hence, the #eal strain’
* ) ~ - 4AA _ h : < (6-B) .
E e = F = 5 ' (6-56) .

- ¢ o] r
Therefore €y the max1mum straln could be calculaxed from

»
equation (6-6) when the bulge helght h was maximum.

If we neglect the small edge effects and' the low

RS

bending stresses, the Law of Laplace can be applied to .
'y . t - - L.

/
dedute the stress on the tissues., For ,a membrane forming
part of a -sphere the Law of Laplace etatesfthat .

= 2T YR
, P o= = : ;(5 7)

L]




159
where P is the preesureLdifference.apélied across the c
mémbrazf T the.tensile force per unit length on the
membrane and R the radius of curvature of the spherlcal ' 5 "
surface. Slmple calculatlons show thatrR is related to - (
‘the bulge height h by ‘ _
n . L o r2len® T (6-8)
Hence, o :. L. ) E . .
o= RlZsnd) . (-é-—e)c "
-in this study P was measured gauge pressure and if d

was the thi¢kness of the membrane, then the stress o on

the membrane is ’ . e s
y : 2 2, - MR

. - N _ P(r‘ + n%) o -

‘ o = T . (6-T0) .

< .
° oc ¢ PR

The maximuﬁ stress, Oo was ealculated from equatlon (6 1D)

e

-

2

when P was maxlmum, and r 1nﬁthls étudy was 0 5 cm. R e

Hence from the max1mum P and h values from each

<

trace, and know1pg r and db,ooi and Eo and, therefore the

storage modulus E' and the loss modulus E" could -be cal-

‘e - > . -

culated'forgeach frequency. . ¥ .
In the aﬂove énalysis several aésumptione were made;

namqﬂy, the bendlng stresses ‘and edge effects. due to clamp—

,ing of the spéc1menfwere-negllg1ble and that the spherlcal

cap formed was thin walled These assumptlons have ton

be Justlfled.. : ; . g e L "‘ o -




» of thoracic aorta from dogs were testéd. The, results

<t )

| | : 160

In eﬁgineering practice, it is customary t‘c? con-

. ‘sider a surface as thin walled if thé g ratio is apprqxr
imatelyhlo or larger. In my :expériments, the bulge
heighf was typically of the order of 0.1 cm and this
‘gives a R value of abouﬁ l:3 “em. Sincé d wa%laléo of
the order of 0.1 cm the g‘ratio is’about113. Hence, the

’pssgmpt;oh of a thin walled spherical cap is justified.

’ As is known in the theory of plates -and shells
(Flugge, 1960)  the bending rigidity of a~t#fin isotropic i
piaté or a’thin s?éll is proportional to the third power
of thz wall thickneés wheré%s thg exténsionai';igidity is
proportional to the wall thickness. Sinéeythe thickness
ofhthe:specimens was mostly Qf the order of 0.1 cm or
less  the bending stresses wdu&d’ﬁe éma;l compared to the
extensidnalr strésses. .

To show that the edge effects were‘hegligible,

experiments were performed with a piece of rubber using 2

different openings of the chinder,of dia

l*_r 0.6.cm and
1.0 cm. At the same strain, the results obtained with "”
B : , A

-"the piece of rubberwere comparable, difﬁering by;iess

than 5%, thus indiéa;ipg that the edge effects can be ,
ignored. . . ’ ' - .
g9 ‘ o . o ?} .

To- show further that the experimeﬁtal technique and
the analysis¢ with its approximations.were valid, pieﬂés .

obtained were comparable in magnittude t6 those reported

by Bergel (1961) and Patel et al (1970)..
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el 2 .
Figure 6.2 (BY shows such an enlarged trace (top§ pressure;
. - *

1duite'readi1y seen, and theé response ibulging height -

{pressure trace). Since these traces were obtained as a .
_variation with time on fhe'oscilloscope the phase shift '
¢ {radians) was obtained from the following formula -
"¢ = 27 f-At e ©(6-11) )
. i : ] —— ( V.
where f wag the'impoéed frequency in hertz and At :in -

and a stralght llne flt to the experlmental p01nts showed ‘

v *

3.  RESULTS -

. v

© " Figure 6.2(A) shows a typical oscilloscope trace L

of the 1mposed 51nu501da1 pPressure (top trace) and the

-

corresponding resultlng SlﬂUSOldal bulglng of the tlssue

(bottem trace). It was observed from such traces that
e { .

at low sweep rates the phase shift between the 2 traces
2 . . o <

was‘hardiy discernable and in order to visualize a pos-
sible phase shift with any. degree of-'accqracy, the peaks
. . M , . o

of the 2 traces were enlarged and the sweep rate increased.

£
. . N B

‘ Al
bottom, bulge height) where the phase shift can.now be

trace) was observed to lag behind the forcing function

' T . . g . " sy
seconds was the time difference observed between the occur-

-—

rénce of the 2 peaks. -

The reSults of Flgureb 6 3 to 6.6 cover a small.range

of areal straln of 1.5% to 5% Flgure 6 3 is a plot of the . <

observed phase‘lag ¢ for 5 dlfferent frequency values. There

‘.appeared tq be a gradhal 1ncrease of ¢ as frequency’ 1ncféased

. oy ”
» , - . ’ .
- . L]

. , 1
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.

* >

- "- . e . . Col .
Figqur® 6.2. An Actual typical response curve taken from

~

the oscilloscope. (A) Top curve shows theée ih§oseﬂ sinus-

oidal pressure variations and the 1

ower trace the_ . .

.

- -

. - . - L v R
resulting sinusoidal bulging of:the mitral leaflet. .
N . - o \_ - ..
- * ' ~(B) Peaks of the-pressuyre and bulge

- =
- -

‘height trace$ qnlﬁrged and ﬁhe;sweep‘@ﬁte increased.







:

. ' . ‘
< . . * - ' -4 ¢ ¢
. - ° . N R ) - ‘
PN . : ) _/'
< R E : -’ ) ¢
o ' “. -
»
5 » : 2
- Tw- . -
. {
H » - ’ 2 P i
< Ed . ',
. - : . L)
k . % ~ - bE'S / R
. A 3
¢ R e . .
Figure 6.3. Phase lngQ , between the stressing.function j\ ! ’
A and the response, plotted -against frequency. The |
.l X i , - . = . I
vertical bars show the standard error' and the 'dotted
linés indicate the 95% confidence;interval for the
- w o v .

. ? R T, ] N
true regression line. Co

L]
- hd 3
" -
. »
) \ . . ~
- . -
1) * A
LY
| L]
‘ L] .
- )
.
£ . . . , .
P
- e, ¢
' ’ ‘ o
. . -
‘ .
« " .. ’ ~ - L
' o
P"" . -~
' -
. he N N I3 ~ ) -
> 'Y )
P
L] Eal
'
«




>

ANS) -

- ¢ (RADK

-

LAG
o.-
O
O

PHASE

&

010

~ “0.08

. R oo
« . 1
1 2
» .

 FREQUENC

Y




A

\\~ . . .o. Bk ' ! .
. %<;;\\£ The dynamlc modu11 were found ‘to be similar for\%>
. . ) S

:% both

. X ) . S, . . 1{35‘
that the- slope.was s%gnlflcantly dlfferent from zero

. L]

.(P < 0.001), with a regre$51on coeff1c1ent of 0. 0052{(SE =

O 0012). thus there was an 1ncrease in phase lﬁ§°wa
- frequency. For phy51oioglca1 frequenc1es, é was small

Small ¢'velues indicate that\the tissue has little viscous
» . , ¥ .
resistance and, hence, would recover very rapidly to

itsworiginal étate when the stress on it is removed.

. Figure 6.4 ehow§'§g; variatioﬁe pf the. dynamic
modulus with frequency. The top cﬁrve is a graph of the
in phase or storage modulus E' ‘versus frequency. The j

-

slope of the best straight llne was’ found to be not 51g-.

\ nlflcantly dlfferent from zero (P‘> 0. 3) Thus, E' was

qulte 1ndependent of the frequency values 1nvest1gated and

- an average- value of 2.55 (SE = 0.12) x 108 .dynes cm 2’w.'sts"
‘ )

found ' The lower group of experimental points show the

o
relatlon of the out of phase or loss modulus “E" with fre-~

quency As expected, since ‘¢ 1n¢reased w1th frequency, E"
L4 .‘

was observed to- behave 1n a 51m11ar nanner, and the best

’ / a

strelght line flt had a slope that was 51gn1f1cantly dlffer*K

ent frog\zero (P < 0, 001), w1th a regre551on coeff1c1ent

L
o, N &
" ¢ . e

.. oflm. ols (6E = o 008). . - R

\xee, Of the 18 .valves 'studied, 3 were from patients
" S - . " o8 '
below 40 yeaféxof age and the rest were 54 years and = . oo

gvér. For the leIEET\group, themmodull were found to be . T
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~,quiteh ihdependent of afje. Thoﬁgh statistical analysis

-
\

.

4 e
showed that the 3 relatively youhg cases werea similar to
. : ‘ . -

s v

the older age group, we cannot however make any definite

conclhaions about dependency on age for the grqup'ag’a

*

’Whole as the sample size was small fo} the younger age
group. . ‘ . ~.,' o '

IIn order to prov}de a clearer- idea of the pressure
required to strain the'tiséue,‘Figore 6.5 is-presehteo‘aa

a graph Qf preszrre per millimetre of tissue thickness »

re@élred to pro ce the correspondlng areal stra;n. Sinee
- ~
. tissue thickness was typlcally in the order .of 1 mm, thls L e

walue was chosen.. The scatter of dat3 pornts gould*be

- ’,._f‘

%

dué to the se of‘dlffer%nt~3§&b1mens, The best straight

line.fit o} the dataypdlnts, shows that for every 1ncreasel

of valve area by l% a pressure oféabout 200 mm Hg was re- . .
) “
qu}red. Thls is far above the normal systol;e—left~veﬁtrl‘

r o T : ~—ee

cular pressure in humans. Slmllar valu s-were fouhd for

'anll thg other f/qae/les anestlgated

'S

4. DLSCUSSION S /
~ ‘w - "" . /rh

The’ approach adopted 1n this study" fc# 1nvestlgat1ng , _

the v1scoelast1c property of the human mitral valve 1eaf1et

' was deslgned td 51mulate the normal conaltlons under whlch :f=‘
. { . . A ' R
) the tlsaue is s‘kessed.' Slqu501dal fluid pressure was used ,°

‘lv . , . ‘
as the imposed stressing function: on the ventricular aspect
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hoow . L

of the valve leaflet, as #n the in vivo condition. This © e

v

. . ‘ .
study differs from other investigatioms on the same topic - .

. ’ ) j : . .
in that dynamic rather than®static responses were inves-

.

) tigated. and membranous samples of tissue rather than
. L S .

strips were used. Fenoglio et al (l972)rnave reported

.

that for canine anterior mitral valve leaflets, collagen 3 .
. Y ‘ R -
fibres originating from the core of chordae tendineae-

cfies-cross as they Soﬁrse towards the mitral‘annulus,
thus producing,a tasket weave effec{. If etrips of tieeoe
a;e cut from 'such an arrgngement and then stressed, the\l
data obtained g@gknot be representatlve O0f the actual
state, as the cutwedges o? such a weave c‘ogld well weaken
the whaﬁs structure. The frequency range-in my study .
was designed to include the spectrum of frequency values‘ \
‘to which a normal functioning valve might be subjeched

o The results presented *n Figdres 6. 3 6.4 and’ﬁ.s .‘"‘
show that the anterlor human mitral v;lve leaflet is a

. rather inexten51ble material w1th a_low. loéﬁ moaulus (E")«

L
L

This’is in contrast 20 materlals llke dog aorta whose

.

dynamic moduli reported by Patel et al (1970) are of the
' ‘¥

order of lO6 dynes cm 2, and which have a higher loss. The
iow loes observed is in fact advantageous to a structure

that is under constant dynamic st;:ess, in that 'enérgy loss .
. , » A . ) - A ’ -

. Will te low and hence heating effects minimal. The rather

high storage modulus (E:& value at low strain could*well -7

, .

. .
» Ed v L4

&

a4




E" with' frequency is somewh similar to tho observed.

for vulcanized rubber over the frequency rapge investigated

- ) . .
(Ferry, 1961). . Hence, any material used a/substitute

., for the mitral valve should be rather inegien ible and

. ' M i

_have. a low loss modulus. .

~ In a normal cardiac cycle, pressure in the left’ .

atrlum is not constant and the atrial pressure curwve shows
B \-\t

. three major pressure elevatlons, the a, ¢, and'v anes

—

(see figure 1.3). The presence ‘of the 'c' wave has been

v

attributed to the bulging of the mitxal valve (and in
- particular the valve leafle£§$vinto the left atrium during
ventricular systole (Guyton, 1971; Massumi et al, 1973).

"Since the left atrium is open to veins which have a large

F

capacitance and low wall distensib{lity any increase in
atrial pressure must nécessérily imply a larg;,vdiume
displacement and hence a considerable bulging of the

. - .

mitral vaive. However, Rushmer et él‘(l956) using cine~ - e

Fem

fluorographic techhiques showed that the excursion of

. . the leaflets.was small and at no time dld the valve ’

L —

edges ascend to the plane of the mitral ring. Their

[

~study therefore 'suggests that the mitral valve-hay_noé

bulge into the left atrium)} Rushmer (1970) also pointed

~

out»;haf the mitral bulging| observed by other inveséigat&té




‘could be due to the fact that exposed or excised hedrts

E]

tend to shrink and function at abnormally small Himens;ons.

n

-Undexr these conditibns, the valves may have a great deal

. more .glack and thus could execute wider excursions.,and
. ""\ . -

[riz

lead to the buiging that was observed. .. v

~

@
-

These differences in opinion on mitral bulging

3 ’

may be resolved by a consideration of the extengibility

of the papillary-muscles, valve leaflets and chordae,

tendineae, since the’ lging of the valve §¥ring ventri-
9 g

cular systole, if present, would

‘\ o . ° N
of these structures. : o o ,
. p .

involve tthe strgtching .-

Grimm, Lendrum and Lin (1975), using cihéradiogfapby,

’

revealed that the papillary muscles of .intact dogs in ’

fact shorten by about 22.8% during cardiac function.

Their results-thus show that the papillary muscles are
.« not -extended dnriné valve closure. ) -

It is also unlikely that the bulging could be
s . ] ~
: attributed ¢to the stretching of the valve leaflets. The
. N : 3 - .
resplts in this chapter show that the higﬂ‘ltorage modulus

of. the valve tissue implies that a large amount of force

is neces%ary to stretch the material, ds refles}ed in the -.

graph of Figuré*

-

6.5. Since maximum systolic left ventri-
cular pressuge is typically'abouf'lZO}man,my results
indicate that-even if.all the.stresseS'oh the mitral. - ’;i

valve were borne by the ,anterior leaflet, the tissue.would °

. . .
4 - . -

,Q
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» L) . ‘
experience strains of less than l%ff'The presence of . ‘<.
chbrdée~tendfseaé would reddce_this'emod;t considerabiy; .
'Theloossible bulginé of the mitral velve cannot, be’ _— - “,'

explalned by the stretchlng of the chordae tendlneae

-

either. Typically there are some 25 first order prlmary >

J‘chordae tendlpeae°(Roberts~and tohen, 1972) wlth.en

. ' c - 4
. ; -3, .2 : .
average cross—sectlonal area of 5 x 10 cm” . The stress .

a

'sustalned by each of these, assumlng a pltral rlng of
about 8.5,cm? ngck, 1952,_Burch and DePasqpale, .1965) ,

*would, be aboum,l X 10 dyfies cm 2. Thlslstress value is

1

similar to that obtained by Sallsbury et al (1963) where ‘ , /

-

they 'attached ﬁorce transducers to the chordae of mongrel

©

dogs and measured the ten51on sustalned in. situ throughout

-

the cardiac cycleu ThrS'stress, applled to the chordae .

At a strain rate of 1600% min_l'produces a strain of, only

about 4% (see chapter 3). In,additioni_the ohordae fur- ) I

. ther dissifate this f%fce by their many branchings, thus e,
reducing the strain. From these-estimates, it can be . § L.
\/ ’ ) ) * a r‘. ‘ ‘

- e

concluded that under normal physiological conditions, the
’ . [ A ‘.

elast$c1ty of the mrtral valve “and chordae tendlneae per-

mits them to withstand nbrmal phy51olog1cal stress w1th s e
‘e
negllglble stretchlng Thl&,observatlon, together w1th " -

" the shortenlng of ‘the papillary" muscIesh.makesqlt'unllkely
Ve

1 . .1

'that the mltral valve would bulge 1nto the left atrlum to

. L]

produce tﬁe atrial 'c wave. . | . R

—
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5. SUMARY T o '

- Pl B Y . . .
The"dynaMLc v1scoe1ast1c1tyyof the. anterlor leaflet -t

O.

)
.

of human mitral valves was 1nvest1gated b%_subjectlng

the ventrlcular aspect of membranous samples of the
-

tlssde to 51nu501da1 fluid pressures. The frequenby

range of’ the stre531ng functlon used was from 0.5 Hz to
+5 Hz. The storage modulus of the tlssue was found to be
" independent of the stresslng frequency and an average

R 3 . . . ) -
. value of 2.55 (SE = 0« 12) X 10? dynes'cm 2 was observed

LosSes were small and the phase ‘shift between stre551ng

function and resulting straln and hence the loss modulus

-

-

increased with frequency.. For the %requency ranée inves—
- . . . -

tigated the phase shift varied £rém.0.04 to 0.06 radians

7 dynes cm 2.

S v

and the loss modulus was of the order of lO

£

From the observed data it'was concluded that any tlssue'

-

substltute used-'in midral’ valve. replacement should be
rather 1nexteﬁsrble and'have~a lgy .loss modulus. "also
‘under normal phy51ologlcal condltlons, the m1tra1 valve
cannot bulge into the left atrlum durlng peak ventrlcular
systole and hence events in the cardiac cycle, such as

P
a

the presence o the atrial pressure"c' wave, that lnyolve.

the dlsten51b111ty of the valve need to be re-examlned.
T . . )

L]




. " A . « R » ! :. - \\;\, ) p
\ Y « “ v <. -
I CHAPTER 7 - - o v
. THE LOW FREQUENCY DYNAMIC VISCOELASTICITY OF
U " i HUMAN AORTIC VALVE ¥usps

- ‘- X L4 - " T a ’ . ) :((\ ’ : ! . -l‘ o . ) l

CT . L 9 . ] N S . ' .
1. INTRODUCTION =+ . . . : S L

, AS with the mitral valve, the aortic valve iS«in’
' - * e ~ -
r a dynamLc state of stress, 1n the natural CODdlthn. ‘ d

~ [ 4

. ThlS chapter therefore, 1nvestlgatea,the dynamlc elas~
LY -

d " ticity of ‘humah aortlc valve cusps for low stressing

frequenc1es. Slmllanly, large disc shaped samples-of . % -

L4

the membranous valve cusps rather than strlps of tlssues

N—t ‘ ©e : 3 s .
. + - were used. ) ] . T,
¢ . ) ~|:-n~ ( )
. 2. METHOD B
) - * . - " =~ ' o' . \ )
" ¢ . The theory and experimental ‘approach.used in this, .

v

study'werq,the saie as those for ‘the mitral valve leaflets.

\ - - .

The details of these were outlined in chapter 6 and, hence
’ L] a ? ’ , v “

4 “
v

v

.

{ i . ' ‘
a repetition here is deemed unnecessary. .
’ e - ¢ . . -

B , 'In this study, 14 human aortic valves (ages %0-76, ' ,

- . - : -“
6 females and 8 males) from patients with no clinical

record of aortic valveldisease and whose valves appea}ed N
norﬁal at autppsy were usea. The cusbslwere removed,
< L . + ) v + , ' . ) , ’ o 1
. identified accord)ing to site of attachment to the aor.ta' \
. i / . - . : .

»» and kept'ip 0.9% saline, 0.01% merthiolate solwtion at a

’ ) : : . L 4
N

. . .
. ! . .
Y . , . ’ . / , . &

4

-
.k3 !




. " \'- . . - B Y . . .
temperatfire of sqc until testing. Aas with the mitral

valveithe aort{c valve cusps§. wére}all removed not moxre

.,
.

ihan 12 hours after death, and as faryas pOss1bIe all

4 .

3 cusps from each valve were‘testedl"Pleces of dlameter

gfeater than 1 cm were cut from the central* portlon of
each cusp, where the thickness was found to be. fafrly

nlform.: This tissue Was then placed over the openlng

%

of the sallne filled cyllnder and clamped (see flgure-G . .,

Durlng the filllng of the cyllnder ‘and the fastening of

’ .

tissues, care was taken to ensure that no air bubbles

were trapped. As the aortlc aspect of the cusp is the

-

-

“surface upon whlch most pPressure is applled 1n the‘ln vivo

state, the tlssues were mounted with thls surface dowﬁ

~ The mounted tlssue was then subJected to s;nus01da1 pres-

sure varlaffgns and the applled pressure (P) and the resul

tant bulge helght {(h) were 31multaneeusly recorded when a

;steady state was achleved. Permanent records in, the form

. of photographs were taken of these traces, and from them,

} e

S

values ‘of streSs and straln were calculated . In order to

-4

increasé the accuracy in tHe determination of the phase
’ - . * .
- -1

shift, traces at swéep rates as hiéh as.63.5 cm sec ~, and

with the peak regions enlarged were also recorded. Each

«

membranous sample was subjected to sinusoidal stresses-at,

-,

—-—

.
-

, ]
5 different frequencies ranging,from 0.5 Hz to S/Hz and all

the experiments were performed.as'soon as possible at a

o

v



. .
Ll ‘ ‘ ' -

room temperature of 22 + 1°¢ and not more than 3 days

r

after removal from.the heart. To obtaln stress values
from the measured pressure values, the average thle*ness

of the nearly uniform sample was reqU1red, and thls was

» € . —

: |
obtelned with a travelllng mlcroscope. -

. .

. T The *analysis used in this studj was ‘similar to

that used fér the mityal valve leaflets. In that analysis
. feveral assumptions Wére made, namely, the tissue was )
" . stretched ‘to form part of a sphere, -the bendlng stresses

» ald edge effeets due.to clamplng of the specimen were - . .

V negllglble and that the spherieal'cap formed was thin

—walled.‘ Some of these assumptioﬁ@:ﬁave'to be justified

~ -

for the aortlg cusps as well.

. To show that.i&e tiSsue bulged te form a spherical

.+ cap, the elevat;ons of dlfferent reglons of the cap were

;measured. From the maxlmum height of the‘qap the expected
?elevations oﬁ)these regldns.were‘calculatedfg; assuming -
.a spherical‘bulge. Most of the calculated and meaeured‘
values were in relatjvely good egreeme;t, dlfferlng onw’

]

the average by 15 8% '(SE = 1. 9%, range 0% to 30%7u ThlS

+
value was found by treating all overestlmates and under-

estlmates as p051t1ve dlfferences. Hence, to a flrst »

approxlmatlon the assumptlon of . a sPherlcar conflguratlon
. s
* is justified. - : . : c
.QA ’ " PRI - . . . ‘ ) ° - ' ,ﬂ.//‘f‘l"
It is customary-to consider a surface as thin - e

d 0 , - .
walled if the"g ratio is apprOXimaﬂely Y0 or larger. - :
’ ' ]




§1 In the efperiﬁents, the bulge helght was of the order ) :

of 0. 1 cm, g/,}ng "R value cf about -1. 3 cm. Slnce d

,éz was . in the -order of 0. 06 cm the g ratio was about 22.

éence, ‘the ;pherlcal cap can be conSLdered as‘thln walled. . {
égln the theory of plates and.s<ells the bending :'; o '

\ rlgldlty of a thin isotropic plate of a thin- shell is

proportional to d3 whereas the extensional rlgxdlty is

)'
|

proport10na1 to 4, the'thlckness (Flugge, 1960). -For

- values of d less than- 1, d? would be smaller than 4. .

Since the thickness cffthe specimeps was of the order-
of 0.06 cm, the bending stresses would be small in ccmp—

arison to the extensional stresses.’

o3 RESULTS’T( ce , .

-

The top trace of Flgure 7.1.(A) shows a typlcal

Y .

osCillosccpe trace of the 1mposed pressure while the
. /dower trace shows the resultlng 51nuscldal bulglng of

the tlssue.' In order to v1suallzé’any;p0551ble phase
.Shlft w1th greater accuracy the peaks of the 2 traces

- . LY . N
were enlarged and the sweep rate 1ncreased ‘Plgure 7. 1(B)

shows such an enlarged trac1ng (top for pressure, lower

= ©

y tracerfcr bulge helght), and\the response was cbserved to

lag behind the’ forg;ﬁg functlon. Slnce these traces were
- .
-
gccd apprOXImathnS to 51ne waves, {in that when ‘sub-

f jected to Fourler_analy515 the variance of the first

- . LY -

harmonic accounts for more than 95% of the. total

variance of the series) the use of equations

. ! o *




-~

Figure 7.1. An‘actual typical response trace taken ffom

the storage oscfllosqope.(A)

K}

Top trace shows the

v

imposed sinusoidal pressure and the lower trace the

regultinq sinusoidal bulging of

tissue.

a

and bulge height traceg°en1argeﬁ'and,tﬂe éweep'rate'

increased.

-~

-

v

>

-

the clamped aortic

.

s/

.

’

"1 (B) ' Peak of the pressure

»

-

. .







6-2 and 6 3 for the evaluatlon of 'E' and' E" wa} justifiedt
The phase shlft ¢ in radlans was- calculated from th:t S
. S I

follow1ng formula -

o

KX 5'- 21rfAt

where fjls the imposed frequency 1n hertz and At in
seconds was the time dlfference between the occurrence ‘

. '.. . - »
of the . 2 peaks. * .

- .

The results shown in Figures 7.2 and‘7.3'£over a -
small range of areal strain of 2% to 4. 5%.' Stati-stical

analysxs ShOWed that the response of tlssues {ested

.'1mmed1ately after removal from the heart was not signi- '
flcantly dlfferent from those that were storea up to 3 days.

The Jhrlatlon of phase lag 4 with frequency is shown in

.

figure 7.2. All«values were found to be low apd there

>

appeared tQ“be a drop-ln ¢ at 5 Hz. However}‘a simple

L4 -

“ani?y51s of varlance 1ndlcated that the _difference between Af}w”
. theé ¢ values was not 51gn1flcant (P> Q 0S5) - and an averagehw

value of 0. 033 (SE = 0 002) radlans was -found. The-low

-

¢ xglues indlcate that the tlsSue has llttle tlscous re-

-

°51stance and, hence, would _regover very rapldly to e

Py

7
-

1ts orlglnal state on removal of any applled stress. This °
..
'propertyhls advantageous to a structure that is un&!r

- v s
'Constant dynamic stress. . R

Flgure 7.3 -shows the varlatrons of the dynamlc

“*

-
modulus w1th fngquéncy. The data lentS on. the top of the
D .~ . :
& | . - 2
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Figure 7.2. Phase Jag, ¢ , between stressing function )
and réﬁponse, plotted against frequency. The vertical .
bars show the standard error. ' The 'sample size ‘for _
» . & L]

I3 -

. each of the points in this anid figure 7.3 is 16.
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Figure7.3. Dynamic elastic mQduli of aortic valve cusps. -

. .

. The top graph shows the variation of the storage

» .

modulus, E', with frequency and the lower grapl shows .

the variation of. the loss'médurus, E", with freguency.

‘.

The vertical bars indicate the standard error.
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-

graph axe-for- the storage modulus E' and those at the bot—

tom‘forethe loss modulu§ E"*. ‘The slope oﬁ.the best stralght
' ’

" line through the E' values was found to be not s1gn1flcantly ;_F

dij fferent from zero (P> 0.3). Thus, again B' was qulte

Q- @ Qo

Clndependent of the frequency values 1nvesﬁlgated, and aa

gverage value of 1.35 (SE = 0.06) X 10‘8 dyn%s cm 2 was

% ®

found. As both,E' and ¢ were found to be 1ndepen&ent of

0 ] ’

-
frequency, E" would be expectgd to behave 1h.a.s1mllar
l [
manner. An avgrage value of™ 4. 14 (SE 0\28)vx.106 dynes
& . - &
Com 2 wés found. 0 ; s o e

-

3 %he dynamlc elastic 'moduli and phase lag -did- noq,

v
e

- vary 51gnif1cantly between the 3=cusps of the aortlc Valve.

. i . e

This fig?ingois in' agreement with the pressuré-volume
[} - o

studles of ﬁrlght and Ng (1974) . “The results‘were also.

found to be 51m11ar for both sexes and dld ‘not appear
{

to depend on age'in théagfoup of specimens of~ages 40—76
B ¢ 4 )

a PR

years old. o R _ .

-

v

o

a0

DI SCUSSION . g . . .
7

L
-

_The experlmehtal approaé% aﬁopted for - tﬁe study .

- z.

of the v1sc6elast1c property of human adrtlc valve cuspsﬁ;-

was 31m11ar to that used for. the mlﬁtal valve lea t. It

“ S . ¥ 0

was '’ de51gned to'slmulate Ehe in vivo cqndlt;on under whxch
@

-

',/( the aortlc valve is stressed ThlS was “achieved by the }

-

appllcatlon of 51nuso;dal flu1d pressures on the aorbmc

surface of the aortic valveacusps. Thls Invqftlgatlon

v"' .

[
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than’ statlc tlssue responses\were studied and,membranous

‘ N - ~ B o N
samples instead of tissue strips were employed. The fre—

, duency range wé§ chosen to’ 1nclude the spe

frequen01es ;n which a normal functlégzgnga € mightNbe
. B /
subjected ] o ..

[ 4

The resilts presented in° figures 7.2 and 7.3 show

[ » £ -

. . that. the humanfaortic valve cusps are relatively inexten-

1 N L] . ’ . 2
Sible and the material has a very low.loss value. These
s : ' . . » Q <
bharseteristics are worth considering in thémaesign and

use of either synthetic or bidlogical matqriars_Qn leaflet

-

I

type valﬁe prostﬁéses. The low extensibility of the

-

valve cusps as observed in thls 1nvestlgat10n agrees well

w1th the studies of Swanson and Clark 51974)(u51ng 5111cone

rubber valve casts. They reporte? that the leaflet length

.of the valve varies negligibly with applied pressqre.

<
a - >

In thé éxplanation of the'origin of:the first and

second heart sounds, some authors are of the opinioch that
* '

‘these sounds originate from'the vibrations Of the atrio-

v%’trichlaf and semilunar valves on closufe (Dock, 1933;
. [+

:Leatham,'1954). More . recent v;eys suggest sthat these

,

- - - at ' B ‘
sounds are produced by the accglerations.#nd decelerations

af blood which give rise ¥o vibrafioﬁs of the heart walls

A , ’ ol R e

- . " 2 ¢

and_the mdjor blood vessels (Rushmer, 1976; ILuisada et al,
- . ,

. - 1.8

2

9

>/

L% 3
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. ' | o . _ ' .'. ‘~1£)O

o

1974; Chandraratna et al, 1975). Guyton (1971) suggested
that the observed dlfferences in the frequenc1es of the
first and second heart sounds could 19 part,be due to

.the differencés in the -elastic modul% of the atriovehtricu-
~lar and semilunatr valves. He suggested that,the lower
B ’ )

frequency of the first sound could be due to thé lawer

elastic modulus of the atrioventriéular valves and the .

.

cwalls of the ventrlcles compared to the elastlc modulus

K

af the semilunar valves and the arterlal walls? .He = ~ ;

appears to have simplified“the problem, which if analyzed

' .

in detajl will undoubtedly be Very complex. For structures
- . . - . ‘ ) . . " a

~ -
like. the aortic.and mitral valves, the charaeteristic

‘vibration€ associated with th,e-ir’c':‘losu”re) will be depen-
dent on-ohe'load on the~€al§e, valve geometry and tissue -
mechanical-propertles.t Since lo;ding‘of the aortic '
valve at“diastole is quitz comparahlé to that of the ml%ral
'valve at Systo%e,:ghe—remaininq major factors governi;é

the v1brat10na1“£requency would be valve geometry on\

[}

closure and the elastic md?ul; of the valve tissues. The
ST ’ v

results'preSénted here and! those reported in chapter 6
v to - i - ) . M ) - .;.
on the mitral valve show that the-elastic modulus of the

’

mltral leaflets 1s<greater than that of .the aortic. Figure

7 4 compares the storage elastlc‘%odulus for both the
f t
mitral and aortic valves. These 2-sets of data were obtained
N : ' - ‘ - ' ; ) V v 8 . .
by  the same technigque and under the same experimental

- conpditions and the§.clearly show that the storaee elastic °

e

@ o




y °
0‘: S

Figure7.4. A comparlson of the storage modulus? E'

the’ mltral valve leaflet and the aort1c valve cusps.0

¢ . o

(<3

The veitlcal bars Jndlcate the standard error.

of

Note

that. theamltral valve leaflets are almost twice as

o
¢

,stlff as the aortic yalve cusps.&°
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pha51ze the role of the cardlac valves as the sole origin

. . " * . - - N .
C o : LT -
v \ 0 "
N ° ' vos
..

modulus of the mitral is nearly twice as ‘great as. that

¥

foxr the aortio. Since’ the observed frequencies of-the - ’ )

NI . ’t ) o < [ t
. second heart sound’ are hlgher than those of the flrst '
whlle the dlfference in tissue elastlc moduli would - ' l

b

4

sgggest thegyreverse, the differenpes in valve geometry

may be‘the overriding factor if the origin_of these o

heart sounds is in fact dueAtOrthe'vibrations of the
’ ‘ ’ * ‘
heart valves. However, should it be proven that valve

. geometry i's nbt the maﬂor‘éoverhing faotor then tﬁe‘

¢ @

results presented here would support those who deem— ~ - o

3

of'the heaft sounds. Any defrnltlve statement however,
l

must ‘await a detail sgudy of- the conflguratlon of the .
» cos ’

; valves at closure. ° L . . s e
. el : "
5. SUMMARY L Y .
. e . *, ., ‘ ' ¢ . L. 0' 3
0 Membranous samples of h&ﬁ aortic valve cusps . }
- . : . b . N . ] -] - ‘ . ?_.‘
were subjected to sinusoidal fluid pressure variations AN
. b
1frequency range, 0.5- tb 5 Hertz) tolasses4?§he1r dynamlc -
st
-v1scoe1ast1c propertles.L The storage and loss-modull- . “<=:;N .

‘and phase lag between the stressrpg functlon and'response

.
M .

PO
Fl

were found to be %ndependent of tﬁe frequencxes applled .

The respectlve averagejvalues were 1.35 (SE .= 0:06) x

-

108 dynes'bmtz, 4;l4'($E = 0.28) x,lO?"dypes em™? and , s

6.033((SE = 0.002) radlans. The small phase‘lag ihdi:

.cates that the tissue woﬁia fecover very rapidly to rts o ‘



original state oh‘}emoval'éf“ény‘applied‘stress and

this .and the relatLVely 10w exten31b111ty should be ' A
[r] 1

’con51dered in the'des1gn of leaflet type 'valve prostheses.

-

The storage modulus of the aqrtlc valve cusps when comp— .
° ~-
pared with that of the mltrai leaflet shows the mltral

- ¥

';o be almost twice as stiff as the aortic. If one were -

-
- .

to ‘assume comp rawle loading and configuration for.both

the mitr%l,anéfaortio valves on clpsﬁfe}‘this find}ng
woulo‘leadvto the copclusionfthat phe yibfétions of

these tyo caréieg valves alogg oaﬁnot qootribute in P e

‘any significant way to the production of the observed

. lower frgquency"of the first and higher frequency

yof'the second heart sounds. ‘HoweQef, the validlty of
. . e 2

_the .assumption 6f comparable valve configuration at

closure has-yet to be verified. -
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4 +  CONCLUSIONS - SRR

-

-

.\;

»
) . The' intention of this thesis was to inyestigate the v"v

mechanical response of the two very important valves in

.
- -

> the human heart, the mitréi‘?ng dortic valves.- The results

’

obtained should be of interest.to investigators, designers .

o °

and manufacturers of ieafletktype'Va;vehprostheses, as

v the successful desigh of these prostheseé_muét incorporaie

. )

0 o™
. mechanical characteristics that are comparable to those

of the normal valvular tisSues.

v

# A few studles on the mechanlcal propert1Es of the

’ 3
o

.valvular tissues of anlmals and humans have been reported,

L3
i .

i ; but -these preliminary investigations dealt primarily with;

‘the static properties which, though important, are ihadequate

Rl * 4 N ‘ . N ° u
0 . . .

for a complete characterisation of- the manner in which'

these tissueé fespond under’ normal conditionshbfvdynamic
N . ¢
o ' etress. T}-ze approach in this t'hes.ts,‘however,wha; been to Coe »
) , ' examine the more important dynamic response of these»tlssues )
_.'l and - the experimeﬁfél:coﬁdiﬁioﬁsfwere deéigﬁed‘tb simulate e

]

.. much of the in vivo state. The frequené} range used in the

study 1pcluded the normal stre551ng frequency of the 1n viyo

- - o

Se
Q
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, -

condltlon andwwholeemembnanous samples of the valve leaf~
“n‘ ., .‘ ”,

1ets anstead of,yalve strlps were used as the cut edges
of strlps can posstg%y weaken the tlssue.'
4 « €
., Thls‘study not only quantltated the mechanléal

- [} .

response of the valvular tissues’ but it was also extended

N
~ - ~-

to relat® tissue properties to tissue structure wherever P

LN ' - .
- it - was found necessary and possible. . \
. ’ -4‘ ; - . ) : a
wﬁqe findings of 'this thesis showed that the valvular
tissdes

sible and their.loss'(Viscous) moduli aréssmall in compari~

(both mitral and aortic3'are‘relatiyely inexten-

son.'to their stordge (elastic) moduli. These findings,

e51des belng of 1nterest fbr prosthetlc valve de51gn,
‘

Jhave: also prov1ded addltlonal 1nformatlon on some hitherto

KA &

causey’of certarn,

.

postulated but poorly substantlated

cardlac events. The relatlvely 1nexten51b1evnature of the*

mltra1 valve tissue and chordae tendlneae has cast doubts

on the cause of the atr1a1 pressure 'c' wave. In addltlon,-

5 . L] B , ‘7
~ if ‘'one were to assume that the geometries' of the mitral

« ' . o

and‘aortic valves on closure  are not signlflcantly different

- Q

then the observed greater stlffness ‘of the mltral valve

leaflet when compared to that of the aortic valva cusps

- has led to the conclu51on that the obserVed frequenc1es of ‘

s

the flrst and second heaEt sounds cannot be attrlbuted

- %

e;lmarily to the vibrations of these valve structures.

. . , - - »
3




FAFCIEE ' ) .0 ‘s
o The results @btaxned in. thls Study also lndlcated
. that the stgucture and mechanlcal propertles of these .o
4'\c ] . i R -3 .~ .
~va1vu1ar tlSSues«bear & good reI&tg@n tO‘FhEIr anatOmlcal

S
, " ¢ ou v ‘ AR ] f,- -"

funetlon. The network of eollqgen fibrlls 1ﬂ the c0re

A

‘Osr

ﬁ.chdrdhe tendineae ensures ‘that these fibrils are npt_' , ‘

‘e
LN . o »

. uﬁXC&SSlVely stralned in normal funqt%dn. ‘The rather elas- , -

N

fJ' tig-hggure,of'thesetgissugsvis al§a a much' desired featufe}
“tg%hééléhey ére aii;hnde£:c0nstant‘dynémic eress. The b Y
j overali mechanic;1~propert1es of the many dlfferent 51zed | ,
. oS .

;vchordae tendlneae and valve leafle:; act to prov1de a ce

LIRS

=

propég and]coord%n@ted.function‘bf these two importaht

- " 0 *
- - a '

'cardiac valves.-'®
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~“«... SUGGESTIONS FOR FUTURE RESEARCH : S
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As part -of-a contlnu;ng search for an, 1deal tlssue *
. .
-~ ]
valve substltute, a systematlc comparlson 3etween the ’ ‘

mechanlcal propertles of the dlfferent tlssues usegfﬁn 1'

fvalve substltutes 1s d951rable. It has prev1ously been

:rggested that fallure of . artlfle}al tlssue valves could:

.
~ K

be partly duye to 1nadequate preservatlon technlques. ) !
: The 'study could therefore, be extended to 1ncﬁude tests

'on the propertles of these various. tlssues stored;!h

—
Y- v
~

dlffereﬂt solutlons of preservative for dlfferent perlode

LK

.

ot tlme. The(tlssues most commonly trled ﬁon axt1fic1al

valves are homologous, heterologous ‘or gutologous fascia

lata,rdura and perlcardlum. A companlon study on the
- - - ) ]

internal structuresnof'these éwég:es gpuld also be dpne Oy

using therscannrﬁg electron microscope, therebyogxov1d'

additional information on the suitability or unsuitabl 1ty

S .

of these blologlcal materials as valve substltuﬁes.’ A com-
\

parison between’ the surface features of these tlssues with

l -

that of mechan1ca1 valve prostheses can also be useful

.

&
in a study of the-frequency of thrombus formation on these

mechanlcal deviceg. - . S 8
L7 ‘
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)

Rigby et al (1959) in their expefipents on rat

tdil tendons reported that .changes in mechanical proper-

ties occurred at a temperature of about 37OC. Since

-

‘cardiac'valves, like tendons, are essentially of collagen,

. the effect of temperature on normal human valvular tissue

»

e , . ) - ’
properties is worthwhi}e“pursuing. The results could

have significant importance in patients suffering from

hiéh fever. The effect of pH on the valve tlssues would

I

be a further ‘extension of the study. The changes, if

any, induced by vﬁbratfons is also worth examining. ¢€his

po———

. may .have significant implications in cases where high

frequency heart murmurs occur. For comple{enes', stress

-

relaxation and creep tests should also be dohe .on these
B . .

tissues so that their mechanicfif;esponse €an be more fully

€ -

characterlsed. - ' .

To conflrm the contentlon that left atrial pressure
'c' wave is ‘not due to - the bulglng of ‘the m;tral valve,

‘studies can be performed to examine the relation between

" . the amplitudes of the ‘c' gwave and the left ventricular
pressure. This could be done on experimental anjimalg by
artificially monitoring.their left ventricular pressure.

\ - Y
Finally, a t eoretical approach to the questlon of

’
valve v1bratlon would be worth pursguing. . Through stress
ipd v1braflon ana1y31s and considerirg the valve leaflets

~ as v1brat1ng membranes., a relation between the p0551b1e

. ‘ -~ - ! ..
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- *
yibrational frequencies and other valve characteristics

, .
such as elasticity, dimensions,:and loading conditions,

L]
could be derived. From it, the expected frequency can
° b} .
. ! N - N )
¢ be pred}cted and compared to the vd&lues. observed for )
. the first dand second heart sounds. ' =~ . )
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\ 0 _—
- r
a9
~ ) . . - o °
° . The terms 'stress' and stra
¢ [ o0 )
chapters 3 and 5 were defined as follows: '
. ' . ’ h - ‘o . .
o . ’ " force : C '
. o " stress = - = - e T )
. " +] . . N »
original eross-sectional area
: Yo - , . , '
o ctrain = : ° extension °
» _ i ¢ origjinal:length
. T

- L

The termo" final modalus' in chapter 3 was
T~

used to denote 'the slope of the.linear portion’ of

’ . the stress-strain curve after the point of transi-

o
°

-~ tion but before the proportional limit.

&
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