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SITMARY,

Ltmthit A ey

A whudy of the hocmolytic complications of procthetic bheart valve
veplocenent forne the muibject of this thesige A chroulce troumatic inbrae
vagoular hoemolysis ls the principel compliecgiicon ond ite lanvesiigaiion
congbituion the major pert of this gstudy. The hisboxy of haemolysls with
inbracordine progthebtio devices exbtends over 20 years snd is oubtlined, and
hoomolyrls in potients with valvalar heart dicease without prostheses is
dlosouseeds The incidence of ftraumatic haemolysim and haemolyiic anaemin,
thely diagnosis, pothogenesis, compllcations, and treatment ave reviewed
in dotail.

There are four busic objectives 4o this sbtudy.
i+ To sosess the relative value of differcat tesis ewployed in the
diagnosis of inbravasculoy haomolysis, with parbticular reference to gerum
loctate debydrogenase levels; the urinory hacmogiderin vest, end the
evalugiion of red cell morphology.
2, To compare andl omxtrast the incidence and meverity of traumabic
haemolysie with differens prosthetic valve types sad to attempl to
identify factors of setiologleal imporitance.
3«  To exeming potontlal complicationg of chronic intravascular hacmelysis,
including the assesmment of weinory ivon lossss and accompanying iroa
deficiceney, the effect of renal hacmosiderosis upon renal funciion, and
the pogeible potenticting offect on the thraubo-embelic complications
of the reloase ¢f red cell haenolysabe.
4. To investigate lmmme hasmolytic faciors, inoluding the possibility
of an emtoimmume componeny o the trawmatic haemolywsisy ond the
frogquency with which bleod group specific alloantibodies develop as a
congeguence of the ovamiderable blood transfusion reguired at valve
replacement operationo.

Trom thig study T bave oblalned the following resulis and

conclusionss

X7



1. Soerum lacltate dehydrogenose levels, known o be o sensitive
index of intravasouler hoemolyeis, were found o corrvelate inversely
and elgnificontly with the half-life of ¥ lcxnulbbeli!.ed sutologous
red colla.

Urinory hoemosiderin wos found to be an egually sensitive
indicator of chronic intravascular haemelysis and Itn degree relates
dirveotly to tho geverity of hoemelysige It is therefore o ugeful
and sivple soreening procedure in the long-tern care of pabients with
prosbhetic volves.

The degree of red cell fragmentotion snd disbortion was also
found to wvelate directly to the saverit& of haemolysic.e A lens
mubjective ond more accursie cownbing procedure for bthe enumeration
of theme abnormal forms was dovised, with which it was determined that
ninor yet ohnormal degreos of red cell fragmentation might froguently
éo uarecognized on routine £ilm ingpeciion, and that even the
obgervation of only a very occasiomal frogaented or distorted red cell
should be regarded am likely evidence of hoemolysin, UWith o normal
Prapgment count, howsver, the precence of a trammatic hacmolyeis coannot
be excluded.

The various types of shnormal red cells encountered in those
patienta have heen classified end illustrated. T these various
types only the number of triaupular-sheped colle appeared ¢ rolate
to the degree of haemolysis and were exiremely uncommon in xiorma.l blood
filos. They wmay, therefore, have diggnostioc value. It is clso
propoced that wany of the diffevent sppoarsances exhibited ave the resuli
of sequeniial changes in nowvphology following hrauma.

The reticulocybe count and estimation of serum bilirubin and
urinary urobilinogen levels were found 1o be of very limited value
in the detection of intravamcular haemolysis and asscssment of iis

severity.

18



High sorum agpoviate anincbransferane levels wore detected in
most potients with merikied hosmelyeis end chould 1ot he vegorded as
nocessarily indicating onother complicoting disovder.

2. The tremmobic haemclybtic complicotvions in 87 patients with bwo
diffevent typos of Starvr-Ldwards cloth-covered, metal ball and cage
prosthesig, in 18 with the eprlicr um oloth-covered, Silostic ball
modeds , and in 44 with the Bjérl-Shiley +ilting disc valve werc
compered. Intravopounlor hoomolyeols, oo detécted by the presence of
heemogiderinuria, wag considerchkly move common with the clothe
covered Starp-RBdwords valves irvegpeotive of velve gite thon with the
cther madels, the overall incidence with aortic, mitral or nuliiple
replacement beinkg 94%, 92% ond 88% wrospectively; the corresponding
figares for the Biork-Shiley valves were 31%, 15% and 20%. It wen
soquolly relativoly uncommon (20%)in potlents with the non cloth-sovored
Storr-Eduards mitral prosthemis; there wovoe inguffflcient patienis
availeble for ctudy whe had the corvegponding aoviic model.

The degree of haemelysis wos also grestor with the Storr-Rdworeds
cloth~coverad wolves op evidenced by more frequent red cell
frogmenbation and heaemelytic ancemle, lower haemoglobin levels and higher
retionlocyte counts ond merum lactote dohydrogenase levels. ITh was
particulorly morked Wwihthe inltially developed 2300 cloth-~govercd
aortic model, although o serious dogres OoF auaemis WaE BNCOMMON.

Hoemolysis was fomnd b0 be promobted hy prostheses of small
ovifice pize, ond evidence ig nlge presonted for the likely aeticlogioal
importance of prosthesls cloth weer ond dteor. b ig proposed that
whih the cloth-covered valveos myotolic factors o aortic prosthoses are
of cqual impertance in the comgatlion of sovere hoemolysic as are
progthetlic leplts.  The evidluation of the gyetolic mirmur commonly
prepent with aortic prostheses moy be of dlognomtic imporitance, and an

unusually long and lowd muvmur was found in anspciotion with eignificant



prosthenins cloth wear ond tear, I dg also proposed thaot in the
ahgence of regurgitation or functional sbenosis, the presence of
cloth and of o metal holl mey be of greater significonce in the
genegis of hoemolyeio thon any faolor of turbulonce detecrmined by
the geometry of the valve.

3¢  Study of tho potentiol complications of chronic intrevascular
haemolysis revealed thet excespive mﬂmry ﬁ.mn lopmen were very
common wlth the Storv-Edwords cloth-covered prosbhemen ivvesgpechive
of the site of valve veplacement, but were particnlarly high withthe
2300 portic model. By contragh, thoy were usually novmal with

non cloth~covered velves and. in pobicnts with Bjdrk-Shiley velves.
The degroee of hacemosidevinvrie vas obeserved 40 corrclate directly
with the 24~hour urvinewy irvon level. A complicating ivon defiociency
uas fovad to be common and 40 frequently respond o oral irvon, and it
ig recomnonded thob orsl iron be given prophylactically if there is
marlked hoemopldorvinuria ev a delly uvinary ivon loss exceeding 2.0 mge
A rapid, acouraio ond precise method of egbimabing urinary irvon ie
also presentod.

Wo evidence of impailiment of ronal glomerulor or dubulor function
wak dolected as o congeguence of yenol haemosiderosise MWor was there
any indication of a poseible pobtentiating effect of intravascular
haemolysis ol the incidence of thrombowembolimm.

4. There wos ne ovidence of an sutoimmune haoenolytic Pactor,in thed

all direct onti-~bumon globulin tests wore negative. Blovd group

gpecific satibodies, however, developed post-operatively in 77% of

156 patients end this high incidence of alloimmmization suggests that
its development is divectly related to the volume of blood treansfuped

ab oporvation, Rhoous anti-B was the most Trequent andibody detected
ond the enbigenic potency of the (Rh)-E antigon moy have boen under-
estinabted. It is recommended thel tests for alloantibodies chould hecome

pari of ithe routine follow-up of thege patlents.
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IFRRONUCTION

The ptudies I have undertalen whioch form the subject of thie thesis
were cavried out over the course of three years from 1970 to 1973 during
the tenure of my post as Registrar in Haemotology at Glasgow Royael
Infirnary, and latterly as Senior Registrar in MNedicine at the Southern
(eneral Hogpital, Glasgow.

One of my duties as Registrar in Haematology was the responsibility
for {the management of patients on long~term anticoagulant therapy.

Amonget the various groups of patients attending the enticoagulant

clinice were those who had undergone prosthetic valve replacement for
rheumatic or congenital heart disease in the cardiac surgery unit at
Glasgow Royal Infirmary. Shortly after baking up these duties three
patients with prosthetic valves presented st the olinics who were obviously
anaemio, and investigations revealed the presence of intravascular
haemolysis with red cell fragmentation. The prostheses were all of the
Starr-fdwords metal ball and totally cloth-covered cage type, biia
prosthetic leak was present in only one,

At that tbtime, April, 1970, while traumatic intravasoular haemolysis
had become g well recognized complication of cardiac valve preastheses,
there was little published information available regarding the haemolytic
properties of the totally cloth-covered, metal ball and cage models. They
had been introduced by Starr end Edwards in 1968 in an atbtempt to reduce
the risk of thromho-embolism in comparison with the bare metal cage models,
and to obviate the development of ball variance, a degenerative process
oocasionally noted with the Silasbic iubber ball used in the non sloth-
covered valves. There were a few reporie auggeéting an increaged
incidence of haemolytic anaemia with the cloth-covered prostheses, although
Starr's group were of the opinion that this was not a severe problen in

the absence of a peri-~prosthetic leak, A modification to the originsl
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cloth~covered design had slready been wede for hacmodynemio reasons,
md o the opvdiac surgery walt had hegun 0 use this modified valve
there wao 4he opportunity to study pabients with diffevent types of
cloth~covered progthesis. Investigations were, therefore, insbtituted
on o rowbine bapin o identify smd compare the hoemelytlic properdies
of these velves, ond bo conbrast them with those associsbed with the
older non cloth-covered medels. The siudy wos further cxtended fo
include pabients wiih the entirely differently desimmed Bjorlk-Shiley
$ilting dipo velve with which operalious wore subsequently pevformed,
and whose hoemelytic proportvies had not previcusly been studied in auy
detail.

The ngin object of thin thesip hos been t0 compaore and conbrast
the incidence and severity of trauwmatic inbravamgculer haemolyeis with
different progthetic valve btypes, and from the rosults to wbttempt to
identify factora of setiologionl importance.

The lJavge nuwber of investigoations performed during the courge ¢f
this study hos also cnsbled on analysis 40 ho nmade of the yvelative
value of the Alfferont tests cmployed iun the diagnosis of intravesonlor
haemelymis. A parbicular siudy has beon mede of the sengitivity of the
uringvy heemosiderin tost; ond the relationship between the degree of
haenogiderinurio smd the severity of hoomolysis. This wes underteken
with o view to detornining whother or noy, Ly analogy with the
monagenent of disbetes, & pluple uvrine test might have value as o
screening procedure in the cave of patients with prosthetic valves,
Forthormore, 1t necuwed likely, though this had never beon demonstreted,
that the degres of heenosiderinvrie might alse relate to the total
dally uelnavy iron excrobion. It beoame poviioularly imporiant o
investigato thisg relationship ond 4o obloin a more procise egbinzbe of
dadly urinery iron losses, when it was soon noted that considerable

quantities of haomoniderin were frequently ewcrebed in pablents with
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mitreld valve roplacements in whom previouns limited sbudy hed muggosted
o usually nevmal urlnary ivon output. The mensuvemeont of 24-hour
urinary iron levels wos, thorefore, instituted in all patients using a
gimple and rapid outowenalyser tochnigue which wan found to hoe acvcurate
ond. preciaa.

The demonsbration of porsistent gross hoemosiderimiria in many
pridents roined the question of the effect of renal hasmosidorosis upon
pensl function. This gquestion had beon posed in tho pest with
regard Lo pabiente with paroxysmod necturnal haenoglobinunia, Tn thege
pationts 1t wan suggoested that mgevious impairment of ronal function was
wnoommnon. Howsver, prebably beceouse of the rardity of this conditien,
ond uatil now of othor canses of chronic or recucrent indrovascualor
haomolyein, little detailed study of renal function had been reported,
ond none bag been carvied owh in patients with prosthetic valves. in
mwenbigotion of renal funcblon wan thoerefore undertalken.

A particalor stndy has also been mede of the sbnormel red oell
morphology encountered in paticenty with prosthetic valves., This arose
from the need to attempt to rationalize the veried terminology used
in descriptions of fragmented and disborted red cellp in Aifforent
disorders, o check on the relisbility of the routine inspection of
hlood £ilms for red cell fragrentation, end to assess the relationship
between the exbtent of red cell fragreniation and other ovidence of
introvasculay hoemolysis.

The red ceoll appcmrsnces in sovere csges of prosthetic valve
baenolysia sre pinilar to those in disovdors ocpsociated with micro
mgiopathic hoemolytic emaenia. In thie condition » vicious cycle of
recurrent fibrin deposition due to the relsose of pro-coagulont factors
from domoged red cells has been propomed, ond o thrombus-promoting
effoct of intrevasculor hoemolysis hap boon suggested in other

conditions. A gesxch was therefore made for sn agpocistion between the
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hasmolytic and thrombo-embolic complications of prosthetic valves, a
pogeibility not hitherto explorsd, This was supplemented by the
estimation of fibrinogen~fibrin degradation product (I*.D.P.) levels
which may be elevated in associgtion with intravascular fibrin
formation.

QOther potential haemolytic complications following prosthetic
valve replacement have also been reviewed, These relate more %o the
process of extracoxporeal circulation required at the time of operation
then specifically to the insertion of a prosthetic valve. Amongst
these is the risk of blood group specific allosntibodies developing
following the considerable blood transfugion that is wmally required
in open~heart surgical procedures. In prosthetic valve patients, who
for a variety of reasons are particularly likely to require subseguent
blood transfusion, alloimmunization representa a hagard. Since reporis
of the froquency of alloimmmization after massive blood transfusion
have been few and contradictory, an investigetion of this aspect was
pursued in the patienis uwader study. The poseibility of an auto-
immune component to the traumatic haemolysis with prosthetic velves has
aleo been raised because of the ocourrence in a few putients of a
baenolytic enaemia associated with o positive diveot anti~human gleobulin
(Coombet) test after prosthelic valve replacement. Direct anbi~humsn
globulin tests were, therefore, also carried out as a matier of routine
in all patients.

Thepe ptudies are presented in this thesis in the following order,
The relevant literature is reviewed (Ch. 1), and detalle of the methods
enployed in {the investigations and descripiions of thoe patients
exanined and of their prosthetic valves ave given (Che 2), 'The
docunentation and digoussion of resulis of investigations is then
divided into four sections, and at the end of each section conclusions

are drawn and listed. The firet seotion (Ch. 3 & 4) is concerned with
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the diagnowis of inbrovosculer bocmolyeie eud includes observalbious
on the urinory hoenosiderin Yest and on ved cell morphology. The
gecond (Che 5 & 6), Qotails the incidence mmd outcome of hoomolysis
with the difforent progthetic velves and also factors of possible
aetiological importance. In the thivd seotion (Ch. 7 & 8) the
potential oomplications of chronic indravescular hasmolysis are
exenined; sud include the ospesement of urinery iron losses and
sccomponying ivon deficiency, the effect of ronal hasmosideromis upon
renal funcbion, and the poseible pro-copgulent action of red oell
haemolysise. e Pfourth section (Ch. 9 & 10) on imwmwe hoemolytic
factorps denle with the question of sllolmmmizetion folleowlng mogsive
transfusion ol velve replacement operabtions, ond with the posmibility
of an swboimmune component 40 progthetic valve hoewolymis, A Pinal
commentery s pregented in Chaptor 1l.
Some of the materiel included in thig thesis hag beon incorporated in
the following publicabions.
le Slater, 8.0 & Pell, G.8. (1972) Introvesculer heenolysic and
vvinory iron losses afher replacenent of hoprt valves by a
progthesis. Clinical Science, 42, 545-553.
2. Slater, S.De, Robman, Y, & Lindeay, R.0. (973) Rewol funcwion
in chronic introvosoulnr hoemolymis apsociated with prosthetic
cardlooc velves. Clinical Scienece, 44, 511-515.
34 Sloter, S«De, Prentice, C.R.l., Doin, W.H. & Briggs, J.0. (1973)
Fibeinogen~fibrin dogrodetion product levels indiffermmt types
of imtravosounlay hacunolysis. Dritish Nedicel Journel, 3y 471-473.
Lo Sloter, S.0. (1974) Allosntibodies ond Ausbtrolic onbigen afber
open heort swrgery. Journal of Clinlosl Patholegy; 27, 4549,
Se Slater, 8.D., Sallam, T.l, Bain, W.H., Tavacy, M.A. & Lawrio,
DyDeTs  Hoemolysis with Bidrlk-Shiley sond Sterv-Bdwerds prosthetic

herrt valvest a compavebive study. Thovam, in prosuo.

25




CHAPTHR I
RUVImn  or | LITERATURT

The history of haemolysis with prosthetic heart valves extends
back over the past nearly 20 years following the advent of open heart
surgery. The main subject of this themis is the chronic haemolytic
complications, particulariy of traumstic intravasoular sstiology.
Other potential haemolytic problems associated with prosthetio valve
replacement are, however, revieweds The exisience of haemolysim in
patients with unoperated heart disease in also discussed.
(1) Haemolysis with ¢ Prostheso

Rose and Hufnagel and their colleagues in 1954 arve widely quoted
en first documenting the occurrence of anaemia due t0 a cardiac
progthetio device., They reported on nine patients with severe aortic
incompetence in whom a Hufnagel plastic ball val%a had previously
Been inseried. This prosthesis was positioned in the descending
aorta just distal to the origin of the lefi mubolavian artery, and the
improvements in csrdiac function achieved clinically and experimentally
were regarded as due to a reduction in the absolute volume of
regurgitation permitting o more effeciive venbricular contraction and
emptyings They noted that the post-operative srterial haematoorit was
3 to 8 mm (mean 5.5 mm) lower than the pre-operative value, with in
tne patient a drep of 16 mn from 48% to 32%.  Apart from blood volume
measurenents which showed ne significant ohange, no further haema-
tologioal investigations were reported end no explanatione suggested
for these falls in hasmatoorit which reached anaemic levels in eight
of the patients. Sinoe these invemtigations were performed only 14
to 36 deys (mean 24 days) af’ter surgery, the changes in haecmatoorit
observed may have been due to operstive blood loss. An extracorporeal
clronlation was not employed in these operations.

it is Sarmoff, Stohlman, Case and co~workers who, while conducting
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eninal experiments into the surgical relief of aoriic splenosis,
appear 40 have been the first Ho establish that a traumatic intra-
vascular haemolysis may £o0llow the insertion of a cardiac
pr05t11e5i54. They presented preliminary resulis of their haema
tological researches in 19557, and %o them must be attributed the
suggestion that the paetmoperatim cames of anaomis of Hose et al-l
might be related to such a haemolytic process. ‘They desecribed many
of the now widely recognized features of trawmatic intravasoular
haemolywis exceplt for the chenges in erythrocyte morphology upon
which they made no comment. Tifteen dogs were studied in whom
experimental aoritic gbenosis had heen induced and a by-pass
snapbomosis between the apex of the left venbricle and the thoracic
aorta constructed by means of a Iucite (methyl methacrylate) plastic
tube containing a Hufnagel ball valve. All dogs developed increased
red cell destruction as evidenced by a reduction in haematoorit with
frequent ansemia, a reticulocytosis, haemoglobinaemia and haemo-
globinuria,and gross haemogiderinuria, The survival of 510r~1aballed
normal donor red cells was found t0 be reduced when measured in gix
off the dogs, and a ghortened red cell half-life also demonsiroted in
three dogs ueging their own red cells, Vaxrying degrees of
haemolysis continmued during the observation periods of up to 10
monthg.  Post-mortem examinations carried out in four doge showed
heavy deposits of haemogiderin in the kidney, particularly in the
proximal convoluted tubules, although renal failure was not the cause
of death. The authors considered it likely that the red cells were
being troumatlized between the rigid ball and rigid valve housing, and
that the degrec of damage wounld be related to the impact force of the
ball, in twrn dirvectly related to the magnitude and rate of change of
presgure gradients across the valve. This last suggestion geecmed

borne out by the finding of a milder haemolysis in three other dogs
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énd no haemolysis in two whon o Hufagel velve was placed in the
infnagel pogition® in the descending acrta afbor tho animals' soritic
valven had been mede moderately incompetent. They considered also
the poselbility of chemical injury 40 the red colle by some
congtituent of the plagbtic valves, but deduced this wag unlikely as
no evidence of heemolysis was found in o Turther four dogs with
normel valves in whom a two~inch Incite plastic, non-valved, fube wan
subgtituted for o segment of bthorecic 20Tt

Following thip report, il was not until 1961 that Sayed, Dacie,
Hendley, Lewlg and Glelandﬁ published tho firet account of o
maechanical haemolytic anceomia developing after insertion of an intra-
cardiac prosthetic davice in man. This ocourrved in a 25 year old
na who, by the eighteenth posi-operative dey following a Teflon
peboh repaiv of an ogtium primnum defect, developed a consgpicuous
anacmia of 6.5 g/loa ml opsocigled with numerous irregularly shaped
“erenated”, "frogmented®, and "hury" red cells. There was o
roticulocytogis, hasmoglobinsemia, methaenalbuminaemia, haemoglobine
uria and heemogiderinuria, and serum haploglobins were absent.
5lcrwlabellad normal donor erylhrocyies wore eliminated vapidly from
hig circulation. Other invegtigations for posuible drug~induced or
immune haemolytic factors were negative. There was no regponse to
prednisone, and blood trensfusions were repeatedly required, Six
months after surgery with no improvement in the anasmio re-
operation was wndertaken, as it seemed likeoly thet some mechamical
intracardiac factor mast be responsgible for the haemolysis. Tho left
atrium was cxplored and o snall ounl-de~gac of bare Teflon was found
in the mepltum just above the aortic cusp of the mitral valve,vhile the
regt of the Teflon patoh was covered with endothelium.  This cul-de-

pac was in close relation to a parbtial cleft in the aortio cusp uhich,
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together with o consequent but slight degree of mitral
incompetence, had originally been nebted but bad not been repaired

('f.*‘ig. 3..) »

Fig. 1.

"Diagramnatic representation to show the Teflon felt patoh in
position, the partial cleft in the mitral valve; and the mechaniem
wherehy the jet of blood was impinging sgainst the patoh caneing
the cml-de-sac and preventing endothelialization of the Teflon™

(Pigs 4 of the papsr hy Sayed et al., reprinted by permission of
the editor of Thorsx)

The bare area of Teflon wag covered by .suburing the adjacent edpges
of endothelinm but the mitral valve defect again left alone. By
the mecond post-operative day the haemoglobinaemia and hoeomoglobin-
uria had diseppeared, and abt fellow-up by four monthsg the
haemoglobin, retloulocyte count and blood film had remeined normal
and serum haptoglobing wore normal. Haemosiderinurie, however,
pergisted. The awthors concluded that the patient's hoomolysis

had resmlted from mechemical conditions in the heart, and
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specifically as o congeguence of a mitral reguvgitout jet of
blood being driven ageinst bare Teflon {ibre and presumably
preventing ite endothelialization. UWhether the Teflon fibre
itself, the premonce sinply of a roughened non-ecndothelialized
surface, or a turbulent blood stream was rosponsible was
uwacertaine. The persisting hoemosiderinuria at four months despite
digappearance of other evidence of haemolyris wag congidered due to
conbinued shedding of iron from the previously heavily loaded renal
tubular cells.

After this lmporbant paper in 1961 other cases of mechanical
intravescnlar haemolysis associated with prosthetic repair of
endocardial cushion defects or olther congenital cardiac lesions

Wore published?“ll

« Among these the following merit paritiocular
attonbtion becanse they introduced principles importent in the
mantegement aand investigation of patients with traumatic introvescular
haemolysia.

Sigler et als in 19638 suggested that turbulence might be of
greator gignificance in the genesis of haemolysis in these paticubs
rather than collision of red cells with some intracardiac structure,
ag re-operation undertaken in two of their three cases showed
complete endothelialization of the Teflon inter-abrial septo bub
incompetence through olefts in the mitralvalves which had
previouely becn sutured. They argued too, that hoemolysig might
therefore oven be detected pre-operatively 1f sppropriste
investigatbions were undertelken. They documented the iron deficiency
that may occur through loss of iron am hoemogiderinucia and the
benefit of iron supplements. In the three cages studied there was

hypochromia, & low serum iron, and increased urinary iron excretion



amounting to as much asg 15 mg per day, and in one the annemia

regponded well to oral iron. OFf the two cases in whom re-operation

was performed, repalr of the mitral cleft corrected the haemolysis in one
but the other died shortly after operation. In this patient poste
mortem examination showed absence of siainable iron in the merrow,

liver and spleen, but large accumlations of haemogiderin were

present in the renal proximal tubular cells accompanied by areas of
necrosis and regenerations Abtteniion was drawm to the similarities

of the haemztological features in these patients to the findings
encountered in paroxysmal nocturunal hacmoglobinuria.

Senyl ot al. the following year (3,964)3‘0 confirmed these
observations regarding iron deficiency,and drew sttention to a
deberiorating sequence of events that might develop as a conseqguence.
Nemely, that the precipitation or aggravation of ansemia by iron
deficiency conld resulit in o state of high-oulput cerdiac failure
which in turn might intensify the mechanical factors respongible for the
haemolyois. Thoy prosented evidence that this cycle was operative
in ‘their patient in whom a Teflon patch repalr of an atrial septal
defect had been performed. Treaiment of the anaemia with blood
trangfusion and iron appeared to break the cycle and allow the
establishment of a compensated haemolytic state, thereby avoiding the .
dangers of re~operation.

That circumstances associated with an inorense in cerdisc output
might increase the rate of traumatic heemolysis recelved experimental
support from the work of Sesrs and Crosby in 1965]‘1". They found, a
diurnal variation related to activity in the wrlaary excretion of
haemoglobin in a patient with intravescular haemolytic anaenia
gecondary to a Teflon patch repair of an ostium primum defect. The
degree of hacmoglobinuria by dey was constanily and appreciably
greater than that excreted during the night, and short periods of

increased activity during the day were associabed with farther
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incremenis in haemoglobinurio. Thig pattern of excretion was
roversed when the patient was allowed to sleep by day and be up ab
nights The level of total plospa hacme pigments was also higher
during activity than at rest. Similar resulits for plasma frec hoemoe
globin were obteined in a second patient whose ansemiz followed aortic
velve replacement, but the hosmolysls was not sufficiently pronounced
to ceuse hacmoglobimaria so that the diurnal pattern of haomoglobin
excretion could not be evaluateds The authors congidered that this
evidence of & direct relationship between degree of haemolysis and
cardiac oulput, as determined by level of activity, lent credence to
the view that tho red celle were being mechanically damaged within the
heaxrt. They, 00, reasoned that ansemia by increasing cardiac output
nlght aggravete the wnderlying haemolytic process, whereas its
correction should lead 4o a reduction in red cell trauma. Thisg
hypothesis wag supported by the ameliorvation of the haemelywis that
occurred after blood transfusion in theiyr first case, Their studies
also supplied objective evidence thal rest might be of potential value
in the nanagement of these capos.

With the increasing use of prostheses in the surgical treatment of
valvular heart disease and awareness of the potential traumatic
intravasoular haemolytic complications of cardiac devices, it was not
long before cases of haemolytic ansemia secondary to prosthetic valve
replacement were recognized, end in 1964 the findings of several workers
were publiched.

12 briefly commented on the development of a

Largon and Kirkli
chronic baemolytic anaemia, 16 months after operation in two of 48
patients in whom one or more defeciive aortic cusps had been replaced
with a Bahnson Teflon prastheaialB « In both patients there was
regurgitation at the aortic valve site, although other patients with
prosthetic leaks did not develop anwemias lWhether or not these other

patients had o compensated haemolyeis was not documented.
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Gehroarn end Loogen™ ' described two patients in whom aoriic
incompetence had been treabted by excision of tho demaged cusps and
their replacement with Hufnagel silicone-rubber impreguated Dacron
aortic ou@als +« Pre-operatively and for some time following
operation hacmoglobin lovels and erythrocyte morphology were norimal,
and there wag a good clinilcal response to the procedure. However,
five months after opervation in one and at ten mounbhs in the other
sudden aortic incompetence developed, and the patients were found
also t0 have an intravasculer haemolytic anaemia with "schisbtocylbes"
and "burr cellg” in the peripheral blood. At re-operation in one,
& looge Hufnagel ocusp was resutured to the aorta but a mild degree
of regurgitation and of anwemis porsisted. The gecond cage was not
subjected to Turther operation as the incompetence was not haemo=-
dynamically significant and the heewolysis wos well compensated.

The subthors considered that leakage of blood through the suture line
onto the non~endothelialized reflex edge of the cusp war responsible
for the haemolysis. It is of interest that bthis pmper appears to
have been the firet to document high serum lectate dehydrogenase
levels in these cages.

Stevenson snd Baker%s

and Mamh%? each reported on two cases of
haemolytic anvenisa that followed the insertion of a Sterr-Bdwards
ball and cage sovrtic valve prosthesis. Stevenson and Baker's cases
developed the festures of an intravasculer heemolytic andemia
imnediately afbter operation in one and at five months in the other.
In both there wag regurgitation of blood around the site of insertion
of the valves. Thoy were of the opinion thas turbulence and
collision of red cells with a rigid prosthesis were more likely to be
responsible for haemolysin then the procise surface characgerisiics

of the prosthesis, and that the development of this type of haemolytic

onaenia indiczbed the presence of a hasmodynasmic defect, One of their
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paticnbs gpontoneously improved, the other died of bacterial endo~
corditice. Thoy eumphasized the diagnostic importance of Ypyknoocyites",
fragmented and distorted erythrooytes, which accounted for 17-27% of
the red cells in ‘their patientsg. loreh also found marked orythrooyte
distortion and fragmentation with haemoglobinaemia, methaemalbuminaemia,
abeent serum heaptoglobins and considerably reduced ﬁlcnm@nythrocytc
survivals Hig two cages developed pevere ancemio within threo to eilx
weeks of operation. Both patienis remzined amaemic with shorit-lived
rospongen 10 blood transfusion during the few months of follow-up,

and investigations for othor couses of hoemolysis were negative. They
wore two in o geries of soven patients with Starr-Rdwerds sortic
prosthenes, and the auwthor found Aifficulty in accepling that only some
factor of turbulence er diveoect red cell trawna had differentiated them
fronm the waffected patients. They both, nonectheless, subscguently
developed signe of aortic incompetence. TFurthermore, the other five
"pa$iantﬂ appear 0 have been zcreened for haomolygis only with standard
blood count, reticulocyte count and blood film exeminations, so that a
mild degreo of hacmolysis was by no means excluded.

Reed and nunnlB deacribed a patient in whom severe intravasoular
haenolysins developed shortly after replacement of {the aortic valve with
a ball and cage Starr-Bdwards prosthesis, and which led %o his death in
acute renal fallure with plasma haemoglobin levels of nearly 900
ing/100 ml. Although post-operative regurgitetion had developed.
coincidentally with the haemolysis, the haemolyeis was uninfluenced by
ite correction ab o cecond operation. Subseguent post-morten
oxemination confirmed the competence of the valve, bul when viewed fron
above the aovia was found 1o so enoroach upon the superior aspsch of
the cage of tho prosthesls thot, with the ball in the open position, the
aorta was severely obstrucied with very little clearance for blood flow

arvound the ball, Peveistence of a significant gystolic gradient across

34



the valve hed been nobed at tho second opevabtion. Tepbts for immune
haemolytic faclors were negative, end the eubthors concluded that the
heemolyois was most likely to be the result of erxythrocybte trauna

due to mevere blood turbulence and obabruction to flow during

sywbole.  Thia report was of obvious swrgical value, but it had
gignificence algo in its demonsiration that braumstic haemolysis conld
ocour in the absence of valvular incompetence and thet systolic
factors night instesd be of astiological lmporbtance.

Brodeur ot al. made an assessment of the incidonce of
heenolysis in patients with valvular prostheses, and their Tindings
were pregented in 1964;9 and published in detall the Pollowing yaaraa.
The 5lcrm1ahelled orythrooyte survival technique was used, and of 12
patients with a Starr-ldwards eoriic ball and cage prosthesis eight
had p reduced eryithrooybe survivael, three of vhom were snpemic.
Heemolyeis vas alsgo deteobed in five of geven patients wlth sortic plus
miLrad (3 triouspid) ball and cage prostheses, and three of thom were
anaemic. There wos, however, no difference in the mean erylhrocyte
gurvivel bebween the multiple replacement group aud those with single
aortic progthesen. The awbhors suggested that iuntracardlac bturbulence
was responsible for the haemolysis, bul due (o the low pressure system
aver the atrioventricular valves the turbulence set up by a mitral or
tricuspid progthesis appeored (0 be insgufficient vo add significantly
to the rate of dembyuction ceused by an aortic prosthesis. Hxbrse/,
turbulence produced by inconpelience of aortic prosbtheses, or by
mitral progthetic leaks which would occur under high pressure in syastole,
wonld resmlt in further shortening of red cell suevival leading in some
cages 1o anaemia. JIncompetence of an aorbic prosthesis was considered
o have precipitabteld the snaemia in three of the six cases, and o
mitral presthetic leak in a fourth.

Despito the lessoer turbulence expected over well fanctioning
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mitral prostheses, Bjork mnd Halez*sel in a sgtudy of the long~berm
remilés of mitral velve replocement with the Stary-Ldwards ball and
cage valve, found evidence of slight haemolysis in thal secrum
hapitoglobin levels were reluced in nine oub of ten pabtients. Only
one patient had a prosthetic leak and this wad slight. o patient
was onaemic.

Trom 1965 onwords many reports of trowmotic hoemolytic anaemia
agpociabed with prostheltic valve replacement, porticnlarly of the eortic
volve, have appeared in the literabture, These reporits include some
farther ingbances of ansemic in patients wlth prosthetic Teflon or
Docron aorbic cusps‘?g"’e? ht refer malnly to votal progthetic valve
raplacements. Different types of wvalve for tobal veplacement hove
been construcsﬁedga although moet are based on a ball or disc and cage
arrangement, bul probably none are enbirvely immune from haemolysiso.
Heenolytic anacmio hos been associated, for example, with the Starre

26,27,29~51

Edyards ball ond coge valve, and indeed most reports refer Lo

thig prosthesis probably because it is the most widely used. Ancemia

40

«
haw aleo ocourred with the Magovern, 191 Smelo:ﬁ'i‘«»(}w&-ber,% and Sm"gi‘iswls 2

ball ond cage valves, with the Cross~Jones caged lentioulor disc

53

progthesis,”” the Barnerd,University of Cape~Town lenticular or dige
;aroeﬂ;hesea,s 4995 and with the Coti-Daggett hinged leaflet valves 6..

The greet majority of ansemic cases have developed with aoriic
valve replacements and usually in association with regurgitation around
or through the prosthesmisg. In & few isoloted cases obsbruction to, or
interference with, forword £flow appeers 0 have been held

WQSPOnﬁible.18?4l?4wv44v46u48

Most of these labiter cases bave beeon
due to sgo~cellaed hall variance. This is the term used for the physico-
chemical changes that may ocour in the Silasbtioc rubber ball component

of some ball and cege prostheses, usuelly of aortic valveg, that nay lead



to swelling, fissuring, cracking or shrinking of the ba11%§'41'43’46’48'57

If swelling occurs the normal free movement of the ball may he
impeded, and obstruction to flow with or without incompetence will
ensue. Cracking and fissuring may dietort forward flow, and
shrinking of the ball is likely to lead to a leak through the valve
and the ball may even escape from the cage.

While most accounts of haemolytic anaemia relate to aortic
prostheses, very occapional instances have developed secondary to
mitral valve replacement, and in almost every case an assgoclated
prosthetic leak hasg been reportea.20'29'36’37'39’42'49’53'54’58'59
Altogether thege referenceg document a total of only 15 cases of
haemolytic anaemia with mitral prostheses, in 13 of whom a prosthetic
leak wag knoun to be present,

An appreciation of the incidence of this type of haemolytic
anaemia as well as the frequency of a milder haemolytic state in
patients with progthetic valves also developed from evidence presented
in many of the above reports and from the work of oﬁhersﬁo"és a8
gtudies of meries of patients wore undertaken. It further becanme
apparent that a similar haemolytic process might occur in some cases
of unoperated valvular heart disease and this facet of +the problem
requires some amplification at this point.

(2) Heemolysis in Unoperated Valvular Heari Dimease

The possibility that valvular heart disease that had not been
the subject of prosthetic replacement might cause a traumatic intra—
vascular haemolyeis appears to have been firet raised by Damashek in
196466 during a cape digcusgion at the Vassachusetts' General
Hospital, although it had previously been alluded to by Sigler et a1.8
The cage was that of a female patient with calcific rheumatic aortic
and mitral valve discase and a mild anaemia. The anaemia appeared

to be haemolytic in nature and in particular was assooiated with
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Thelmet cells” in the peripheral bleood suggesting red cell treume.
Subsequent posb-norten oxamination disclosed a sbriking
depogition of haemogiderin in the kidneys but no sthainable iron
in the spleen, bone marrow or liver, a pattern typlcel of intra—
vageuler haemolysis.,  Although paroxysmal nociurnal heemoglobiiie
uria could not be entirely ruled out, erythrocite frvaums caused by
the abnormal passage of blood thuough diseased cardiac valves
remained o poseible though wnproven diognosis.

>
Following this report, Brodewr et al. 2120158

during their
invegtigations of haemolysis in patients with prosthetic heart
valves alao studied pabients with woperated valve disense. They
found a reduction in ° ]'Grmlhbellecl erythrooyte survival in 16 of
21 patients with sortic valve disense (= mitrol valve discase), and
in nine of 13 with mitral valve diseasae alone. There was; however,
no correlation between the type or severity of the valvuler dissase
and the vesult of the red cell survivel study. THone of the patients
was anaemlc or ghowed red cell Ffragmentelbion.

In contrast to themo results, Yacoub, Rogers and 'J.‘ayloxﬁ?
found normal 3 101»-1&%3&}11@51 erythrocyte gurvival in 11 patients
with severe aortic valve disease, gix of whom had severe rem
agurgitation and five had sbenosgis with gradients of 50 mm Hg or
more. Their findings were supported by the work of Andersen,

Gabrield ond Zizzio’

who siudied 18 pationts with eortic or mitral
wvolve diseaso pre-operatively and several months after prosthetic
valve replacenent. Wherean following operation all patients
developed intvevasculer hsemolysis as shoun by absent or barely

deteclable levels of serum hapbtoglobin and elovated serum lactate

dehydrogenase levels, pre-oporatively ouly two of 13 tested had o
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reduced haploglobin value oud none of the 18 had a high lactate
deliydrogenase level.

An intriguing case of rheunetlc aortic and mitral valve
diseage was descrlbed by Miller et als in 196668. The patient had
2 mild anaenle with persisbting haemoplderinuria and small nunbers
of fraguwented cells in the peripheral blood. The acidified~sorun
test for paroxysmal nocturnel haemoglobluuria was negaitive.
Although 5 lcrmezytlwocy'&e survival was normal when firet tested
this had been performed with the patient sititing oy lying mont of
the time. VWhen repeated with the patient underiaking more
exercise the half-life of the 5 1Crmla.belletl evythrocytes fell from
the initial normal value of 28 days to 17 deys. There was also a
decline in heemoglobin level and an inocrease in reticulocyte count.
They studied 20 other patients with valwular heart diseanse but
found no evidence of haomolysls in them.

Alperovich aud 1’aley69 alsn described that year a cape of
haemolytic snacmia which appeared 0 be secondary Lo very severs
mitral reguvgitation. The anaenia and regurgitation developed
concurrenbly after an gpen operation for mixed mitral sienosis and
incompeltence in which the sbenotic elemont had been relieved and a
3 cm bear in the enterior leafllet off the mitral valve repaired with
sutures. At the oubsequent operation the recuvrent vegurgitont jetb
wag esbimaied to ho "one of the largest the purgeon had encountered
in his experience both as regards volume and forcefulness’.
Ingertion of a Storr-Bdwards mitrel prosthesis corrected the
regurglitation and ansemia although a slight degree of haemalys'is
probably persisied.

{nd
e s‘trings‘)

reported a patient who, while developing a vory
gevere haenolysis secondary 0 a peri-prosthetlc leak aftor aortic

valve replacement, was congidered 0 have had a mild haemolytic anaemia
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for two years pre-operatively due to her aortic valve disease. The
evidence presented for this case of pre-operative haemolysls sppears,
however, rathor unconvinecing. IHe studied 12 other patients with
unoperated aortic valve disease (3‘- mitral valve disease),and although
three had slightly reduced mtl*e-labelled orythrocyte survival, in only
one did he find other corroborative laboratory signs of haemolysis.

Robertsm pregented pathological evidence for pre—-operative
intravageular hacmolyeis. In an asulbopsy study on 132 paltients dying
of valvular heari disease he found renal hoemosiderosis ("hiue
kidney™) in four. Bach of these four patients had calcific aortic
sbenoris and incompetences, The bone marrow in the four cases also
showed severe erythrold byperplasla, and a wmild ansemia in three of
them could have been due $0 the haemolysis slthough the nature of the
anacmia wos not precisely identified.

That trawnatic intravascular haemolysis might ocour due 40
valvular heorl disecase alone seemed, Ltherefore, established
aotwithstonding the generally low estimates of its freguency.

Turther siudies of the incidence of haemolysis in unoperated valve

disease followedso!? 36139,40,50,62,63,65, 7173

From these it became

apparvent that at lebonatory level it was a not uancommon manifestation,

tut in only o smell minority of camges did the proceses sppear 4o be of

clinical esignificence. Favthermore, erythrocyte distorbtion aud

Fragmenbation in non onaemic cagnes appeared to be mx'em. There

facts nay go some way towards expledning the lack of recognition of the

phenomenon prior o the advaaces 1n cardiac surgery. Indeed, Dacie75

weiting in 1967, was “"not aware of a single proved cese ab

Hommoersmith Hospital within a 20~year period”.

(3) Other Haemolyiic Complications of Progthetic Valve Replacement
Finally, the chronic traumatic intravascular haemolynis thet is

{the mein subject of this thesis mat be digbtinguished from three

other possible haemolytic compliocations of prasthetic heart valve
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replacement.,

(i) fThe red cell demoge that occurs ab operation in the
oxbracorporeal circulation Q;E' the heart-lung by-pass cirveult ie
well recognized and mey resull in a pogb-perfusion avsemis of

76~83

goveral daye durabion. The principle features of thie
complication are that the degreo of cell dameoge is divectly
related o the duration of perfusion, il appears t0 be coaused
mainly by the intrecerdiasc blood suobion spparetus thal kesps the
operablion field dry sud returng blood th the maln oircuit, and
subscquent extrevascular destruciion of cells damaged tubt nob
immediately lysed during exlrecorporeal circulation appears
largely respimgible for the posi~perfugion anacmip. Little has
been wrliten on the effaect of exbracorporeal ciroulation wpon eory—
throcyte morphology. One s‘s‘tuc’i‘y&l hag reported the development of
Uhurr cells™, red cell fragmenbs and spherocyies, vhile in
motherea no consistent morphological abnormaliby wes seeci.

(ii) Pirofsky et al. in ].96584 also desoribed o haenmolybic
anaemia that developed within one to two weeks of prosthetic valve
replaoement in seven patieuts and which in all ut one case was
characterised by a positive divect anti~humen globulin (Coombs')
tent, Turther investigation in two patieute led them to conclude
that the serological reaction was due 40 a true antoaabibody. The
anthorg postulated thet bthe mechealcal trauma of the prosthetic valves
may have altered the surface antigens of the red cells and so
precipitated an anbtoantibody response. The anaenda in their patientn
elther regresged spanbtancously or with corviicosterold theropy.

Hielm et al. in 196.4% had demcribhed one caso of trausient subo-
antibody formation six monbths after prosthetic valve replacement but
there were no signs ot that time of haemolysis.  Other worlcerm%"sa

following Pirofsly's paper reported the development of positive direct




antiglobulin reactions wsually shortly after opon heart surgéx‘y with
coardio-puimonary by-pags. In one etudy88 a positive result was
obtained in as many as 33 out of 100 patients. Four of the five
prosthetic valve patients with a pomitive reaction shortly after
surgery in one of these :i.nveﬁtiga'hions% had a transient anacmia and
resembled the cages reported hy Firofsky, but in neither of the other

studies wore Coombs? positive cases associated with "g:m:«ra::b“f‘?’7

or
Yolindcally asigzxi:ﬁ‘icant"% haemolytic ansemia. The direoct anbie
globulin reactions in these reports were frequently weak and transient
and not all patients hed had prosthetic valves inserted, and the over-—
all plgnificance of the serological findings was considered obsoure.
It should be added thot in none of the studies of treumetic haemolysis
secondary to progthetic valves that have been reviewed earlier in this
chepter have pogitive direct antiglobulin teste been dewmcribed. It
is perhaps notable that erythrocyte fragmentation was absent in the
patienis studied by Piroi‘skyag. The theory of a mechanical hasis for
o possible eutoimmune type of haemolytic ensemia with prosthetic valves
remained, therefore, attractive bub unproven. However, that the
anaemic cases described by Pirofsky et a1.84"89 WOT'G, .noneizheless,
examples of & heemolytic process digtinet from traumatic haemolysis

ip suggested from a congideration of other ovidence.

Pour of the seven patients described by them had in addition to
their haemolytic anaemie clinical features of the so-called "pogt-
perfusion syndrome”. This is a generally beniga illness lagting one
40 four wecka cheracterized by fever; splonomegaly, aﬁypca,l. Iympho-—
cytes in the periphorel blood and a negative Paul-Bunnell reaction, and
wag originelly described following usually +dwo t¢ four weeks alber
heart-lung by-pass proceduresago"% Cytomegalovirus infection
trensmitted in transfused blood has since been established as the

caune of thip digorder on the basis of serologloal siudies and the



igolation of the virus from affocled pa'bientm%“g 7. Haemolytic ansemia
hag frequently been agpociated wlith oybomegalovirue infections in
ohildren, usually accompenied by a positive divect antiglobulin ﬁest%,
ot appears o be a less common complication of adult infections in
which possible swboimmine factors heve also been identified’ 199101,
Haemolytic anaemia, usually of cold antibody type, is a well recogaized
complication of other viral i.nfeoﬁionama. It soems possible, therefore,
that ob least some of Plrofsky's coges were examples of acquired
hapmolytio annemia secondary to post-transfusion cyltomegalovirue
infection. This condition in any event clearly reguires o be
ooneldered in the differvential diagnesis of haemolysis developing in the
firgt month after valve replacement. In this regerd exythrocyte
fragmentation does not appear o be one of ils features. It is poseible,
too, that 1t has beon romponsible for somo of the cases of posbe
perfusion ancemia attributed 0 damage %o red cells during oxire-
corporeal clrculation. |

(iii) The third potential mechonism of haemolysis in relation to
prosthetic valve roplacement i the development of blood group specific
antibodies as a reaction to minor incompabibilities in the massive blood
transfusion that is fregquenily reguired in heart-lung by-pass proceduress
There have, however, been fow studies of the incidence of allo(iso)-

immnization aftor massive transmsion?’ 186~58,103

and reemnlts are
conflicting. In the larger wseries blood group specific allosntibodies
have been reported to develop in as fewas 1. 5%8 T and as many as 24%8 6

of patients expoged 40 large trampfusions. The heomolytic potential of
alloimmunizetion is not immedliate as an immune antibody is unlikely to
develop rapidly ewough to react againet the inltiating transfusion
sbimine’®®  Tts establishment would be imporbant to recogmize,
nonethelesn, egpecially in patients with prosthetic valves who through

traumabic baemolytic anaemia, bleeding from anbticoagulant therapy, or the
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need for re-operation sre at risk of requiring further transfusion.

This review will contione with & congiderabion of traumstic inbra-
vagoular hagmolysis secondary to prosthetic heart velve replacement
under the Tollowing headinges: incidence of haemolysis end haemolytic
ampenia, lebovatory findings, pathogenesis, complications, and treatment,
The incidence of haemelysis in unoperated pationts with valvuler heart
digesse will also be summarimed. It shouwld be added that this mubject
was revieuwed by Dacle in 196’?75 and hy Morsh ond lewis in 1969105 .

The chapter will end with & congideration of the veried terminology
applied to the digborted and fragmented wed cells smeen in this and other
conditions.

TE ZHGIDDNGE OF HARNOLYSTS TD HATMOLYTLG ANANRIIA WITH PROSTHRSES.

While Qifferent poremebers Lave boen employed in the dlagnosis of
inbravasenlar h&eznalyaiﬂ it hes become sppovent that chronie hasmolysis
in patients with progthetic beart walves is very commoun. This ig true
ivrespective of the site of wvalve replacement, although judged by the
frequency of anaemla the degree of heemolysism im move severe with aortic
roplocementss  The data from reported series of apparently unseleched
pabients with presthetic valves have been mmalysed and the results ave
detailed in Tables I to TIT,  In most repords the conclusions appear o
be based usually on the resulis of invesbigations done on a single
oceamlion which has veried from wesks to yeave following opevation. 14
gome sbtudien o mixiure of diflervent tynes or gitesz of valve replacement
have been invesgtigateds Tn thesse, only the resulis from homogeneous
groups of elght or more patients sre recorded in fthe Tobles.

{1)  Agrbic Prosthesen
Hacmolysls hes developed in 62.5-100% of sorbic valve replacements

although the incidence hos gevnerally exceeded 80%, with an overall
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incidence from sveilable dats of 84%. A conpequent snaemia, the definition
of which has usually not been clearly specified in these veports, hos
ocourred albogether in 8% of cases. This sgrees with the figure of an 8-
-10% incidence of "cliniocplly sigaificent" hoemolytic snsemia quoted by
Fii‘()fﬁik;&"ﬁl in his experience of 217 valve veplocement operabtions involving
the aortic velve. Since an unkmown muwber of thege were probably mulitiple
replacenents and the precise valwve type or types was not clearly specified
thig large sevies has not been included in Table I, It also spprozimates
to ‘the 5% incidence of “clinically significant” onsemis in 200 pabtients
whudicd by Rodgers & Sabiston®, Ho information regarding the
distribution of valve lype or site waes given in this report but it included
cages 0f aortic, mitral, mnd mltiple valve replacement,

The dats from these reports do not show any definite difference
between the haomolytic properties of the various valve dtypes with one
possible excepition. The series shudlied by Hodam obf alfw wag composed of
patients with the Stare~ldwerds mebal ball and cloth-covered cage prosthesis
compared to the earlier Silasgtic ball and non cloth~covered cage model which
hos been the subject of most other reportds, M this etudy there was an
nauswally high inocidence of haemolytic snaemia of 31% in 39 poatients. OF the
89 patients studied by Rees el al.,5 1 nine had a cloth-covered Stavy-Rduards
valve and four of *bb.e;se conbrituited to the {total of eilght asncemle patients
in the meoriem. Wilam et a1.§2 found a substantially greater degree of
haemolyeis in five patients with z Dacron velour covered ball and cage aoriic
progthesis compavred to 15 with a non cloth-covered model, and postulated thatb
the cloth coverdng uight be regponsible for the increaged haemolysis. On the
other hand, Walsh, Sterr and Ri'bzmmm% found no difference in the severlty
of haemolymis belbween 13 patients with cloth-covered Starv-Hduwards velves and
32 with the non cloth-covered type in thelr spparvently selected study of

patients lmown to have haemolysia.
In gtudies in which information regarding the haemodynemic function of

the valve hag been given, a high proportion of anasmic cages have been
asgociated with prosthetic leaks. Mot all pationts with leaks, however, have

bean anacmic nor even gpparently showm evidence of haemolysis.
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(2}  liteal Prostheses

The inocidence of heemolysie in ullral valve replacements hes heen
more variable, the figuros caloulgbed from available dabe ranging from
27-300%, alihough the overall freguency of T8% approaches thet with
aortic prosthoses. Anaemiaz, howover, hos been disbtinetly uncommon
with en overall incidence of 1.5%. Where present it has nearly always
been onacciated with incompetence of the prowthesic (p. 37 ).  Agaln,
convergely, mitral prosthotic loaks have not necessardly been
asseoiated with sneenmia oy even with haemolysls.
(3} Multiple Progtheses

Very fow sories of multiple valve replocement patients bhave been
subjected to detalled haemabological investigatbion.  However, tho
resulta in patlente with aortlc plus miteal (3-}3 triouspid) replacemenis
appear g0 far vexy similar to those in pationts with single aovrtic

prasthesos.

ITT JWCEDINGE OfF HAUMOLYSIS AND HAGMOLYTTIC ANARMEA TN PATITWLS WITH
VALVULAR HEART DISHALY WITHOUS PROSTHEBRES,

The incidence of hacmolysis judged by different parameters in
pationte with valvular henrt discase who hove not had valve replacement
cperations performed hag ghowa o considerable varigbion in the reporbed
sories (Table IV)s The frequency has reunged from zero o T6% with an
overall incidence calculated from avallable date of 20%. Thab it is
vory meldom of clinical significance is indicated by the correspondingly
calculated figure of 2% for the incidence of anaemia.

Ho consistent oorrelabion belwcen the type or meverity of the
valvular disease or the presence oy absence of valve caleification and
the incldence or degree of haemolysie has been observed.  Brodeur of
al.?“o and Roeger, Powell and 0']31’1&!173 in ghundies mainly of soriic velve
digeane found no significant relationship beotween these varlabless M

the obher hend, Gohrmenn, Bleifeld and Kaulen - found. heemolysis to be
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commoner in porbic or mitral stenosis and congidered this might be
related to trampvelver pressurve gradients., Myhre and l?asmusse1165, however,
reported thet hoemolywmis occurred twice as fregquently in sortic incompeience
as In aoriic gbenosis, although there were several pabieubs with marlkedly
incompelént aortic valvers who wore not haemelysing. The sbudy of Yacoub
ot 81.%7 has already been mehbicned (pe 38 ) in which despite evidence
of pevere regurgitation or stenosis in 11 patients with aoritic valve
digeoge, ° le'mm'btallad erythrooyte survival gludies wore normal. In
lone mitral valve disease Brodeur ot ezl.5 8 dotocted evidence of heemo-
lysisg just as frequently as in ao0rbtic valve dimeasse, whereas Dupont and
wen.mvald,?g in their lerger series concluded that mitral valve dimease
alone did not give vige to mechanical hoenolysis. Ildb@l"'iiﬁl?o in his
antopgy etudy of patiente dying Trom valvular hesrt disesse conld algo
£ind no evidence of inlravascular hoemolysis, as detompined by the presence
of renal hoomosideronim, in those who only had mitral velve legions.
Cortelnly, spart from the case reporited by Ziperovich aund Paleysg discusned
gbove (pe 39 ), in none of the other few reported instances of hoemolytic
evaenia with valvalar heert disense hag it ocourred in pablents with disease
limited o the mitral velve.

This lack of a consimtent relabionship bebween the nature snd
eepecially the severity of the valve abnormelity and the frequency or

geverity of haemolysis requires explonation,

I LABORATORY BTNDINGS
(1) Peripheral Blood, Urine, and Bone Marroy
The blood picture veries depending on the degree of haemolypis, in
nild cases the haemoglobin and retiocnlocyte count being wnormal, snacmla and
o robionlooytosis developing in the more gevere cames. The blood film in
onasnic potients chovacterigtically shows fragunented and distoried red cells

variously demcribed as "burr cells®, "achistocylies™, "pylmocyles and
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"helmet cells", and these bave accounted for up to 274 of the red

0e115-0192133,

A review of the varied derminology epplied to theme
domaged cells i given at the end of this chapber. Hypochromia of the
red cells may develop and in the abaonce of other cauges of iron
deficiency is presumed due to the chronic loss of iron in the urine as
haemosiderin and ferritin.,

The accepbed mechanism of formation of haemosiderinuria and

ferritinuria is outlined in figure 2,

INTRAVASCULAR HAEMOLYSIS
FREE Hh === -}Hb/HaptogIobin complex

Filtered at Glomerulus

Reabs. Prox.Tub. —
Haemosid. & Ferritin

HAEMOGLOBINURIA

Cell slough or extrusion

HAEMOSIDERINURIA
FERRITINURIA

Pig. 2.

Outline of the mechsnisn of formation of hasmosideriwuris and
fervitinaria, erimuirie ond

Intravescular haemolysis liberstes heemoglobin into plasma, and once the
haptoglobin binding capadity is saturated sny remaining free haemoglobin

that is not then complexed with the Pl globulin, heemopexin (as haeme~
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haemopexin), or with albwnin (o8 metheemalbumin), may be Filtered ab the

106-114

glonsrulus. The actual process of filtration of free haemoglobin

molecules in enhanced probably by their rvevermible digsocistion into sub-

wnibe of o(.(% dimemllf’ « A proportion off the Llltered haemoglohin is bthen

abgorbed. mainly by the proximal renal tubular cell and ocabebolized therein
to hoonosiderin oad ferritin which ave mubsequently released iwbo the
urine with cell sloughing end possibly by extrusion from bthe inbact
tubular 0613.25 ’116"‘13’8. Unless the haemolysis is severe the tubulax
abgorptive capacity may he sufficient to prevent the concurrvent appearance

of hoenoglobimuria®y H2-121,

Bxtinabion biochemically of the tobal wrinary iron excretion in
prosthetic valve pationts hag demonsbraled elevabed levels of up to 3 ng

g bR
in 24 hours, 344 31:40,46,50, 118 mad most of the iron sppesrs to be in the form

of haemo zsi.derinlls.

Bone morrow exeminetion wey show a reduction or gbacnce of shainobhle
iron 340,118 in eddition to erythroid hyperplasias

Ho particular slberation in white blood cells hag been reported, but
moderately low platelelt couwnts appesr +to have boen recorded in o few ce,sas?S.
Reducod 5 181:‘»1&13@11@@ platelet survival has 2lso been fcm.ncl@'rsc'"mg“'l24 and

=
from the vesmulis in two of these studieala" 1124,

Lt peems likely that this
is due more 0 platelets being consumed in thrombus formabion at the valve
gite than to their being damsged by the prosthesis alihough both mechanisms
could be operetive.

(2) Obher Tavestipations

No intrineic gbnormality of the red cells hes been Lound and on

extracorpusculer mechenism for the haemolysis has been counfirmed by crosge

cirvenlation gtudies of erylthrocyte survival uwming o1

16,22

Ce-labelled red
eelld. Usually no oexcess gplenic localisation of radiocactivity has
been detected on surface couwnting, 17,20,22, 31, 34,59 although splenic
sequestration has been found in o few imolated oas@ml4’23’4'6e

Blevation of serum tobal lactate dehydrogenase (IDH) and of the

heat slable isoenzyme, appeers o be sndlmost constant finding in
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patients with progthetic inbre~cordice devices and a mensitive, although
nob speclfic, pavameber of intravascnlar ha.eu101ysis36’65 « The degree of
elevation of the gorum IDH ham, moreover, been found 0 correlate well
with +the resulis of erythrocybe smevival ag determined by the half-life of
P p-labolled ved cellg?o? 29

Servum heptoglobin levels have dpo beon found almost inveariably reduced

or absent in these pa’biem:sar’?'g ’62’63.

The data from two studies showed
that these chauges in haploglobin level might ocour in the presence of
normal IDH velues and normal 5101‘“6:1737"1;111‘&(3}?‘5}@ pwevival studien, and in the
ahpence of heoemosiderinuria, suggesting thabt hapboglobin abimation might be
the most seneitive 'mab52’5 6.

While gome elevabtion of plosma frec haemoglobin is usuel, methacmal-
buninoenia moy be detecoted only with the more pronounced degrees of
hmmol;vrsﬁ.mw 120,52 .

As is to be expoched in primery hoomolytic disgorders serum biliw
vubin levels ave frequently normal desplte other definite evidence of

N
introvasculoy haemolyaiaﬁ 256,126

V  PATHOGENBSTS

All the laborabory findings ilmplicate en extracorpusculer snd intra-
vageunlay basis for the hasmolysis in poatlents with prosthetic valves. The
process appears to he egsentially one of physical demage o the red cells,
ead the morphological sppearences of these cells, the grealer severity of
haemolysis with aortic valve prostheses, and the evidence for accentuabion
of haemolysir by exercige as found by several work«amj‘l*29’4074'1'46’50’5 3y
118,227 supporte this view. The precisge mechanism producing the red cell
travma remeins o bhe defined but a number of poseibililies heve been suggested.

Tarbulence of red cells in the blood stream in associabtion with haemo-
dynamic abnormolities such as regurgitation through or avound prostheses
or obstruction to flow has generally been accepled as a causal Tactor.
Certainly, the more mavked degrees of haemolysimp encountered heve been

relgbted usually to prosthetic leaks. Under these cirocmstances |
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it appears from experimentel daba that the red cell is subjected to
shearing stresses ag well as to any divect bulfebing action, Nevaril

et ale 128

studied the effect of shearing slress on human and rabbit
erythrooytes in-vitro. They identified a critical shearing stiress for
hunan erythrocytes of 3000 dynes per cm2 above which there was a

marked and steep increase in haemolysis ag debermined by the level of
plasma haemoglobine.  The aulbhors algo found, however, that lesser
degrees of shearing givess produced morphologioal changes in the red
cells similar {to those in pabients with prosthetic valve hacemolysis.
These changes began at shearing stresses of approximately 1500 dynes
per oma and. there was a dlrect linear relationship between the
magnitude of the stress and the percentage of abnormal cells produced.
In studies of rabbit blood, mcr-labelled red cells exposed 1o high
shearing stresses exhibited diminished survival after re~injecition into
the donor animals, and splenic seguestration of the damaged cells
occurred, They caloulated that dlsstolic or systolic pressure
gradients likely to be operative in patients with leaking or functionally
stenotic prostheses could be suffiocient to result in shearing strosses
that would exceed the critbiocal tolerance of the red cell. Wor example,
a pressure grodient of 50 mm Hg would be associsted with o shearing
stress of approximately 4000 dynes per omg., The red cell membrane in a
field of high shearing siress is stretched, end Rand and ‘.Bu_nc‘“mnlz9 had
previously presented evidenoe thal, while capable of withstending large
bending straing, the red cell membrane hed s more limited tolerance to
tangentiol strains,

It has also been suggested thot red cells may be traumatized by
direct conbact with any ertificial cloth incorporated in a prosthesis.
The claspical case of Sayed ot a1.6 demcribed in detail previously (p.20)
is frequently quoted as en example of such a mechanisme In this casge
the patient's sovere and waremitting haemolysis ceased once a bare arco

of Teflon upon which e regurgitant jebt of blood played was covered over,
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even though the regurgitotion muet bave conbinued. Damsge by lare
Teflon fibres would be analogous 40 the zed cell fragmeniation aund
disbortion thoet lg considered o be produced by intravascular fibrin
ghrends in conditions cameing microangiopathic haemolyiic &m&emialm.
Simple divect collision of red cells wlth or belbween component
parts of a prosthesis other than cloth has alse been considersd

rogponsible for Iaaemolyaie4’ 16. 131

However, ok snd Schubothe
questioned the role of collislon fectors in an in-vitro gtudy of
mechanical baemolysis induced by guarts beads, and suggested that
indirect Lforces acting on the wred cell might he more importent. Their
degoription of thespa hypothetlcal forces would correspond to shearing
atrens.

A pogelble wnilying mechenism for heemolysis with prosthetic valves
that incorporates many of the above ideas is saggested from a
comsideration of the work of Blackshear et 31.132. In in-vitro studies
they found that red cells become tethered to evxtificial surfaces and

eventually tear loging a feraction of thelr sgubstance whon the conneclinug

strend breaks (Tige 3)s

—>

— >
<
W/J/.7>/[/>/////////77/777/

Fig. 3.
Diagramuntic representation of the cell-wall mechanism of haemolysis
propossd by Blackshear et sl. v
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They consldered that such a cell~wall inberaction wes more imporiant
in the genesis of heemolygis then cheaving stresases induced by
increased veloelty or turbulence of blood flow remote from wallge
Increased tnrbulence, however, would pronoie the flow of cells o the
call-wall interface, and colls enchored to & wall were calouleted o
he move sensibtive to any given shearving sbress. The number of cells
Yyoed would also be greaiter the more rough or silcky the wall, and would
axceed the calceulated figure of one lyeed per 1000 red cells of those
reaching a "henign® wall such as sbalnlens stesl or Silastic. Cells
danaged in this woy would be move suscepliible %0 further trauma in the
blood stroamn,

An esbinate of the freguency with which & red oell might be
mubjected to the overall hogtile enviroument of a progthetic valve was
made by Rubinson, HMorrow and Gebe126 for cages of prosthetic sortic
incompetences  They derived o mathomatliopl velationship between the
severity of regurgibation and the mumber of times a regurgitant cell
would pass the valve. Por ewample, with relobively mild regurgitation
o wel cell was theoretically calcoulated to contact the valve on average
only 1.5 times before it entered the gysbemic cirvonlation, whereas
with more sovere regurgitabtion it would pass it on average 5.7 Uimes
before being finelly ejeckted. Increoased regurgitation would also hove
the effect of angmenting the sbeolube number of cells beling
rogurgiteted and btravwmatized because of the assvociabed larger stroke
volume,

Whabever mey be the mechenism of haemolyeis, it is clear from the
high incidence in patients wilth spparvently normelly functioning
progthomes that ite development is not necessarily dependent upon valve

nalfunoction.

VI COMPLICATIONS
There are two recognized potential complicotions that are
peculiar to chronic intravascular haemolysis.
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(1) Urinery Tron Loss

High urinary iren levels mpy ocour in pabients with chronic
raumetic intravescular hacmolyeis essoclated with prosthebic heart
valves og 2 conseguence of the development principelly of heemosiderin
urie and ferritinuria, and the subject bas alveady beeon discumsed
{pe 52 )o  This mey lead to irvon deficliency which may precipitate
sneemia in o patient whose heemolysis hag been hitherto well
oompengeted or aggravete en alresdy ecstebliched haemolytic anaemia.

Mot of the measurenents of wrinary iron excretion have been
carried out in ;psa;&ients with an aoptic or sortic plus mitral .
prowthesis and generally olevetbed levels hove been fommaitr40:3 0’118.
Unly o few patients with isolaled mitrael prosthesges have heen s0
a‘bndiecl‘?ﬂ’ﬁo and, the wrinary ivon excrebion in nearly every case has
been within normel limits. This difference in urinary iron loases
between paltients with an sortic and those with a mitral replacement
vndoubtedly reflects the nemally greoster severity of hsemelysis
produced by an aorbtic prosthesis, and an approximate inverse correlation
between uwrinary iron levels and the half-life of 2 10%—1@13@11@:1
erythrocytes has heen rapox**hedﬁg. Aa haemolysis appears 0 ocour
elmont as frequently with mitral prostheses, the wrivary iron resulis
1o dabe suggest that the degree of haemolysis produced by them must
usnelly be mufficiently slight s to cause ne satursbion of the plesma
haemoglobin binding capacity and therefore no hacwosiderinuris and
ferrvitinuria.
(2)  Renal Hasmosideromip

Chronic intravezcular hoemolysis mey lead L0 heavy and
selective deposition of irvon in the kidneys, parbtioularly in the cells

5325 ’3"16'117’133. The effect of ronal

of the proximel convoluted tubule
heemogideroning upon réenal function has not heen studied in detail.
General experience meinly with cages of paroxysmel nocturnal haemoglobin-

vria suggests that it seldem, if ever, leads to seriouns or even
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significant renal functional impai.mentag '134”136. However, formal
investigations in patients with chronio intravasoular haemolysie™l0s1171137
have been linmited in extent, often confined to isolated cases, and
sltogethor appesr inconclusive. PFarthermore, in the ocoasional came of
renal failure congidered likely to be dirvectly related to renal
hmmmidemamlw' 140 there have been other complicating pathological
faotors.

The question of possible eventurl renal impairment in patients with
haemolysis secondary to prosthetic heart valves has frequently heen
miaeﬁ%g’ﬁ 1218,141 bt no study of renal function in them has heen

reported and this whole subject clearly merite further attention.

VII  TREATMENT

The only definitive treatment for the trammatic haemolytic ansemia
of prosthetic valves is to re-vperate and repalr any associated
prosthetic defect or completely replace the pmatheaisag'm' 33,4143,
464934, 142. Thiwm, however, appears to be necessary in only occasional
CABeR.

There are three congervative measures that are often beneficial and
certainly merit a trial in sovere anaemia before proceeding to re-
oporation unless haemodynanic o&naiderationa ave of pressing urgency.
These sre hlood trensfusion, rest and iron treatment, and the basis for
the therapentic value of each in prosthetioc valve patients with troumatic
haemolysis hap been discussed. Beveral reports attest to the frequent
efficacy of iron therapy which may require to be given parenterallym'z’?’
4614T149:30,38 | 1o ggaravation of haemolysis with exercise and its
alleviation with rest is also docunentedtr22129140,41,46,50,53,118,127
Together in scvers anaemia these three measures may avert the need for re-
operation by allowing the haemoglobin to stabilize at a more satisfactory
level, but should severe anaemia reour on resumpiion of activiiies

necepsary for a meaningful existonce and despite adequate iron repletion

then operation is probably unovoidsble. In lesser degrees of aneemia
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iron treatment alone mey produce a gatisfectory rise in haemoglobin,.
Molic acid has also been given o ansemic casesn on the grounds thetb

chronic haemolysie can lead to folate c‘i.ef:i.cienoym’ﬁ"@’ﬁo‘ Aside from

two patients in whom low perum felate levels were recorded one of whom

regponded 4o folic acié.ﬁa

» possible folete deficiency in prosthetic valve
pebients does not appeor to have been documented. In the patients in vhom
folic acid was empivically prescribed, bthe improvements iun heemoglobin level
obtained in a 59&146‘49 ere likely to have heen due Lo the irvon trentment or
exorcise regbriction that was also insbitubed. Nonetheless, a secondary
folate deficiency should alusys be excluded in suoenlec cages.

A vomber of other therspeutic messuves hove been tried 40 alleviate
the treumsbio haemolysin in patients with ansemia but they have bheewn uniformly
ineffectives These have included car’bs‘.m)sbex’@ic}.slg’22’23’30'32'41'44’4'9

and, iwmosuppresgive émgs»%

Inmme astiological factors responsible for,
or contribubing bo, the treumetic heemolysis were not evident in suy of these
studies. Splenectomy hasg been carrzied oul in two patients, one with
ﬂplenomeg@ly?’g and the other with excess splenic sequestration of 5‘1(:::*-
labelled rod oells23 ¢ bub in neither did the procedure sppesyr beneficial.

For pabients with 2 well compensated hasmelysis no trestment may he
necessary although the value of prophylactic lyon supplements in this
gebtbing does not pppear Lo have been aseessed. It hoas been suggosted
that they should probebly be given if urinary iron losses exceed 4 mg per
day > 0.

VIIT  IHD TERONOLOGY O RED GELL FRAGHENTATION AND DESTORTION

A wultiplicity of descripiive terms are uged in discussion of the red
cell morphelogy in disorders associmted with red cell fragmentation and
digtortion. This sechion is concerned with an higtorical review and
appraleal of this varied terminology.

Tn 1949 Schwarbs sad Mobbo ™t inbroduced the berm "hure cell®. In

the courge Of the roubine exewminabtion of blood films they bhad noted a
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Poeculiar red celll'' which thoy desoribed asy "a mature exrythroocyte about
7.5 micra or less in diameter, which bas one to several (large) spiny
projections along its periphery™. To this they gave the name "burr cell”
because of its resemblance to the prickly envelope of a burr, They
found these appearances also in wet film preparations snd concluded that
the burr cell was most likely to be a pre-~formed poikilocyte and not a
crenated cells Orenated cells they described ag having many fairly
gymmetrioally arranged snall spiny projections ¢ften goourring on the
smrface a8 well as the periphery. Purthermore, orenated cells fended 4o
ocory in groups, somebimes more in one aves thaa another, in comparison
with burr cells which they found to be fairly ovenly distributed through-
oat & blood £ilm. It wam admitted, however, that occagionally it was
diffioult to differentiate the two on morphological grounde and this
difficulty is illustrated in their paper. They found burr cells in a
variety of conditions but most frequently in cases of uraewmia, gostric
cavcinoma and blecding peptic ulcers They were absent in ons hundred
hospital patients without obvious hacmatological abnormalities used ase
controles

AherxxelM in o subsequent study of the relationship betwoen the
presonce of these abnormal cells and the level of uraemias described and
illustrated them as varying in size ond being in the nmein hasically
triangular or crepoentic in shapes. The abnormal ("burs) cells in his
illustrations correspond to sone of ‘ﬁhg cells demonsirated by Schwartz
and Hotto.

I}miams

considerad that the burr cell, although o distinet entity,
was an "irreaularly orenated cell” produced as an artefact an the cell
dried on the glide, and that it wes doubtful whether its prescnce denoted
increaped bacmolyeis. Certainly, in hio photograph of “%hurr cells"
theve are many creneted looking cells. He umed the term "irregulerly
contracted” or "shrunken and digtorted” for abtnormal red cells observed

in some haemolytic aneemian asgsociated with drugs, acule liver necrosis,
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126,145,

venal feilurve and cavclavmaionis He aloo drew abboubion to and

originally desoribed “hriangalar cells™ which he considercd probably
aluways indicabted increased hmma;‘lyai.ﬁlas"mg ’146. Thesge havo “emoother
(triangulor)ontlines; they rerely hove mwore than twd spines zad way have
none; they ore alwoys miorgoyles snd slalu deeply with Romanowely dyen™.
Hig iliustrations of all thoge abnormal ¢ell types show nay bo be of
vory similar if nbt essentially identloal asppearance: 4o the bure cells
off Schwarts and lotho and egpecielly to the oregcentic and ‘briaugular
bare colls of Shorcs

Other authory® rr 47131

have illustrated very similay locking
abnormel cells and described them ag being deeply stained, irrvegularly
distovted or contracted, fragmented, as having indentations "ag if small
pleces had been bitten aub of them with a punch™47, or as appearing like
"huret egg ahei&ejﬁ@a. The term "burr cell”™ was nol used in these reports,
some of whioch antedate Schwarts and MNotto's paper, and #hca‘abmzﬂmi cells
were dosoribed in coriain drug-related haemolytio enaemians 2 1M4T-14D g
in children with hoenolytic andomia assoclatied with renal diseases and
'bhromwvﬂopenialw”wls

Tuffy, Brows and Zuelzer in 1959792 proposed the torm "pyknocybe™
for a "much distorted, completely irregular, denwely stained erythrocyte,
usually apprecisbly smaller than the undistorted cells, and having from
goveral to many spiny projections”. They emphasized the increased
density of these cells and considered them & type of burr cell, and
desoribed tham in certain infants with heemolytic anzemia although they were
pregent also in small numbers in healthy children snd adults. The
illustrations in their pasper demonetrate well the densely stainoed, cone
trachted and spiky charvacteristics they described, though a number of the
cells in their photomicrographs resemble the crescentic burr cells of
Aherne. Others, however, would be difficult to differentiate from

crenated cells and mome, as they pointed out, mey be indistinguishable from
the "acanthrocytes” descoribed by Bassen and Kornzwelg in 1953153 and
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Singer, Meher and Pexsteln in 1952154 in the diseame now known as
horeditary acanthooytosis.

There appear, therefore, Lo be sementic difficulbties in this avres.
Lllustrations of these varions abnormal cells in the publisghed reporis
referred 10 above show them to be wadoubbedly pleomorphic, yel in the
medn of cssentielly simileor appeavence whether they he described as
Tourr cells”™, Ypylmocytes” or Mivresulavly coubtracted cells”. It is
clearly imporiant to question thelr significence, however, when their
appesrance ig difficult to distinguich with ceritalinty from crenated
cells, as ocours sgpecially when therve ave numerouns spiny projechions,
Crenated cellgusually, nonetheless, bave a digtinctive morphology and
tend to occur in groups becaume of drveguler drying of the slide, and
they ave nob infreguently seon in bloed films from normal individuals or
pationts withoud haematological problems.

A fuwrtheor source of potential sementic argument ig spparent when
the morphelogy of the red cell frogment ie considered. "Schisbooylben®
(schistooyten; Ok, 6 X\9w ~gplit) was the name given by Fhrlich in
18913’55 end "achizocytes (after Hhrlich) by Rous and Robsrison in
191747

illugtbrations or descripblong by these authors reveal thal schigbtocyies

t0 dencte the products of red cell fragmentaiion. Yet the

take o d,ﬁ:iremi'%;y of forms, snd spart from recogalzable cell fragmente
they may resemble the burr cells described shove as well ag appearing
like microgpherocytes or dumb-bells. Other illustrations of "red

cell frogmentotion” or “gchigtooytosis™ ghow cells the majority of
which are identical to the previousgly described trisngular end crescentic
burr cells or ivvegularly coutracted cellﬁalm'”w T, Thus, the
interpretabion of whei ls meant by a gchistocybe, schizooyte or fragmend,
in contradistinotion o a burr cell; pylnocyie or irregularly contracted
cell appears open to question.  Small portions of red cell matevrial moy
wlthowt argument be accepted os actual fregments. The trianguler cell

ig probebly o 'ftt'a@;men'b,l% and ‘the “hsinet cell’ meoy also be congidered as
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mwhw g’ “Helnet cell” was the name glven hy Adelson, Holbzmen and

Feonensey in 39{34’159 +o colls of helmet ghape vhich they fownd in cepes

of thrombobic thronbocyboponic purpura, and ﬁmaﬁh@iﬁﬁﬁ hap outlined the

varying types of holmet chape thot mey be agsumeds  Honetheleos, both

helmet and friamgulor shoped cella figuve pronincatly in the

illustretions of urr cells alveady quoted. On the other hand, :tiiall’lm

afber deloailed niovogooplic dhacrvation, suggested that the followiang

gequence of avents led to the fovmation of a huwr cells Flrsl, a

vacuole foerne ab the periphery of o rod celli thisp then ruptuves loaving

a orator and a deformed erythrocyte. Subseguent flattening and opening

ap of the cvater lecds to crescentic shupes and, with further distoriion

in the bloed stream, to move blserre forms. Burr cells conld, therefore,

be rogarded os fregmented cells and indeed are defined as such by Hargarwa.
A hotber understanding of the possible rolevance and intorpelation~

ghip of the voried morphology preconted by all these glmormal colls hao

130,161*165‘ They have

infvodunced o likely uwnifying pathogonetic mechenlen for the distortion snd

oeme from the work of Brain end his colleaguon

fragnentabion of red colls ouserved in many of the digorders mentioned
chove. Thoet is, that the red cells are demoged as thoy are forped
through swmell exdberioles partlelly blocked by a fiberin meshwork, lald down
elther becpuse of local endothelind disense, wbich by iteself mey be
vogpongible for tho red cell damuage, or ag o remult of some goneraliped
gbimlas to inteavageular cosguletions Thoy considered that this process
moy eparate in renal dlsease, eapeciolly if there wae walignent hypere
tengion, in the haemelytic-upoemic gyndrome,snd in disorders complicated by
dlasenluated Intravasculay coggulation such as ney ocvour, for ouample,
with netastatie carcinoms, Gram-nepgative sepbicacnia, sbruptic placentae
and, retuined dopd foetus. The tarm they opplied to the frequently
rogulting hoemelybic ancemie io microsnglopethic hoemelybic ancemia. In
thelr experimental studiop it wap demonetrated by cinephotomiorography os

well oo by viouald obsovvabion thet the chape of the red vell fragments
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depended upon the position and plane in which the cells were arrested

by fibrin strands, the point at which the cell membrane rupiured, the
distribution of haemoglobin and membrane between the resulting fragments,
and on whether or not crenation of the fragments supervenedlso. De—
haemoglobinized portions of damaged cells were congidered possibly to
correspond to the vacuoles described by Bell{'sﬂ and certainly the
appearances on the photomicrographs are virtwally identical. Fragments
were almo frequently noted to have irrvemlarities or "burrs" along the
line of olospure of the torn membrane. Overall, the appearances of the
abnormal cells in their study ave indigtinguishable from previously
raported burr cells or schistocytes. The interaction of erythrocytes
with fine fibrin strands was further elegantlydemonstrated by stereoscan
elaotron microscopy by Bull and Kuhnw?. That & panorama of such red
oell deformities may be the remilt of & single aetiologiocal factor is
further evidencad by the similarly distorted and fragmented cells produced
in patients with cardiac valwve prostheses.

It seems clear, therefore, that the degree of cell damage and
distortion that ocours under certain circumsiences is variable, remaliing
in the production of a variety of abnormal cell shapes. Some of these
may be readily recognized as fragments or bits of cells, or as torn cells,
others are probably hest described as irregularly contracted and
distorted. Crenation of a number of the abnormal forms may well take
place subsequently on the slide leading to further distortion and bizarre
ghapes, This wide spectrum of morphological abnormalities appeanrs to
poour irrespective of the precise underlying aetiolcgy. This is to be

expected if, as Weed hanm atatedms

¢ rod cell fragmentation is accepted as
an important final common pathway for red cell destruction in a variety
of heemolytic states. It remaine to be determined, though appears
unlikely, that any single geometric configuration would have specific

dlagnostic gignificance,



SHAPTER 2
METHQDS AND PATEENTS
I HAEMATOLOGTOAL ZNVESTIGATIONS

(1) sStandard Blood end Rebiculocyie Counts

Haemoglobin estimationy packed cell volume, red cell count, mean ‘
corpuscular haemoglobin, mean corpuacular haemoglobin concentration,
and mean corpuscular volume were determined weing a Conlter Counter,
Model *S'. The normal values mm?a
Hb 13.5 ~ 18.0 g/100 ml (males), 11.5 =« 16,5 g/100 nl (females);

PaCuV, 40 = 547 (males), 35 ~ 47% (femalen); ReBaGe 445 = 6.5 million/
ma® (malen)y 3.9 = 5.6 million/mn® (females); M.C.H. 27 = 32 pgj
HeGsHiGe 30 = 35% and M,CoVe 76 = 96 pus |

Reticulocyte counts wera performed as desoribed by Dacie and Lewism?
(normal:s 0.2 = 2,07 of ReBuCs)

(2) Red Cell Morphology

Thir was evaluated by the examination of well prepared stained
bloed filme using a Watson~Baynet, Bactil-G0 microscope (magnifications
and objective gizess lowspower x 150,0bj. 6mm; high~power x 600, obj,.

4 mm;oil-immersion x 1350,0bj. 2 mm). The mtains used were May—
Grinwald~Ciemsa’s and Wrights.

The following classification of the abnormal red cell morphology
encountered in patients with prosthetic valves ham been constructed. It
defines those stnormalities described in this thesis under the heading
“red cell fragmentation and distortion." The abnormalities are
illustrated by drawings made under oil-immersion magnification and
subgequently printed (Figs. 4-10),end hy photomicrographs taken using a
Leitz Opthoplan mioromcope with an Orthomat cemera (Pige. 11-17)s
A Erpepented, epd_Torn Red Gells

These forme vary in sige and shape bubt four disbinct types can be
recognized

1, Gell pieces., Small portioms of cellular material usually

L
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Ge

of pale or "ghost" staining character and of varied shepe
(rigs. 4, 21, 15-17).

2. Zriangular cells, Hicrooytic red cell forms of triangular
chape, usually densely staining, and at one or two cormers of
which there may be o sharp spiny projeotion (Pigs. 5, 12 & 17).
3¢ Coll sements. Lavrger segments of cells basically

helmet, half-moon or orescent shaped, vhich usually have a
frequently ragged tail of »ed cell material in the middle or at
the end of the torn edge, or sometimes a sherp spiny pro-
Jection at one or both ends (Fige. 6, 16 & 17).

4, Indented cells, Red cells which are intact except for

a variable sized loss of material in one and very occasionally

iwo segnments as if a piece had been punched or hitten out of

. them« The edge of the defect or orater may be clearly defined

or rather ragged and less well defined with sometimes tails or
wisps of red cell material tralling oul from it amd lending
credence to the view that the oell has been torn (Pige. 7, 13,
15 & 16)e
Digtorted and Irregularly Gontzagted Red Cells

These are red cell forma of pleomorphic shape with an
jrregular outline. They sre offen smaller and more densely
staining than normal cells and may have occasional sharp spines
protruding from their periphery (Pigs. 8, 14, 16 & 17)s A4s
discussed in Chapter 1, these forms may well originate from, and
probably have the same sighnificance as, fragmented and torn
cells, tut cannot on visuwal inspection be asmigned to thet
category.
Binoered_Cells

Thepe are rod cells which appear "as if part of their
substance had been indented and pulled outwards by a pair of
pincers” (Fige. 9 & 14), and were described thus by Dacie et
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22,146 in casen of atypical congenital huemolytio cnaemie.
They are found also in other types of haemolytic anaems.amg
ond cells of simllar appearance ("dumb-bell" shape) were
desoribed by Bhrlich'”? and in normal rabbit blood hy Rous
and Robertmn15 4 an representing a stage in the process of
Pragmentation. They are illuatrated elsgo in the in-vitre
studies of red owvll fragmenmitation corried oub by Bull ot
al H30

Qthez Abnormad Forms
1,0 %Crenated cells”, Cells difficuld o distingaich aa
distorted and irrespularly contracted or as "normal?
orenated cells were nol taken by themselves ap evidence of
haemolysis (Pige. 10, 15 & 16). They are characterized
mainly by o serrated ocutline ond inolude cells of similar
appsarance 4o some of the "irregularly orenated (7turr)
oslls" of Dacte'20, MHany ave almost certainly otherwise
distorted or fragmented cells that have undergone crenation.
They wera, however, ralatively uncommon.

2. Yacuglated cells, Oelle with a peripheral vecuole were
docasionally observed in smwall nmumbers (Pig. 7).

3+ Microspherooyles. Small densely stnined spherocytic
céllse Theme were only very occasmionally meen in the
prowthetio valve pabients,

It has been found possible to identify the very great majority of

pbnormal erythrooytes with one or other of the ahove categories.

However, forms intermediste in appearsnce hetween two cabtegories wara

ocogsionally seen. For eoxample, indented cells with an incomplete thin

bar of red oell meterial acrvoss the mouth of the crater regembled

vacuolated cells; indented ocells with large ¢pened-up oraters merged
with segmenied cells; daistorted tut minimelly irregularly contracted

cells mometimen appeared to have a basically segmented cell type of out-
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Pig. 4 Cell pieces. A normal red cell is shown in the centre for
size ocomparison.


















Fig. 10 "?Crenated cells®, The top four cellm
are "normal® orenated cells shown for
comparisgon.,



$e® 0

Fig* 11  Two eloagated o#ll pieces (centre & right). Three round
platelet clumps also present#

Fig# 12 A triangular cell,



Fig# 13  AB Indented cell,

FLg# 14 A distorted and irregularly ooutraoted cell (bottom left)
and a piaoered cell (top centre).



Fig* 15 A cell piece (top centre), an indented cell (top left)
and a **7crenated cell” (bottom centre)*

00

Fig. 16 Several cell aegnenta, two cell piecoa (extreme left 4 with a
de haiwoglobiniaed poMiom. bottom centre), two indented cells
(extreme left A bottom left), two distorted and irregularly
contracted cells (centre), and a **?crenated cell” (top centre),



Pig. 17.

A @ il segment (oestre right), a distorted sad irregulsrly ooutraoted
oeil (top right), a 7oell piece or distorted and irresalarly
ooutraoted e il (bottom left), and a triaagalar oeil (bottom right).
A retioalooyte is present at the top left oomer.

linel and vezy small distorted and irregularly ooutraoted cells
especially if pale staining were diffioult to distinguish from ce il
pieces.

The description "red cell fragaeotation and distortion™* has been
applied only if blood films contained abnormal cells of types A and B«
The degree of red e il fragmentation and distortion in each film was
assessed seni-“uantitatively as follows#-

Qrade0 » no evidence of red cell fragssntation and distortion

* la . oooasional fragmented and distorted red cell
approximating to one or two per 2-3 high-power-
fields (minimal fragmentation)

# 2  Ma few fragmented and distorted red cells in most
high-power-fields (moderate fragmentation)

” 3 " unmMrous fragmented and distorted red cells present
in nearly all high-power-fields (msAed fragmentation)

(3) Abnormal Red Cell Counts

The following technique was employed for counting fragmented and

distorted red cells.
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Binoonlar Woison-Barnet adjustable squared eyepiece lences were
used, and counts were made under oil-iummorsion with a final
magnification of x 1350. The area of the square won adjusted so
that the nunbeor of red colls contained in it equalled 55 to 75 cells.
Only cells whoge ontive outline could he soen wore counted. Pach
film examined consieted Of o monolayer of ved celle, The films were
not peanned for alnormaliticn but fields wero exsmined at random so
thet there was no gearch for “suliable" fragment-containing fields and
any euch conscious or wnoonecious biss avoided. The method of
caleulating the nunber of abnormal cell dypes waw bamsed on the pro-
cefure for reticuleoyie counting as recommended by Dacie and mwism?.
The total nusber of red cells in overy fifth field was counded until
the total cells present in 10 fields werc recordeds.  Burveyal of
mecenaive fields was continued unbil) 100 sbhnormal cell types had
heen covmorated ov until 100 ficlds had heen carefully inspected, each
film oxaminetion taking sbout 15 ningles to couplete. Therefore, in
all b the most abnormeld of £ilme 5500 o 7500 red cells wewe
exanined, and the number of ebnormal cell types was expressed as a
percentage of this total tumber of red collss Hnowledge of the over-
all tobal red coll otunt allowed expression of the results also in
absolube nunrbers per m® of blood. The following ave two cxomples of
the caloulations employeds—

Q?Q




As

Ho. of ved colla No, of additional Ho. of abnormal RaBe Qs count
por S5th field fields surveyed red cell types

. ‘ — JRzeTVEd
64 15 200 3436 uillion/
mm
10
64
60
T0
i 100 abuormsl cells present in (6210) 415 =
13 65 fields
70 617 total red cells present in 10 fields
12 v %0 6747 x 65 totel red cells present in
+ 56 65 fields = 4400 cells
S11 |
s obnormal forms w AL W 2,099 op Eote

= 2,274 of 3,26 million Hm/m'?’ - moozgm?’

Ba

No. of »ed colls  Nos of additional Nos of abnormal — ReB.Ce count
per 5th field fields murveyed  ved cell types

66 50 35 4.81 million/
o

T9

69

67

16

70 35 nbnormal colls present in {5 x 10) + 50 =

7 100 fields

75 ?ﬂf} total red cells present in 10 fields

69 ¢y 045 x 100 total red cells prement in

+ 69 100 fields = 7050 cells
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With each exsunination tho slnormal red cell {typen wore aloo sube
divided acogrding to theiy pardiculer morphological appeavancd. A
hand counter no for Aifferentinl while blood cell counts was uped for
recording, and cells falling inko types A, B and ¢ of the above
clegpificobion, o total of pixz individwel categories,were amyneratod.
The othor forms (1) were relutively ‘inﬁ'raquam:iar obuerved and wore not
recorded.

All aimormal cell cownbe were mads without mowledge of the
identity of the blood L£ilm or of the indiiel seni-gquantitative casess-
ment of red cell frogmentoblion and distortion, so that dlos wight be
further avolded, This was woronged by giving the blood films do
onother wembor of stalf ouco thoir ipitial routine inspection and
apgegbuent had bemm conploted. The' slides weve relsbelled ol rendom
acoording o & cofde of identification determined by him, and under {these
"plind” conditions the total and differential abnormsl red cell counts
were then carried outs
(4) Vinesy Saowo

A nodification of the nethoed of Ghmtri e for demonstrating

hacmopiderin in tissue soobions woo used. 4 sanple of urine (20 ml)

was oentrifuged at 2000 yev/min (700 g) for 10 nimutes, and the remulting
sodiment end o swall guantity of supernatent nixzed and o loopful spresd
on gach of two glass slidos. The swears weve heal-fived and {then
aloohol~fized for 10 mine. They weve then stained for 30 min with &
mixture of equal volumes of 207 {v/¥) HCL end 10% (w/v) potassiua
fervocyanlds that was prepuaved imaediaitely before uses Afler this {the
swaars wore woshed iu waler for 20 wmin o vemove excess of acid and then
counter-stained with 0,1% Neutral Red for 3060 meconds, The preparations
wore finally washed briefly in water, allowed to dry, and mounted with
DK

Tlasmogiderin appears as lsolated or grouped bluew-staining granules.

Sometinmes tiny amorphous dots of usually pale blue material or streaks of
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blue stain were seen, These were not regarded as haemosiderin whose

granular structure io usually essily identified if nscessary using olle

immereion magnification. The degree of haemosiderinuris obmerved

microgoopically was assessed semi-quantliatively ae follows, and is

illustrated by photomicrographs taken as in section (2) ehove and all
at ‘the same magnification,

Grade O

" 1

114 o

" 3

" 4

no haemopiderin sesn

ocoanlonal very small group or isolated gramile

of haemosiderin spproximeting 4o one or two per
several high-powsr-fields (Fig. 18)

a few small groups or isolated gramules of haewo-
siderin per 2-3 high~power-fields (Pig. 19)

& few to many spall groups and isolated granules
of haemomiderin in most high-power~fields (Fig. 20)
many groups of haemosgiderin of varying size, often
rather larger and denser than in grade 3, and
pregent in nearly all high-power~fields

groess haemogiderinurie with large dense clumps and
innumerable smaller clumps in nearly all high~power—
fieldm, often to the extent that the blue of the
positive iron stain is visible on naked-eye
inepection of the slide (Fig. 21)

The haemosiderin, usually only in grades 4 and 5, aometimes appeared
in be incorporated in tubular epithellal cells.

Thig classification of haemosiderinuris can be mumarized as

followss -



Pig.

Orsde 1 haenosiderimurla.
top right quadrant.

Orad»» 1 A 8 m alight haamaaidarinaria, likely to be Biaaed

anleaa a careful aearoh is Bade, e”“ecoially
if there ia little ooaater-atedjaable material

to assist ia idemtifying thedepth of foooa
Qrade 3

moderate haemoeiderlnaria

Grades 4 A 5 m marked haemosiderimKria

The exmminatioa of blood films was aleeya carried out before mrinaiy
beeiaosiderin préparatioms so that the seml-qmantitative aasessment of

red cell distortion and fragmentation might mot be iafluenced by a

knowledge of the orimary haemosiderin status.

18.

Isolated blue staining granules seen ia

Pink staining debris end nuclei of squamous
epithelial cells preaemt.
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Pig. 19 Grad# 2 haamoaidarinaria.

Pig. 20 Grade 3 haemoaideriaaria. SquaBWua epithelial oella and
debris preaemt.



Pig. 21  Grade 5 haemoaideriinirla (groaa); tce examplea aboiai, and
haenoaiderin olnap alee ia often larger. Pink ataiming
debria and epithelial cell nuclei preaemt.



(5) Other Haematological Studies
(1) 2'oroigbelled fed Goll furvival

This was carried out according %o the method of Dacie and

I.sewi.sm? (normal half-life (TH): 25-33 days).
(11) Elgsms Haptoglghin

The plasma heptoglobin level was estimated by an immuno-
diffusion technique (M-Partigen plates, Behringwerke AG), The
normal renge established in this laborstory is 40-216 mg/100 ml.

(11i) Sexwn Fibrinogen-Tibrin Degradation Frofucts (E.DeEs)

Blood samples for I'sD.P. measurvement were colledted in 0.04%
tranexamic ecid and allowed t6 clot for four hours at room
temperature before meparation of the sorums F.DJP. levels were
estimated by the tanned red cell haemagglubinetion inhibition
immmoasssy of Nerskey, Kleiner and Johnmonwg‘ The upper
limit of normal in this laboratory is 5 pg/ml.

(iv) Bone Maryow Txamination

The aspiration and exenination of hone marrow was carried

out by a standard mefshoei167. Samples were obtained from the

iliac crest as the gternal area had been involved in the

previous thoracotony procedures in tho patients under study.

(6) Serological Investigations
167

These procedures were based on standard methods™ '«  They
included blood grouping with identification of Rhesus phenotype and
Kell and Tuffy™ blood group status, the direct anti-human globulin
(Coombs?) test, and the screening of serum for the presence of allo
(iso)antibodies, This latter was carried out apgainst a comprehensive
panel of red cell anbtigens obtained from the Regional Blood
Transfusion Service using the following btechniques: (A) room
tomperature saline, (B) 37°C saline, (C) enzyme (ficin-treated
temt cells), and (D) anti-humen globulin. The specificity of any
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entibody doteoted ws then precigely identified using a panel of

colls cupplied by Ortho Diegavptico.

IT  BLOCHTMIGAT, INVESTIGATIONS
(1) Servm Bilirubi and Alming Aninotransforase, and

Serum bobal bilirubin was eotinebed on the Technicon Autge
enalyser by the method of Gambino end Soleibert 10 (normalk 0.2 - 0.9
mg/100 ml).

Serum aspartato cminotvensferase (atpartate transominase, AsT),
alenine epincivensferase (alonine trenseminase, AIV), and lackabo
dehydvogenane (LOH) were npsayed on the LEB 8600 Roaction Rate
Analyser weing L;“me}minger temt combination kite at 37°C. lhile this
study was in progress the Depertment of Pathological Biochenistery
ingbituted o change in the methodology of thowze ensyme estimetions
in that the concentrations of substrate, coengyme snd phosphate
affor wore nltered to achiove oplimlzation of the assyy procedures
at 3770,

Initially the Bouehringer Company Welewhs for AsT and ALT
levels had heen based on the methods of E&wmnln and of Wrdblewski
and o Tuot (> (normal values: AgP 9 - 35 dw/l; AL 5 - 26 infl.).
Since December 1972 the optinized methods for AeT and ALT estimations
desoribed by Bergmeyer ond Berm:”B have been used (normal values:
AST 13 = 42 infl; ALD 11 - 55 iufl.)

Berun IDH susay was inltiglly performed according to lroblewski
and Ta Tue™™* (normals 116 - 467 iu/l).  Since Dacember 1972 the
concentrations of gubsirate, coensyme and phosphate buffer ophimal at
37°0 have been employed for IDH assay as desoribed hy t&o@ueenlw y and
& normal rengo of 240 ~ 525 in/l eostebliched’’C, This last result
wag oblained in a healthy volunieer group none of whom were hospital
patients, while the foregoing quoted normal values for enzyme
aotivity and bilirubin level woreestablished using hospital in-patient
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popu.la.tians”?.

These esrlier and leter methods of estimating serum AsT, ALY
and IDii are hereafter referred to as methed (a) and method (b)
regpectively.

Care wae fteken during collection of blood o avoid in-vitro
haemolysise The minimam of venous compreession was employed, wide
bore gange 19 needles were used when venous size and position were
guitable, blood was withdrawn withouh exceasive suwction ond then
after removing the needle expelled from syringe into gample tube
evenly and under low pressure, and specimens were transferred 1o
the laboratory without delay.

The examination of both bleed filme and urinary haemosiderin
preparations was always conpleted before the vesults of these merum
estimations were available, so that the haemstological assessment
might not be prejudiced by prior knowledgs of the biochemical
features.

(2) Serum Iron and Total Iron Binding Capacity

The serum iron end total iron binding copacity (TeI.B.C) were
determined by a routine auto-analyser method as desoribed by Young
and Hi.cksm& and Babson and Kleinmanl‘w. The normal values in
this lsboratory ares serum iron 100 ~ 250 ng/100 ml frales) 80 -
180 pg/100 ml (femalesy and TuI.B,Cs 250 ~ 430 we/100 mi.

(3) Urinary Iron

The urinary iron output was estimalted by the following method.

Urine collections {24 h) were made in iron~free plastic bottles
containing 5 ml of concs HEL as preservotive and to aid in solution
of the iron. Samples of urine (2 ml) were aualysed directly by the
anto~analyser nethod referred to gbove for the debermination of
serum iron in which a dialysed irvon-~conbaining sample is mixed with

tripyridyl-triezine to form a coloured complex which is measured

colorimetrioally.
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The useffnl working renge wes found to be from about 0.2 mg
Pe/l to 3.0 mg Pofl. Soamplos with o higher concentration of iron
were resnalysed afler dilution with 0.1 U-HC1l. Conversely, for
more precige egbinsbes of iron at concentrabions lems lthan 0.2 mg/l
a standerd addition bechnique was used. Two additions of known
amounts of gtandard iron solutions were made to the walmown urine,
and. the original iron concenbration was calculated grephicelly from
the increments in colour absorbance p:ac:zluoedlae.

Ropegbed emalysis of a urine sample gave s mean resmlt of
0462 mg Pe/l (ssds 0,01, n = 10) with a coefficient of voriation of
165

The seme urine anelysed by an atomic ebsorpiion gpectrephobo- -
metric method after chelalion aad solvent exi;motianlm gave a mean
of 063 ng Pe/l (seds 0.04, n = 10), the ocoefficient of variation
being G 3

The guality control resulis from o suitable conbrol corum gave,
during the period of collection of the urine semples, a mean value
of 1.88 mz Po/l (mads 0.07, n = 20) with a coefficient of veriabion.
of 3.5
(4) Urinexy Urcbilinogen, Bilirubin, and Hsemoclobin

The presence or ahpence of oxcess urinary uwrobilinogen was
determined in a fregh spot sample of urine using Urobilistix reoagent
gtrips (Aumes Co.) (normally < 1.0 Bhrlich wnit/100 ml)s  The urine
wap concurrvently tested for bilirubin by means of Bili-labsiix reagent
gbrips (Ames Co.)e

Urine was exemined for hoemoglobin using a Hartridge reversion

spectroscope.

IIL RENAYL INVASTIGATIONS
The normal values given ave those reported by de War&anermg

unless otherwise stated.
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(1)

(2)

Topta of Glomernlar Punchion

(i) Zigems Urea
Thie was estinglied on the Technicon Autc-onalysor by

the nmethod of Harsh, Pingerhut and %Iillerwse The normal

renge i8 15 - 35 mg/100 ml.

(11) Serum Ureafinine and Crestining Clespance
An endogenous creabinine clearance was performed using a

24-~hour urine collection with a mid-point blood semple, the

serum and urine cregbinines being esbimated by the method of

184'. The normal reange for gerum creatinine ig 0.8 -

Hare
1.4 mg/100 nl, and a creatinine clearance of 80 ml/min/
173 m2 wag boken as the lowser limit of normal having vegerd
t0 the age of the patients in whom this investigation was
perlormed.

Tests of Tubular Funchion

(1) Yatox Concentration est
This was assessed by meesuring the urine osmolality with

an Advanced osmometer afber an 8~hour period of dehydration.

The kidney should normelly be capbble of concenirating urine {o

an osmelality of 800 mosmol/ke H,0 or move.

(i1) Acid Toed Desgt

135

The short acid load test of Wrong and Davies wag
coryied out. Hormelly under the oonditions of +thig btest the
urinary pH should £2ll %o within the range 4.60 - 5.24, and
the titratable acidity, ammonium excretion and total hydrogen
ion excretion should rige to 24 = 51 ,;Eq/min, 33 - 75 l:Eq/min
and 60 - 124 Pﬁ‘q/min respectively.

(311) Uringry Aming Acid, Conpent

The amino acld content of the urine was analysed by

c:olorim%ryws and paper chromatagrapharmf.
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(3)  Usinary Probeln and Celd Excrebion Habos

Proteinuria was quantiteted by the biuret method of Wocttonlsg
on a 24~hour urine collection, and the wpper limit of normal was
tokon as 90 mg/24 h.

Urinary red and white blood cell excretion rales were measured
by the method described for white cells by Houghton end Pearﬂlsg
neing a 3-hour urine collechtion., The normal values are:

ReBeGe O « 200000/h; WeBaCe O = 400000/i

(4) Bactericlogical DIxeminoiion of the Urine

Quantitative urine culitures were carried ont ag demcribed by

HMeGeachie and Kennedylgo.

IV SPATTSTICAT, METHODS

(1)  Stonderd Parvemeters

Mean (X), variance, steadard deviation (8, or m.d.) and standard
error of the mean values were caloulated on a Wang electrounic
calculator, Model 3?0, with the aid of a suitable compuber progam.
(2) Significance Tests

The following tests of significance were ueed.

(i) student's t tests for comparison of the means of two

samples. For unon-paired compariegons the sppropriate t test

aad calculabion of degrees of freedom (d.f.) were used

aocording to whether or not there wae a slignificent diflference

between the variances of the two samplesl9l.

(i1) Calculation of corrvelation coefficient (r) and linear

regression snalysis.

(iii) Chi~pguared (Xg) teet for the amsociollon between two
sysbems of clamsification, employing Yaltes! corraection for

2 = 2 contingency tableﬂlgl'lga.

Shtudent®s + tents, calcoulations of correlation coefficients and

80



linesy rogrepsion anslysis were performed with the aid of Wang
somputor programs.  The slatisblical tableg in Documenta Gaigywa
and the Biomebrilks Teblem fop Sﬁaﬁia*‘aioianal% were used. Tho

glgnificance of all probabllities was judged by "dwo-tailed® fewsto.
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U PATTEINIS STUDTE)

A hotal of 159 patients with prosthobic heart valves have beoen
gtudied (64 men m&vyp %%%%%%%rﬁ%%” 1%% 42 years, venge 17 -« 66 years).
In nearly every cage the operpbion had been porformed in the cardiac
murgery walt ot the Royal Infirmavy, Glasgow. A fow (12 pationta)
had wdergone progthetic velve rveplacenent at other cardiac centres
in Britain but were domiciled in Glasgow. The investigations that
are ﬂ!:h;a subject of this thesis wore carried out during the patieunts’
abtendences at the anticoagulent clinics of the Glasgow Royal
Infirmary for control of the long-tern anticoagulant therepy
ingtituted os a prophyloxis againet thrombo-embolisms A small number
of paticnte also hé,a investigations performed while in-patients, and
gpecial adnispion or oub-pabtient arrvangements were made for
5 1Cz-~1abelled red cell survival studies, bone merrow exeminations, and
renal Tunciion touts.

Differvent types of progthesis had been used 4o replace the
danaged valves in these patients. The patients also differ in respect
of the time of enlry ianto this study relative Lo the date of operation
as well ag in the duration of post-operative follow-up.

Those two factors will now be debailed.

(1) Types of Cardiac Valve Prosthesis

The grealt majority of the patients hed received either one of

the different types of Starr-Diwards ball and cage prosthesis'”” or

the 4lting dlsc prosthesis imtroduced by Bjsvk and Shiley'?C. A

Pew had Starr-idyards non~tilting disc prasthesesws « Depcriptions
af ‘thege different progtheses are given below and illustrated in
Pigures 2226,
(1) Stgrr-Bduerds Dall snd Cage Prosthosce
In order of developmenti-
Ae  Hodels 1000 gnd 1200, (Aortic), and G000, snd, 6120 (Mitzal)

These have bare metal cage struts, a Silasbic rubber
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ball, end an owber sowlng ring of cloth (Pig.22).
In the 1200 and 6120 developments, which hove
supplanted the earlier models, the oloth of the
gewing ving is extended medially ou the inflow side
of the valve »ing 0 cover the metal wp 4o the
orifice rim.
B lipdels 2300 (Aoriio) end, 6300 (Mitzal)
In these models the meital cage struts ave covered
with Teflon cloth which alge complotely covers the
valve ring internally as well as constitubing the
owter gewing »ing, The ball is a hollow Stellite
metal sphore (Pig. 23).
Co Mook 2310 and 2320 (Aoztic),and 6310 and 6320 (Mitral)
The haglce design of these models with complete clothe
covering and & Stellite meial ball is as in type B, In
addivion, metal sbuds alternate with the cloth on the
owtflow mide of the valve ving and bogebher ‘they Fform
2 Yoompogite meat" for the ball (Figs 24). The valve
orifice diametexr is also larger for any given external
tissue diemeter in comparison with type B,  Further
minor modificetbions are included in the more recent 2320
and 6320 models.
(i1) gharp-Ddysrds Loy-Profile Digo Frogbheges
These comprise a dise that moves (non~tilting)
within a bare Stellibte meotal cage (Mig. 25). The cloth
of the sewing ring, as in the 1200 and 6120 models, exbends
$0 the orifice rim on the inflow side of the ring
leaving no exposed metal on the inflow face. Thoy are
ueed in the mitral or tricuspid position, and prostheses
with plostio dises (Model 6520) have mpplanted the

earlior type that had a hollow metal disc (Medel 6500).
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rig#t 22 Stanv~wards Silaatlo rubber ball and bare metal cage
proatheeee; an aortic 1200 modal (above) and mitral
6120 model (below) shown.



9ig# 23  Starr-BAwards Stallita natal ball and olotb-covared oaga
prostheaaa; an aortio 2300 modal (abova) and mitral
6300 model (below) ahowa. Ignore the tom oloth ia the
latter photograph.



71g. 24 Starr-Bdwmrds Stolllte metml bell ami olotbr-oovered cage
with ooqpoaite seat prostheses; aa aortic 2310 model
(above) and mitral 6310 model (below) shown. The metallic
studs alternating with cloth on the outflow side of the
valve ring (the "composite seat") are clearly seem.



Fig* 23  Starr-BdMBrdB low-profile oaged dieo proethemio; a mitral
6320 model ehOMif with views from the ventrioular aepeot
(above) emd Aom the atrial side (below)* The cloth traa
the sewiiig ring oaa be seen to eztead inwardly to the orifice
rim on the inflow atrial side of the valve ring.



(iil) BjSrtera™l«pr_TilliasLPi*S

This 1B an entirely different design from the
foregoing types of prosthesis. It comprises a free-
floating Delrin plastic (or now pyrolytic carbon)
disc which is suspended and pivots between two
eccentrically placed support legs attached to the
Stellite metal valve ring (Pig. 26)# TIhe disc tilts
open to an angle of 60” in aortic models and to $0*
in mitral and tricuspid models. Apart from a sewing
ring of Teflon there is no cloth incozporated in the

model#

Pig. 26.
The Bjoris-ahiltj tilting disc prosthesis# (A mitral model),
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The numbers of patients with these different types of prosthesis
related to the site of velve veplacement are detailed in Table V,
They amount o an overall fotal of 51 ceses of avrtic valve replacement,
T2 of mitral velve replacenent and 38 of multiple valve replacement, as
two of the patieonts were re-operabted upon during the giudy with replace-
nont of their oviginel prosithesis with a different type.
(2) Timing of Invesbtigations

The differences belween the patients in the times of beginning and
completing invesbigationa in relation to the dale of operation were
determined principally by the prosthesis model used. Thus, the Staryre
Tdwords Silasbtic rubber ball and non cloth-covered cage prostheses
which had been initially used sgome years before this sbudy commenced
had been supplanted by the fully cloth-covered types. Theme, and
spacifically the "composite~peat” models, were already en ongoing
sargicel commitment when this investigation begen, and valve replacement
with the Bjorlk-Shiley tilting disc progthesis wes then subsequently
ingbituted. In those cages veceunbly operated upon, investigaiions were
neorly always delayed wnbtil three months hed elspsed since operation so
that the effects of operative blood losn, exiracorporesl) circulabion,
blood tranefusion and blood regenerabion would not interfere with the
interpretation of results. Detalls of the timing of investigations ave
given in Table VI for all paticuts. In 63% of cases these were begun
within 12 months of operation; conversely, in 50% of cases post-
operabive follow-up exceeded two years. The differences in timing
scoording to the prosthesis model used are ghown in Table VII'.  This
4ime factor is dealt with further in chapters 5 & 6 when the

haemolytic complications of the different valve types are conpared.
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Tlonths ' Tovestigasiong -
Afber Investigations begun completed
_Oporation (Moo & % Moo of Onsen) (0. & % Ha. of Cases) |
0 - 3 5 (3%) 1 (14)
3 - 6 65 (40%) T (4%)
6 - 12 » (20%) 22 (14%)
12 - 24 35 (22%) 51 (32%)
24 - 36 12 (74) 33 (207)
36 - 48 3 (2%) 19 (127%)
48 = 60 3 (27) 14 (9%}
60+ 6 (47) 14 (9%)

JABLE VI TIMING OF POSTOPFRATIVE INVESTIGATIONS IN THE 161 CASES
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THE DIAGNOSTS OF INTRAVASCULAR HAEMOLYSIS
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CHAPTHR 3
RBSULLS

T SERUM IACTATI DEIYD
TARHOLYSLS

OORNASE LEVELS AS A MEASURE OF INIRAVASCULAR

5
L S o PR

The correlation between serum lactabe dehydrogenase (IDH) lovels and
red cell survival as esbimated by D 101‘ labelling was examinoed in 27
patients with presthetic heoart valven., Trll details of the
investigations eve given in Table VIIT. An inverase exponentlial
relationship was found between the IDH values and the helf-life (T}
off the 5 10r~»1a1mllea1 red cells, and a gbtraight line ig obltained when the
obgorvations are plotted in a gemi~logavitbmic scale (Wig. 27). The
reogregsion line fite the egquationg-

Log IDH =  3.69 -~ 0.04 x T4 (days)
or T (doys) = 92,25 « 25.0 =x log IDH

and‘ the corrolation coefficient ig ~0,82 which is highly eignificant
(P < 0,001). However, thove ave spproclsble veriations in LD levels in
pationts with ginilay red cell survival, and the indlvidunl obpervaticns
are scabbered arcund the regrespion line with o sbonderd deviation of
0. 175 for log IDH.,  Converscly, therefore, for svy given serum LDH
value the ronge of predicted red cell survival helf-life is rether wide.

The IDH esbimations in thip study were all done by assay method (a)

(Pw 76)*
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Fig. 27 Relationship betwgin serum lactate dehydrogenase level and
the half-life of "Or-labelled red cells.

(Normal LDH 116-467 im/l; normal T& 25 - 33 days).
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32
30
28
26
26
22
23
22
21.5
20.5
20
20
1945
19
17.5
1745
17
14
14
14
13.5
13
13
12
11.5
10

2

Ser%m
Lo
(in/1)
345
290
680
320
460
280
680
1000
740
600
445
1520
800
450
160
800
1620
740
1330
1480
1560
1080
1100
1220
1800
2700
5360

Red Cell

Urinavy
Hb. Reticy. | Fragmentation| Hoemosiderin
(/200 mu) | (%) )(Grade) (Grade)

14.9 1 0 0
1849 X 4] 0
15.2 4 ] &
Y77 2 0 0
16,1 2 0 0
16.3 2 0 0
12,3 2 0 4
16.3 5 0 3
15.6 1 1 2
13.9 <l 0 3
13.2 <1 0 0
12,3 L 2 5
15,0 1 0 3
15.6 2 0 0
14.6 1 0 3
2.6 2 1 3
1146 3 2 4
153 2 1 4
10,1 9 2 5
10.9 3 3 p,

Te5 13 3 )
123 i 2 3

949 ) 1 5
11,8 4 2 o
13,1 3 2 5

149 9 2 3

90 13 3 5

Wolest a Subjecits marked * had & mitrel valve prosthesig; ¥ an aortic

plug nibtral prosthaesisgs

progthesis.
b Normal T = 25 - 33 days.
¢ Normal IDH = 116 = 467 iu/l.

other cases hed an aortio valve

TABLE UILT CORREJATION BETWELN SERUN LACTATE DEHYDROGENASE (IDH) LEVELS

AND “7Cr RED OBLL SURVIVAL TIMESs

TNVESTICATIONS
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IT  HABMOSBIDERIWURTA AND RER CRLT, DRAGNENTATION AG INDICTS OF TR
DEGRER O CHTRAVASCULAR HATRIO OLYSLH

The valve of the urinery hoemogiderin test and the assessment of
red cell morphology as indices of the severity of in'braﬁa,sculaa: haemolynin
vae examined by comparing the resulis of these investigations in 133
patienlts with estimatos of red cell survival ag delermined by serum
loctabo dohydrogenase (LDH) levels, and with the overall hacumatologloal
ghotuge In 37 of these patients more thon one meb of resulbs wos
avellable from investigations performed at diffevent times, =0 that the
final mumber of palred end simuliancous iuvesblgations was 180,

The 180 cases were grouped ag showa in Table IX according o the
progence Or obhoence of haemosideriouria, of red cell fragmeniotion and

distortion, ond of ancemia attvibuteble to intravescular hacmolyesis.

Tio.omo-- Noe OF
Haemolytic | Haemosiderin- | Red Cell lytic No. of Sets of
Groun wei.a Mfroementotion ] Ansomiol Patients Results
0 = - - - 55 64,
l w > R on 35 39
9 + S - 3 45
3 = 4 o+ I 21 »n

Notes:s  + = present, « = absen}

TABLY IX CLASSIFICATION OF HAEMOLYTIC GROUPS

Tor example, two pationts placed in Heemolytic Group 2 had a very
mild ansemis but this was likely o hove been precipitated by blood loss
ond not by their hacmolysis. OF the 37 patients with more than one sot
of resulis, 12 hre included in two Groups as there wae o change :r'.x; their
urinary or blood findings during the study. Only one set of resulis out
of the 180 wonld not f£it into one or other Group. This wes a patient in
vhom red cell fragmentation with ancemia and a high IDI level were present,

tut haemosiderinuria could not at that time be detected.
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(1) Relation betuwecn Haemolytic Groups ond Serum Lactate Dehydrogenase
Levels '

The correlation between the degree of haemolysis arbitrarily dofined
by Hoemolytic CGroups O to 3 and ap estimated by IDH levels was exanined
by comparing the resulis between each Group of the serum IDH assays
(Pig. 28)s  Since the method of estimating IDH altered during the course
of theinvestigation the results aro divided according 1o whether method
(a) or (b) had been used.

thile there is overlap in LD levels between Haemolytic Groups
especially with assay method (a), there is a progressive and al each step
gigaificeont increase in the mean IDH level from patients in Group O to
those in Group 3 (methed (a); CGroup O v 1, t = 5.75, def = 29, P< 0,001
Ope 1 v 2y b = 3,32, defe = 46, 0,005>P>0,001; CGp. 2 v 3, t = 2.54,
defe = 38, 0,02>P>0.01; method (b): Up, O v 1, ¥ = 4,62, dufe = 14,
P<0,001; Gpe 1 v 2, t = 4426, defe = 29, P<0,001; Gp. 2 v 3, t = 4,18,
dufe = 32, P<0,001). This corresponds, using the data from assay
nethod (a) end from section I above, $0 & progrespive approximate decrease
51

in the “"Cr ved cell survival half-life from 28 days in Group 0, to 20

(Gp. 1), 16 (Gp. 2), ond 13 deys in CGroup 3.
(2) Hagmosidorinuria ag a Heasure of Introvascular Haemolysis

A very close and sighificant agreement (P<0.,0005) was found between
the presence of hoemosiderinuria end an elevated LDH level, and hetween
the absgence of haemosiderinuria and a normel IDH levels The

distribution of reosulis for all 180 cases is showm in Table X.

Serum Lactate ”i)elwdroganme o
Test Blevated Normal
Hacmosiderinuria Prepent 111 4
Absent 14 51

¥ = 106453, defs =1, P< 0,0005

TABLE X ASSOCIATION BETWERN HARMOSIDERINURIA AND
SERUM LACTATE DREHYDROGENASE
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METHOD { a) METHOD (b}

4 *
5360 {s) 6240 o)
4000
ee S
< 3000 -
LL' L
) . :
o
&
D -
> .
T
w M .
o . .
[S1]
= 2000‘ 3 :
< - M .
Q : .
<
- - H .
> H b " .
D L[] L] ¢ L]
m * (1] L] *
o :
1000 - £ . . : :
) :5:. E. : .o' .i:
I T 1"
0 0 1 2 3 0 1 2 3
HAEMOLYTIC GROUP
n= 35 26 22 18 29 13 23 1
X = 385 768 143 1526 503 825 1557 2788 (iu/l)
s = 104 328 452 501 105 241 760 888 (iu/t)
Tig. 28 Relationship between Haemolytic Group and serum lactate

dehydrogenase level.

Besults divided according to whether LDH assay method (a)
(normal 116-467 iu/1) or method (b) (normal 240-525 iusi)
wasg used. The points_in brackets are pxcluded in
caloulations of mean (X) and standard Qeviation (s) volues.




four patiente with haemogiderinuria hed normel LDH lovelps The
ancunt of hoomowmiderin in each was vory semall (grade 1), and blood
count and film exominations wore normal. There were 14 instances in
12 paticents of o negabtive hecmosiderin tent associated with high IDH
levels. The incressen in IDH were not marked and 10 of the 14 values
fell within 100 iu/l of the upper limit of normel. Blood counbs and
filmswere alsge normal in all bub one of these pationba.

There ies algo a direct gpproximate correlation bebween the degree
of haemomiderinnris and LDH levels. This is demonetrated in figures 29
(esoy method (a))and 30 (assay method (b)) IDH levels in patients
without hacmosiderin are included for comparison.

A highly significant association (P < 0.0005) was found when the
degreo of hacmopiderinuria was compared with the extent of haemolysis as
defined by Haemolytic Groups 1 to 3 (Table XI). No patient with slight
heenosiderinuria (grades 1 & 2) had annemie, whereas nearly holf of the

coses with narked haemosiderinurie (grades 4 & 5) were enaemic,

Haemolybic
Group Number of Cases in Haemogiderimmrie Grodes
1 2 3 4 .
1 15 5 92 6 4
2 T 6 10 10 12
3 - - 4 6 21
2

= 37&74’ C?.&'.{."o 3 8; P < 000005

TABLE XT  ASSOCTATION BRTUETN DEGRIEN OF HAXMOSIDERINURIA
MWD HAEMOLYTIC GROUP

(3) Red Cell Fragmentation as a Measure of Intravascular Haemolysis

A1l patients showing red cell fragmentation and distortion
(% cnaenia) had elevated LD levels, and tﬁe trangition from haemogiderin-
uria only to the additional finding of fragmentation was associabed with
an approximete fall in 510:9 red cell survival half-life of from 20 to

16 days (VeRe)s
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The quanbtitative relationship hetween the degree of red cell
Trogmentation and distortion and IDU levels is showm in figures 31
(asmey method (o)) and 32 (assoy method (b)). IDH levels in pabionts
with bheemogiderinuria but no fregmentation are included for comparison.
A direct approximadie corvelation is present for the data with assay
method (b) although is not evident for the resulis with aswey method
(8). A gignificant correlstion was, howover, fouud when counts of the
numbers of demoged cells wore compared with the IDH levels (vele)s

There was o highly significoat asgociation (0.005>P>0,001) betueen
the degree of red cell fragmentation and distortion and the presence or
gboence of hasmolytic snaemia (Table XII). Oauly e minorily of cages
with minimal fragmentiation had anaecmia whereas most of those with

marked fragmenitation were anacmice.

Haemolytio “Numper of Cesos in
Anaenia Tregneniabion Grades
. 1 2 .3
Abgent® 23 15 7
Presont® 6 11 14

¥ = 10,69, defs = 2, 0,005 >P>0,001
a~corrasponds to Haemolytic Group 2
h-corregponde: to Haemolytic Group 3

PABLT XTT  ASSOCIATION BETWEEN DREGREE OF RED
CBLL TRAGHMENTATION AND DESTORWION
AVD HARMOLYTIC AVATIIIA
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ITT  OEE VALUR OF 18R RETICULOCYTR COUNT, SURUM BILIRUBIN AUD URINARY
TROBL] ﬁo&' T FTATIONG T s DLAGHORE S O TNIRAVASCUTAR
BATHOLLS,

The value of the reticulocyte count, serum total bilirwbin and
urinary urobllinogen esbimabions in the diagnosie of inbtravascular
heemolyels was oxamined among the 180 coses debailed in section IT
above, by comparing resulis with the degree of heemolysis ag defined
by Heemolytic Groups 0 0 3«

The percentage reticulocoyte count plotted according to the degree
of haemolysis is chown in figure 33. Despite appreciable overlap in
values there ip a éignifi.oamﬁ apgocigtion between a rebticulocytosin and
the presence of haemolysis whon comparison is made bebweon those with
plight haemolysis (Group 1) and those considered 40 have no heemolysisg
(Group 0) (X% = 8419, dufe = 1, 0,005 > P >0.001). In most cases with
more marked heemolysis (Groups 2 & 3) the reticulocyte count was
elevated. The mean reticulocyte count algo chows a progressive aund
gignificent inorease from Groups O 4o 3 (Upe O v L, t = 3.00, d.f. = 101,
0.005 > P> 0,001; Gpe L v 2y b = 3.94, dofe = 65, P< 0,005 Gp. 2 v 3,
t = 3065, Gufe = T3, P< 0,001, However, albogether, 34 out of 115
cagos with bhoemolysis hed normel rvebticulocyte comabs, an overall falpe
negative rate of 30%;, and 49% of those with slight heemolysis hed a
normal count. Reticulooyte counts expressed as "< 1.0/ have been
regorded as 1.07% in these caloulabions.

Compared to reticulocyte counts, eleveted bilirubin levels (Pig.
34) were significantly more frequent in comparison to cases in Group O
only in those with more merlked haemolysis {Gp. O v 2, 5 4462, Qafs =
1, 0,05 > P > 0,025), but even in them and in cases with haemolytic
anaenia (Group 3) over 60% had normal bilirubin levels, the oversll false
negative rate being T1%. There wes also no sienificant difference in
mean. bilimbiﬁ levels bebueen adjacent Groups.

The results of urinery urobilinogen estimgbions related 0

Haemolytic Group ave shown in Table XITIL. An epproximete direct
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RETICULOCYTE COUNT ( %)

Fﬁige 33
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Relationship between reticulocyte count snd Haemolytic Group.

The point in brackets is excluded in the celculation of mean

(%) and stendard deviation (s) values.
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SERUM TOTAL BILIRUBIN { mg/100mt )

Figo 34-

3 420
2- . :
o . .- .
0 0 1 2 3
HAEMOLYTIC GROUP
n= 55 34 39 28
X = 0-66 0-77 092 113 ( mg/100mt }
S = 0-29 037 054 0-88 ( mg/100ml )

Relgtionship between gerum total bilirubin level sand Haemelytic

Group.

Mean (X) and stendard deviation (s) values given., (Normal

bilirubin 0,2 = 0.9 mg/100 ml),




asgociabion bolween the degrea of urcbllinogonuria and Haemolytlic
Group le evidents Vhen the distributions in Groups 2 and 3 ave

anelganated to ralse the theoretical frequencies so that a Xg

191,192 the asgociation is found o be

approximation ig valid,
stabistically sigaificant (0.05>P>0,025), However, the meximum
degree of nrobilinogenuris dolected even in cases with proncunced
haemolysls corresponds %0 1.0 Bhriich wnit/100 wl, which is only a
morginally abaormel result, end the overall false negative rabe wap

8%« AL urines examined for uvobilinogen were free of billirubin,

“Urinery Urobilinogen
(Thrlich uwnits por
100 w1l - by Number of cases in Haemolytio
*Urobilighix®) Groups
0 23

001 10 7 9 -
Qul - lﬁa 5 7 ? 5

1s0 -l 6 3

X% & 10409, dofe = 4, 0,05>P>0,025 (sco boxt)

TABIE XLTL  ASSOCIATION BRIWEEN DECGRED OF UROR
‘ BILINGGENURLA AND HATMOLYTIC GROUR




IV INPRAVASCULAR HABNMOTYSIS AND SIRUM ASPARTATE AMINOTRANSFRRASE
LEVIR S

Serum asperiote sminotrensferese (Ae®?) assays were almo carvied
out among the 180 cases debailed in section IT, and the resulte relaoted
%o Haemolylic Group and divided depending on whethor assay methed (o)
or () hed been used (o 76 ) ave shown in figure 35.

The As® levels were within bthe normal wemge in Group 0 and Group
1 éam:a, but were eleveted in 21% of all Group 2 cases, aud in 635 of
Grovp 3 (hoemolyltic ensemin). These cases vepresent 16 individual
pablentys vho develeped high AsT levels oul of a total of 106 tesbed.
There is alse a progressive and ot most steps siatistically eignificont
increags in mean AsT level from Groups O 40 3 (method (a): Gx-mp Ovl,
tow 2420, dafe = 42, 0.05>P>0.025; CGpo 1 v 2, MiBes Cpe 2 v 3
b om 2463, 4. = 28, 0,02>P>0.01; method (b): Cp. O v 1, W.S.3
Gps 1 v 2, % = 3647, deffe = 31, 0.005>P>0.0013 CGps 2 v 3, t = 6,09,
dofe = 32, P<0,001)s Alenine eminotvensferase apsays performed
concurreently were normal in all patienis.

Turther observations on AsT level are descvribed in Secbion V

belows
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METHOD (a) METHOD (b}
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Fig. 35 Relationship between serum aspartate aminotransferase level and
Haemolytic Group.

Results divided according to whether AsT assey method (a)
(normal 9 - 35 iu/l) or method (b) (normal 13 - 42 iu/l) was
used. The point in brackets is excluded in the calculation of
mean (%) and standard deviation (s) values.




V  THE ABNORMAT, RED CRLL COUNT

Atnormal red cell counts (p , 69) were carvied out in 67 blood
filne made at Aifferent times from 47 pabtients with prosthetic valves
(17 men and 30 women; mesn age 43 years, reage 23 - 57 years).

Twenty healthy hospital cmployees served as control subjects (15 men
ond 5 women; mean age 33 yeers, range 22 - 63 years)s Stenderd blood
and retioulocyte counts, urinarvy hacnmosiderin tosts, and esbimationg
of serum lactate dehydrogenase (IDH) end aspertate emd alsnine
sminobtransferase (AsT and ALT rempochively) were obbained in parallel.

The principal aim of the gbudy was to test the religbility of
the roubtine ingpection of blood films for the presence and degree of red
cell fraogmentation and digtortion. In addition, from the differential
ebnormal count an analyelis was moade of the frequency distribution of
the various types of deformed cells encountered. The quanbtitative
relationghip between the abnormal red cell count and the levels of LDH
and AsT was also examined.

The preosence and degree of red cell fragmentation and distortion
was first assossed semi~quentitatively (p 69 )} snd the patients thereby
divided into Four groups: Cragmentation and disgtortion sbsent (gvade 0),
winimel (grade 1), moderate (grade 2), and morked (grade 3). Total and
differential abnormal red cell counbts were then carried cut in pationts
and controls in random order end withoub Imowledge of the initial
essessnent or of the identity of the glides. Uhen the entire geries of
duplicate f£ilm examinationg had been completed the identity code was
broken, and the results of the asbnormal red cell counbs were compared
with the semi-quontitative assessments of the films and the obher
analyses carried out.

(1)  Abnormel Red Cell Cowns in Normal Subjocts

The 20 healthy controls had normol étandﬂra blood and rebiculocyte

counte and normal blood films on initial ingpection. There was no

heenosiderinuria snd serum lactate dehydrogensse levels were normal.
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The total sbnormal red cell count oblained "blind”® varied from
0 o 0.10% of the red cells with a mean (?-'- g.e) Oof 0.05 X 0,03%, and
0.20% was :E:edcen as the upper limit of normal. The abpolute number of
digtorted and fragmented red cells varied from 0 4o 4?26/m3 of blood
with & mean (L s.d.) of 2553 % 1515/mmo.

(2)  Abnormal Red Coll Count Versus Semi-guontitetive Assosement of
Framontation

(i) GQuentitetive Correlation

The results of the abnormal red cell counts velated to the
initial seml~quantitatively determined grade of red cell
Tragmentation and digtortion in the 67 cases are shown in figuve
36 along with the valuep obltained in the control group.
Significant difforences in the mean count level between cone
secutive grades ore present (grade O v 1y b = 3494, dofs = 12,
0.,005>P>0.001; gde 1 v 2y t = 345, defs = 10, 0.01>P>0,005;
gde 2 % 3y b om 3227, dufe = 20, 0.005>P>0.001), A highly
pignificant difference in cowals was also found, however, bhelween
compes initially judged to have ne abnormalities (grade 0) and
the normal controls (t = 6476, d.f« = 38, P<0.001), tuonty-five
out of 32 of these cages baving an eleveted count.

The meml-vuantitalive method of assessing the degree of red
cell fragmentation and dletoriion heg, therefore, correlated well
with the abnormal red cell count. TFurthermore, all but one of
the 35 cases initially considered to show those abnormelities
proved 0 have elovated abnormal cell counts. It would appear,
however, thet very minor yeb abnormal degreces of frognentation
and digtorition mey frequently go wnrecognized on routine blood

£ilm ingpechion.

100



8-96 (Tl

"]
PR
K]
o .
o
[]]
[
k) . )
X H
— 3—
I.— ]
z
5
Q H
)
-l
- .
o .
o ] .
2 27
z *
id
o *
= .
o
< .
— «* .
Z
2 1

____333:;::‘:., b 13 ¢
CONTROLS 0 1 2 3
RED CELL FRAGMENTATION AND DISTORTION
{Semi- quantitative Grade)

n= 20 32 12 9 13

X = 0-05 0-20 0-60 1-66 299 (%)

S = 0-03 012 034 0-87 0-98 (%)

Tig. 36 Red cell fraogmentation snd distortion: comparison of the
initial seml-guantitative grading with the subsequent
abnormal red cell count in patients end controls.

The point in brackets is excluded in the calculation of
mean (%) and standard deviation (s) values.



(1) Digenomtic lovels

While an abnormol cell count of 0.10% has beon taken as
whe upper Linid of normal, theve were six cages with higher
covntes (0«13, 0.18, 0.19, 0.19, 0.28 and 0,32%) who hed no haemo-
gidervinurie or elevetion of 1DH. 'They algo had o normal
haemoglobin end rebiculocyte counb.  Convergely, all other 30
caser with counbts in excese of O.30% had both hacnosiderinuria
anfl, where moasured (34 cases), o high IDH level, ezcept for
one with a cownt of 0.42% whose only other poesible evidence of
heenolysis was o slightly olovaled IDH value. Counbe above
0430% sppear, therefore, to he virtually diagnostic of inbra-
vascular haemolysie in patients with prosthetic valves.

ALL 35 cases in which significant red cell abnormalitiocs
were congidered to be present on the initlal semi-quentitetive
inspection had heemosiderinucia and, vhere measured (31 cases),
an elevated IDH level. Iixcept for one with a count of 0.10%
these were all patients whose sbnormal cell couats ranged from
0.32% vpwards. The level, thevefore, at which the presence of
red cell fregmentation and disborition has been recognized on
rontine cxoamination corvesponds o the level found bo have
positive diagaoghic value when the abnormal forms ave counted.

However, whether ea ehnormel ved cell count of 0.10% or
0.305% were regorded as the upper limit of normel, half of the
camop with normal counts (3/8 and. 14/‘28 respectively) were
haenolysing as evidenced by both haemopiderinuria end high LDH
lovols. The aheence of ved cell chenges even on counting
clearly does not exclude the presence of haomolyrsis. The degree
of haemolysig under theme cirveunsgliences wes, however, slight with
no cage Of anaemia,

(3) Distribution of Abuormal Red Cell Types

The great majority of the difforent aboormal rved cell types fell into
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one or other of tho six individual categories recorded in the total
abnormal cell cound (p‘ 72). As has been noved (p‘ﬁg ), internediate
Porms were occaslonelly observed. The proportionate represenbation
of each of these abnormal types related to the degree of gbnormality
as defined by the total count iz given in Teble XIV.  Only pabtients
in wvhom the total number of aboormal ved cells recorded was 25 0r more
are included in the Table, as the alloogtion of each of the
individusal types on a perceniage basis would be too inscourate with
smallor numbers., OF 35 cases finally analysed, 100 ebnormal cells ware
surveyed in eighieen, 50 ~ 99 in eight, end 25 - 49 in nine, This
reprogents oll patieonts with counbs in excess of 0.40%.

A fairly walform pabtbtern of abnormalities was Pound, aud suggestive
avidence of o consimbeont change with chenging total amormal red cell
count wae present only in regard to the trianguler cell.  Thus, an overall
average of 5T% comprised the verious types of fragmented =nd torn cells,
17% being cell pieces, 5% trisngular cells, 28% segmented cells snd Th
indented celles  The remaining 43% of sbnormalities wes mode up
largely of irvegulerly contracted end distoried cells (374) with a
gmell proportion of pincered cells (6%4). A ssigniﬁ;‘icam; increane in the
overall proportion of fragmented and btorn cells s well ag specificelly
in triangular forme occurred beltween patieonts with counte of 0,40 «
1.49% and thomse with counts of 1,50 - 2.99% (fragmented and torn cellss
b o 2624, Aefe = 25, 0,05 > P> 0.025; trisngulor cellss 4 = 3.09,
dafe = 25, 0.005 > P> 0,001). There was & reciprocal significant fall
in the combined proportion of irregularly contracted, digtorbted and
pincered cells., These chenges were nob, however, progressive when
patients with cownis in excess of 3.00% vere exemined except in the case
of the trisngular cell, although the seguential change wes not of

ghabigtical significence (6 = 1.25, dofs = 18, 0,3 > P > 042)0
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In patients with obnormal red cell counts of lese than 0,400
and in the normal conbrols the numbers of abnormal cells recorded in
each film were congidered too small to attempt a similar analysis of
difforential morphology. However, fragmented and tornn cells altogethor
congbituted on average 67% of the zbnormalities. These wore usually
of gegmented type and the triangular cell was pariicularly infrequently
obsorved, one or two examples being found in each of only eight of the
32 camen, and one example in each of two of the 20 normel conirols.
Seven of the eight cases with trisuguler cells were haemolysing compared
4o 10 of the 24 withouts The remaining sbnormalities were made up of
irregularly contracted and distoried cells and very oncaglonal

pincored cells,

(4)  Abnormal Red Cell Count snd Serum Iactabe Dohydrogenase and

Appartate Aminotrensferase Levels

In 62 cases parallel romulbs for LDH levels were obbained and in
59 for Ael levels. In view of the changes in IDH and AsT aseay
procedures ingbituted at the time of this study, correlations were soughi
between the sbnormal red cell counlt and LDH level in 42 of the cames,
and between the abnormal cell count end AsT lovel in 39, the enzyme
esbimations heving been performed by methods(b).

Highly significant correlations were observed between bthe numbers
of sbnormal cells and the levels off both IDH and AsT (P<0,001). This
was truo whether counts were expressed ap peroentages of the total red

cell count (Figse 37 & 38) or in ahsolute values per -

of blood, and
whethor ftotal abnormal cell counts, fragmented and torn formg, or
irregularly contracted, distorited and pincered cells were compared.

In the total group of 62 ceses in which IDH estimations were
performed there were s few (7/54-) with high percenbage Lotal abnormal
red ccll counts (of up to 8.32%) and normel IDH levels, and gome (4/8)
wlth normal counts who had high IDH levels. By comparisgon the

conglderably lesser sensitivity of AsT values as a possible means of

dlagnosis of intravascular haemolysis was demenstrated by the fact
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TOTAL ABNORMAL CELL COUNT ( % of Red Cells )

Pig. 37

59
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Relationship bebween total abnormel Fed cell count and serum

lactate debydrogenase level.

The two points not shown in the figure but included in the
correlation caloulation are 3.15% ~ 4320 iu/l and 8.96% -
6240 iu/l. (Normal IDH 240 - 525 iu/1).
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Tige. 38 Relationship between total abnormal red cell count and serum
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The one point not shown in the figure but included in the
correlation calculation is 8.,96% - 95 iu/l. (Normal AsT
13 « 42 iu/i).



that oz mony as 36 of 51 ceses with high cownts (of up to 4.55% though
usually < 1.25%) had novmal AsT lovels, and none of the elght cases
with normal counts had an eleveted level, Alanine aminotransferase

a800y e cemcurmmly performed wore normel in all cases.
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With regavd to the resulie demcribed in this Cheptor invelving
enalyeia of sovum lachaibce dehydrogenase o asperiate sminotronsferase
levels, il shonld be noted that any cese in whom a ceuse other then
inbrovagonlar heemelysio wag likely o be vemponsible for, or
conbribuiing to, reiged LI tmd/or AT values was excluded. Six
patients fell inte thig category. One with a megsloblastic anaemia
due to folate deficiency whioh was not with cerbainty caused by chronic
haemolysin; fwo with cavdiec failure and hepatlc congestbion; two with
a higtory of excess alcohol consumpbtion and possible cizyhosig; and
one with o mub-clinicel hepatitis of uncertein origin.

The other point in rvespect of these ensyme ostimetions is thatl
the resulte in these studies indicate a likely difference in
sonpibivity between the earlier and later assoy mebtheds Loy both LDH
and AsTe. Although the patients under sbudy are not the same, reference
1o flenres 28-32 (IDH) and 35 (As®) showgenerally higher enzyme levels
with aspoy methods (b) for pimiler degrees of haemolysis, suggesting an

increasge in sonsitivity with the later optimized methods.
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SHAPTER 4

b

DISCUSSION AN CONGLUSIONS

Red ocellscontain o high concentration of lactabe debydrogenose

(1), principally fracticns 1 & 2, the alpha, fastest moving, snadic
174,197,198

isoonzynes on electrophoresis Blevabed merum levels have

heen denongtrated in palbients with heemolysis, especially of intravaszcular

na.i;u.raai) 1139 ,20‘0' They appeer to be o sensitive although not specific
7 e
parameter of haemolysis in patients with prosthotioc valvem‘;’ﬁ"ﬁ" and an

inverse corvelation botween the level of sorum IN and the half-life of

r‘ L
Lorulabelled red colls hap boen repox"hedf’e"mg,

The remlts in this
gtudy confizm o sigaificant velationship bebween serum LDH levels and red
cell survival. They heve, thorefore, boen usced ap s measure of the
degroe of haemolysis, albthough chould not be regerded as a precige esbimote
of the severity of red cell destruction since, in agreement with previous
e:c.pex*ience,wﬁ the range of predicted 5 lt'}r red cell survival for any glven
IDE velue was vabher wide,

Perpiotont hoemosiderinuria is a relisble sign of significent
chronic inbravagoular ha@molysial%e The reeults in thig investigation
maggest that the urineyy haomosiderin test mey be as sensitive as serum LDU
asgey in the detection of haomolysis, since there was a very close agrcement
betuween tho presence of hepemogiderinuris and an elevabed LDH level, and beitween
the absence of heemosiderinuris ond a normal INH level. It has the
edvantoge over the esbimation of LY levels which ave commonly increased

201

in a veriety of dimordors, in that it is highly specific for intram

vagoulayr hacmolyeige Indeed, haemoslderinurie eppears to be almost
diegnostic of this condition, which of course has a number of ceusew, a8
it has been conpisbently reported otherwise only in occasional cases of

134,202,

haenochronatosis It ghould be noted that it may take meveral

daye for haemosiderinuria 1o become evident after the first onset of

hammlgrsm,l% aad conversely haemogiderinmuria mey be expected o persist
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for gome ‘btime after haemolysis hap ceasedé’d’é.

Both the urinary haemogiderin test and LDH assay may be some-
what less sensitive ilnvestigations for the presence of very slight
degreos of intravascular haemolysis bthon the estimation of serum

haptoglobin levele”>! 56

which were not roubinely measured in this study.
Iow or absent serwn haptoglobine while most commonly due to hacmolysis,
whether predominantly intravascular or exbtravascular, are not, however,
diagnostic, amd normal or oven increased levels mey occagionally be
present despite Immolysislévz’ 203, 204.

An spproximate direct coxrelation bélweon the amount of
haemosiderin excreted in the uvrine and the degree of elevation of plosms
haemoglobin levels was found by Crosby and Damashelcaoz. Otherwvise, no
evaluation of the exbtent of hacmosiderinuria ag a measure of the
severity of haemolysis sppesrs to have beenn reported. Nor hag any
detailed study of haemosiderinuris in patients with promthetic heaxt
velves previously been carried out. In this investigation the degree of
haemogiderinuria was found o bear an approximebe direct relationchip
t0 increames in porum INH level. It was algo found that no patient with
slight heemopiderinuria had enaemia, vhereas nearly half of those with
marked haemomiderinuria wore anacmic.

The urinary haemosiderin test appears, therefore, 4o be a
sengitive ag woll as o highly specific parameter of the presence of
intravascnlar haemolysis, and to be of value in assessing the severity
of haemolysis. It is a sinmple test to perform, although care ias
required in tho detection of minor dogreos of heemespiderimuria, and it
has boen found easy t0 apply on a repetitive basis, to lerge nuwbors of
patients.

Peow atudies hove attempted to routinely count the nuubers of red
cell fragments and other distorted forms in patients with disorders
characterized by ved cell :»:"'J:*égmantation, or o assess their nunmbers in

156

healthy normal individuals. IRous and Robertson in 1917 in their
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investigations into the normal fate of evythrooytes detected about one
to 20 "gohizocytes” usually uwithin o S5-minuwbe secarch of thick £ilms made
feom healthy rabblise! blood, and they noted that in the individual the
nunber wos remexkably consbtent from day to dey. Schuwartzs and I~Iot"hol43
in their origlinal study of "burr cells' wrecorded the numbers present in
counts of 1000 red cells in patients with wraemia, carcinome of the
stomach, and bleeding peptic ulcery and found them to range from 0.1 to
3.7%. None were detected in 100 control petiente without obvious
haomatological abnormalities. Alli:son149 demeribed children with
haemolytic aneemia of congenital origin, folloving vitamin K
adminigtration, and in assoclation with thrombocytopenia and uraemia, in
vhom contracted, distorted and fragmented cells consbituted wp to 500
of the red cellsg, A Miller sgueared eyepiece was used and 20 fields
conbaining 100 cells per field were examined ag suggented for retioculo-
cybe counts by Brecher and Solmeidarman"qw » o conitrol counts were made.
Taffy b al."2% algo found that up to ag many as 50% of the red cells
(average 16.4%) in cownts of 1000 cells uwere distorted and contracted
("pyknocytes”) in 11l infants with en unexplained haemolytic anzemia
(*infentile pyknooybosin®)e By contrast, in 102 full~term healthy
infants pyknocytes equalled only 0.3 - 1.9% of the red colls, and in 60
promabure bub otherwise normal infanis, 0.3 — 5.6%. Forty unselected
healthy adulte unsed as conbroles had no morve than 0.3% abnormal cells

though usially had none. Belimo

stated that "rare bure cells and rare
erythrocytes with vacuoles can be found after a meiticulous exenination of
gome normal smearst.

In a few patients wilth hacmolysis secondary to intracarvdiac
progthotic devices including total progthelic vaelve replacements, the
nunibers of deformed and fragmented cells have heen counted and found to
vepreseat up o 27% of the red cells, albthough have usually amounted to

legs than 10%11’16'22’33'37’39'41'206. In these reports the normal

f. .l 0f206
fragment count has heen quoted ag raxe‘a"?, < 0.8%4 y < 15, " and not
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> 1.0%‘2’9 but without reference or oy further information. In o ptudy
off haemolysis in wopersted valvuler heprd di(ac—zaﬁsc~z35 a conbroel population
of 32 healthy normael subjects was exomined. In them fragnents
congbitnied 0 - 0.6% (mean 0,28%) of the red cells in couwnbs of 1000 red
cellg, ro increase beyond thoese velues being Pound in the patients., In

07 who

the more reoent stndy by Byster, Rothchild and myshajls.wg
invesblgeted H4 pationte with dlfferent dypes of aorbic ball-valve
progtheses, "echistocytes® (Yenell irvregnlerly sheped cells or cell
ploces”) mwnbered bebuoon 0 and almost 100 per 1000 red cells (0 - 10?’5),
the counte in most lnsbances beving beon done in duplicate aud results
overagaed. A contrpl population of 40 congecubive hospliellzed patients
with normel boemoilobine and red cell indices had schistooyte couwuts of

0 « 5/1000 red colls (0 — 0.5%),

The counbing of red vell fragments and distorted forms is om
mdoubted laborious procedure with ite own limitetbions ag to mcouracy.
The purpose of thig study of obnormal red cell counbs was primarily tée
chocl on the sensibivity ¢f the routine inspection of blood £ilms for the
presence of fragmenis, and upon ‘the reliabllity of the semi-
quenbitative ssgegenent of the degree of fragmentation and distorition.
The initial concern was that these abnornel forms might be over-reporied
rather thon the veverse, sluce the Yoccagionel froguented end digtorted
ved cell approximabing to oue or tug per 23 high-power-fields", the
dofinition of grede 1 fragmentetion (p, 69), was found occasionally
either to be overlooked by other observors or regevded ap of no or
dubious signlfiocance. An abtbempt wes made o increase the acouvacy of
the abnommald red cell coundt by surveying and counting larger nunbers of
red cells, by precige definition of the amormalities under conglidersiion,
and by the methods designed 4o eliminade obmevvor bles poriicularly the
uge of the "blind”® technigque. Turbthermove, a healthy conbrol

population was studied.
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In the normel population the tobtal abuormal red cell oount
panged From O to 0.10% of the red colls with o mean (- s.de} of 0.05
(% 0.03)%, ond the upper limit of normal was taken as 0.10%. In the
pabicnte the connts varied from 0.04 to 8.96%4, 88% of values bheing
shove the normal renge. There wore a few patiente with counts in
excess of 0.10%, rouging up to spproximatoly 0.30%, who showed no
other evidence of haemolysis or obtheor haematologloal abnormalilty,
wheroas counts gresber than 0.30% wers found to ho virtually disgnostic
of haenmolysis ap indicated by haemosiderinuria and high LDH levels.
The red cell abnormelities were, moreover, not recognized on the
initial blood film ingpections wntll they corresponded to ghmormal
cell counts of over 0.30%. The Pigure of 0.20% in this sbudy appeers,
therefore, not only Lo heve colear pogitive disgnostic velue in that
counts sbove 1t were almost invariably asgociated with haemolyels, but
aleo roprosented o degree of red cell damage capabhle of recogaltion on
routine blood £ilm inmpection. Pubt another way, the presence of
fraguented and distorted red cells however fow in number should be
rogarded as likely evidence of hoemolysis. Intervestingly, 0.30% wes
the level quobted by Tully eb 31.1‘52 for the upper limit of normal of
"oyknooyten'.

The roubine exeminatblon of bleod films ag desoribed in this
thegls has, therefore, proved to have s sengitivity of diagnosiic
value, snd for from over-estimebting the presence of fraoguents very minor
yot abnormal degrees of fragmentation and disbortion have gone
warecognized. The overall reliasbility of the semi~quenititative
sagesment of the exbtent of red cell fraogmentation and disltortion
where judged to be prosent hos also proved very sstisfactory when
measured against the results obtained by counting the sbnormal cells,
The absence of recognizeble fragmenis on film examination or even

the finding of 2 normal fraguent count, however, by no means excludes
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haemolysin, oo about 507 of potients in theso ceuaeg;driesa wero Pound
to be haemolysing, although the heaemelysis woas slight with no ocase of
anaemias  The trengition in pabients with haomolyslp from the absence
40 the presence of red cell fregmenbation on routine inspection was

51(}1' red cell

coleouleted to corrempond to an epproximste fall in
goevivel half-life of from 20 to 16 deyss. The overall broad
clapeificatlon of petients according to the severlty of haemolysis
an defined by the presence or sbesence of bacmopiderinuria, red cell
fragnentotion and dictorbion, ond anaemia (Hacmolytic Groups O - 3)
vas aspociated with significant changes in serum IDH level and in the
caleulated red cell survival, and has proved useful for comporative
PREPOSE e

The apmociation hetween marked red cell fragmentation and
digtortion and the severer degrees of hacmolysis is obvious, but there
have been fow systometic studies of the correlation batueen the exbent
of red cell damoge as wilitnesged on the blood film and the degree of
haemelysin ap doefined by other pavameters.  Schwarlz and 3.'!10‘&’5}6143
found no corrvelation betweer the munber of Whurr collsg® and the level
of onaemis in their patients with uraemia, cercinoma and bleeding

peplic ulcer. Brain, Daclo end Hou?c*:i.hama""m

in theixr classic study,
howaver, demonstrated a stetistically significant inverse relationship
hetwoon the numbers of conbracted, distorted and fragmented red cells
deternined semi~quantitatively and the lovel of hacmoglebin in
patients with renal failure, Tulfy et a1,15 2 reported a "fairly good
dograe of correlation™ bebtween the intensity of the "pylmocylosis® and
the severity of anaomia in their cases of Minfontile pyluocytosig”.

In this lavesbigation o direot quenititative relationship was
obaerved hotween the degree of fregmentotion and dictortion and the

level of serum lactate dehydrogenase, and this correlation was

poarticulerly close when hhe comparison was made with counts of the
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abnormal cells. As increased gerum IDI levels in intravascular
heemolysle originete from damaged red cells such a correlotion is

to be expected but had not hitherto been demonstrated, although has
gince been reported in the more recent paper by Eyster ot al.207. A
slgnificant association was also found between the severity of
fragmentation and the presence or absence of haemolytic anaemit.

Only a minerity of cases with minimal fragmentation had anaemia, where-—
ag most of those with marked fragmentation were anaemic,

Analyeis of the frequenoy distribution of the different forms
of fragmented and distorted cells schowed a fairly uniform pattern at
all grodes of severity. Iragmonted and torn cells constituted
b?. w 67% of the abnormalities. Therc was no consistent change in ‘the
proportion of any one type of cell for every increment in the total
degree of fragmentation except in respect of the itriangular cells.
These were almost never ohserved in normal bloed or in patients
without evidence of haemolysig, but became sigaificantly more numerous
as haemolysis sdvenced, although with the most severe degrees of
fragmentation and haemolysis the proportion appeared t0 platecaun out.
This approximate divect assoclation of the nmamber of triangular cells
with the presence and degrec of haemolysis suggests that they may have
diagnostic value, in that if observed in a film otherwise considered of
doubtful significance the possibility of intravascular red cell
destruction might be more seriously congidered. This obmervation is in
agreement with Dacie's suggestion that the triangular cell probably
alweys denotos increased haemelysialaﬁ.

Apart from the triongular cell no other specific morphologic
type appeared to have any possible diagnostic significance, which would
be unlikely in viow of the basically sipgle aetiological nature of the
underlying pathology. An interrelationship between many of the

abnormal forms was, furthermore, suggested in that sppearances

intermediate botween two types of abnormalily were occesionally seen
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(p. 68 )s Trom these obsorvabions likely sequential changes in
morphology can be euvisaged (IPtg. 39) which parallel the conclusions
reached by Bell in his gtudy of the development of Yhure colls".x‘ﬁo
Nemely, that vhere trouma bhag remulied only in vacuole formation
thig may suibsequently rupture producing an indented coll. This in
turn with opening-up end flattening of the crater may lead to a smeg-
meated cell outline which, with further distorticn in the blood strean,

may uwlbimately come 0 eppear ap aun irregulorly contracted end

d.ptorted cell without special Features.

F-G-Q-C-
(5-Q-Q-0-t

d

Fig‘ 39 .

Likely sequential changes in abnormal red cell moxrphology. Drawings
nade under oil-immersion megnificationt a-vacuolated cells, b-indented
cells, c—cell segment, d-distorted and irregularly contvacted cells,
and a/b & ofd intermediate forms.

Pregumably the dogree and, aw illustrated by Bull et al.,wo

the
precise localization of the initiating treuma determines the starting
point in this sequence, and also the appearance in the cireculation of

recognizable cell pleces, trrangular celle and pincered cells. There

seems 1o obvious reason, however, why the nunber of triangular cells

114




shonld be related o the overall severity of hacmolysis.

The value of the classicel indices ¢f haemelyeis, namely the
reticulocyte comt, serum bilirubin and wrinary uwrobilinogen levels,
in the detection of intravescular baemolysis and azsessmont of its
severity wos found to be limitod. This wes particularly so with the
bilirubin end vrobilinogen estimebions which are well knowa o be
unrelisble measures of haemolysialgé, The false negative rate wilth
regpect to the detection of hacmolysis wes T1% for serum bhilirubin
values, and even in patients with haemolytic snenomia the sorum bili-
rubin level wag usually normal. Urinary urobilinogen osiination se
performed with Urobilistix (Ames), which has a stated reliability of
92% in the differentiation between normal and elevabed urinery uro-
bilinogen levels, hed a false ncgative rate of 78% in the diagnosis of
hoemolyrige  The maximum degres of urobilinogenuria detected even in
cages wilh pronounced bhaemolyeis was 1.0 Ehrlich 1mit/100 ml which is
conpidered o marginally abnormal resuli. Inbtorestingly, a significent
direct apgooiation was detecled belweon increasing degrees of uro~
bilinogenuria within the normal range snd the severity of hacmolysis.
Although elavated reticulocyte counts correlated with the degree of
hoomolysis, normal counts were found in 307 of all cases of haemolysis
oud in almost 50% of those with slight hacmolysis.

As indicatora of the presence of intravasculoy haemolysie in
patients with presthetic valves the serum bhilirubin and urinery
urobilinogen estimations snd the reticulocyte count are clearly
insengitive invesligations, and should not bo relied upon for diagnosis.
Of the three, only the reticulocytie count showed value as a parameber
of the degree of hacmolydis.

The concentration of aspartate sminotrensferase (AsT) like that of
lactato dehydrogenase is much higher in red cells then in sexvumaoa.

Zimmeoceman, Wost and Hellermg found elevated serum levels in a

ninority of paticntas with baemelysis, though in nearly all cases there
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was concomitant liver disease. Obher workers have reported slight to
moderate increases in soerum levels in aculte haemolytic crisesacl and
other haemolytic sﬁameslga. Tew prosthetic valve patients hove been
gtudied in this respech. Seors and Groabyll found increasoes in AT
levels in two patients with chronic intravasculer haemolysie sccondary
4o intracardiac prostheses, and these wore unexplained on the besis of
cardiac or hepabtic damage but correlated with the levels of total plasme
haeme pigment. Ualsh et a1.34 recorded elevated levels in seven of 12
patients with haemolysis due to cardiac valve prostheses but without
comment. Other imolated instances of high AsT levels in patients with
haemolysis associated with cardiac prostheses have been documented?;g
23,26,209 but there hag usually cither been complicating congestive
cardiac fallure or no comment regarding the caunse of the elevation has
been mede. Rasmussen el al.l27 found no increase in AsT levels
following exercise in 14 patients with aortic velve replacenents in vhom
high serum IDI levels were prosent at rest and increased significently
on exercise. The actual AsT values at rest were unfortunately not
givens The posgibility that serum AsT levels may rise with intra—
vagcular haemolysis does not seem to be generally appreciagted, and Myhre,
Rasmussen and Andersen125 have stated that in prosthetic valve patients
cauges of o high IDH level apart from intravascular haemolysis mey be
excluded by finding normal levels of other serum enzymes including
agpartate aminotranglferase.

In this study no cause other than intravascular haemolysis could
be found to accouat for the high Ae? levels Cfound in 16 of 106 patients.
The clevations in most cages were slight but levels of approximetely
100 iu/i were reached in two patients. High levels did not develop
until haemolysis had progressed to the stage of obvioug red cell
fragmentation, and a direct correlation was observed between them and

the numbers of distorted and fragmented cells. On the other hend,

raiged values were present in mosl cases with haemolytic anacmia. There
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were five additional patienisn each with elevated AsT levels,but theso
were due at least in part to disordered hepatic function and were
therefore excluded from further consideration,

Tetimation of serum AsT levels is not, therefore, a sensitive
investigation for the detection of intravascular haemolysis, but high
levels may be expected in the more sgevere degrees of haemolysis and
phouldmot be regarded as necessarily due to a complicabing myocardial,
hepatic or other disorder.

One final point in this discussion of ithe results presented in
the previous chapler relatos to the methodology of the serum lactate
dehydrogenase and aspariate sminotransferase aspays. Desplie very
gimilar uppor limits of normal values,the separation of the results
according to the mebhod employed revealed a very suggestive increase
in sensltivity with the lalter optimized methods in comparison with ‘the
earlier asway procedures. The change in methodology congisted of
altergtions in the concentrations of substrate, coenzyme and phosphate
mffer to those that were optimal for assey atb 3700. chueen175
esbimated the LOH level by both methods in 20 serum sampleg and found a
mean increasge of activity of 50% with the optimized assay compared to
the earlier method, the two assays hoving been carried out on the same
day on the same serum gample from each of the 20 subjecis.

There rosulbts undorline the need forcaution when comparing
different ongyme studies. Thoey do not alter the conclusions reached
in this investigation although better correlations of the various
paraneters of the degree of haomolysis were obtained in comparison with
enzyme levels estimated by the later optimized methods,

Senclusiong

This section has songht to determine the wvalue in the
Iavestigation of intravascular hacmolysis in patients with prosthetic
valves of gerum lactate dehydrogenase assay, the examination of urine for

haenogiderin and of blood films for red cell fragmentation and
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distortion, reticulocyte counts and the estimation of serum bilirubin

and urinary urobilinogen levels. An analysis has also heen mede of

the frequency distribution and porsible gignificance of the various
types of deformed cells encountered, and the influence of intravasoular
haemolysis upon serum esportate awminoirensferase levels has been
gtudieds Tho following conclugions can be drawns:

1s Serum lactate dohydrogeonase levels correlate inversoely and
significantly with the half-life of 2 lcr-labelled red cells
although with a limited precision. 'Phey are a useful
neagure of the severity of intravaesculor haemolysis.

24 The urinary hoemosiderin test appears 0 be 2 gengitive
parametor of intravascular haemolysig and the degree of
haenmogiderinuria bears an approximate direct relationship
to the severity of haemolysis, It is also highly speoific
for this condition.

3. Red cell fragmentation and digtertion visible on routine
blood film examination is associated with an increase in
haemolysie and the degree of fragmentation relates directly
4o the severity of the haemolysis. The absence of thesge
red cell changes excludes neither the presence of hacmolysis
nor abmormal degrees of frogmentation ag detected by a less
suhjective and more accurste couating procedure, and the
finding on routine ingpection of fragments and distorted A
forms however few in number shounld be regarded ag likely
evidence of haemolysis.

A Counbe of the numberg of red cell frogments and disghorted forms
show them to amount to up to nearly 10% of the red cells in
patients with prosbhelic valves compared 1o a normal range
found in a healthy population of from O to 0.10% A count of
0. 30% bas significance in that values sbove it are viritually

diagnostic of intravascular haemolysis although even normal
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counts do nob oxclude haemolysis. It also vepresents a
degree of red ocell :E.‘mgmenta'!;:i.m and digtortion capable of
recognition on routine hlood £ilm inspection.

Snplyslis of the frequency distribubtion of the various types
of deformed oolls oncountered in petients with prosthetic
valves ghows 2 fairly uniforn polltern, fragmented ond torn
colls constitubting 52 — 67% of the abnormalities, irresgularly
contracted and disborted cells and o small proportion of
pincered colle making wp the rowalnder. Meny of these
different forms appear likely 0 be $the rosult of sequential
chenges in morphology Ffollowing treums by the valve, Only
the numbers of triangular-ghaped celln appear o be related
to tho overall degroo of intravascular haemolysis and they
may be of diagnositic velue in ite detechion,

The reticulocyte count and the estimation of amerum bilirubin
ond urinery wrobilinogen levels are of linited valuve in the
dotection off intravascular hocmolysis and the asscnsment of
1te peverity. This is particulerly so with bilirubin and
urobilinogen estimations which ghould not be relied upon for
dlagogis.

Wigh seruwn aspevtate eminotrensfersse levels may develop in
pabients with introvasculor haemolysis due to prosthetic
valves and ave froguently present with the more severe degrees
of hacmolysieo although sbaend with slight degreecs. They
should not ve vegorded as necesparily dve to a complicabing

myecardial, hepatio or other dlscrder.
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I DHE FOFLURNCE OF PROSTHELTC VALUR IVPE AND SITR ON TS DEVELOPHENE
OF HAWIOLISTE

The relationship between prosthesin model and site of valve
replacenent aud the incidence and degree of haemolysis was evaluated in
the 161 cages studied. The digtribubtion of the different prosthetic
valves used in bthese patients according to type and site bas been
detailed in Table V (p., 86 ) and the resulis of investigations in them
are compared. ‘The éasafs are divided into o main group of patients
which comprises the great majority of ceses studied, and includes most
of the Btarr-Fdwerds ball and cage and Bjork-Shiley prostheses; and a
migcollaneous group of L7 patients with emall numbers of different

progthesges not included in the main group.

(1)  [Incidence of Haemolysis, Hed Gell Wracmentatinn end Haemolytic

Anaemnis

The criterion for the diagnosis of intravasculer haemolysis was
the presence of haemogiderinuria. Anaemis has been defined as a
hoemoglobin of less then 13.5 /100 ml together with a packed cell
volume of less then 40% in the male, the corresponding volues for the
Female being 11.5 g/100 ml and 35%167- Haemolytic anoemia was
diagnoged when anaemia ocourred in the presence of heemosiderinuria and
red ocell fragmentation and in the sbsence of eny other uanrelated
precipitating canse.

The incidence in the 161 capes of haemolysie, red cell
fragnentabion and digbortion, and haemolytic ansemia is detalled in
Tables XV -~ XVIL according to valve type and site.

(i) Gomparison between Valve Types
The results of statistical anelysis are given in Appendix A
(Pable XL ). Since the reiio of aortic plus mitral

('-"‘1 tricuspid) replacements 0 mitral plus tricuspid replocements
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ip very similar in the Sterr-Edwards and Bjork-Shiley groups
they are combined for mbatisbtical purposes under the heading
"multiple valves™,

The most striking difforences in resulits lie between the
Starr-Bduerds cloth-covered, ball and cage velves (the medels
2300/10 (aortic) and 6300/10/20 (mitral))and the Bjork-
Shiley +tilting disce valvess While hoemolysis bhes been almogt
inveriably present in assoclation with these Sterr-Edwards
valves, it has ocourred much less frequently with Bjorike
Shiley prostheses al eithor aortic, mitral or muliiple sites.
Red cell fragmentation has been a correppondingly less common
manifestation in patients with Bjork-Shiley velves, end oaly
one case of haemolytic aneemia hag developed with them and
this wag trongient and mild, Comparison between each of the
two types of Starr~Rdwards cloth~covered valve al either the
aortic (23od v 2310) or mitral (6300 v 6310/20) position
showe no significant difference in the high incldence of
haemolysis or red cell fragmentation. Haomolytic aveenia,
however, hasg been paritiocularly common with the aortic 2300
valves, although the difference in comparison with the 2310
models does not quite reach astatistical significence in the
nurbers studied. (X2 = 3,07, dof'e = 1, 0.1>P>0.05).

Tn countrast to the results in petients with cloth-covered
Starr-Bdwards velves, the non cloth-covered Sterr-Ndwards ball
and cage mitral valves, modeb 600/6120, have proved to have
as low an incidence of hocmolysis and the same freedom from
haemolytic anaemie as the Bjork-Shiley mitral prostheses.

The number of patients svailable for study who have a non
oloth~covered Starr-Rdwards hall and cage aortic valve (model
1200) (Table XVI) ip too small o permit valid comparigons; only

ohe of the three had evidonce of haemolysis.
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The Starr-ldwerds mitral non-tilting dise valve {(model
6520) wes also used in only a feu pabients (Table XVI) but the
romults augpest that it moy hove a somewhod losser tendency to
profuce haemolysis thon the cloth-covered, ball) and coge types
(11) Gomporisgn between Valve Siten

The remmlis of statistical anelysis ave given in Appendix A
{(Table #IT)s  Potients with Sterr-Sduards or Biork-Shiley
mitral plug tricuspid replacenents have hoon combined into a
total group of mitral plue tricuspid valves.

There has proved 4o bo no gignificant Aifforence in the
incidence of haomolysis between aortic and mitral roplacements,
botuesn pobients with aovtic progsthogen and those with oortic plus
mitral (3 tricugpid) prosthoses, or botween mitral and mitral plus
teiougpid replacemendn.  Comparisons wero nmode hetween cguisilont
valvo types ond algo hebwoen the total number of comes dw each
ecoterory. Honotheless, hoomolysis has heon more severe with the
aartic 2300 cloth-covered, ball and cege valve then with the
corresponding mitral 6300 progthesis, op evidenced by a
slgnificantly higher incidence of red oell frogmentation and of
hoemolytic enoemine It howo haen equally sovore in pationte with
Storr-Rawerds cortic plus mitral (5 trioucpid) valven. Mnse
difforcnoes botucon tho 2300 end 6300 valves hove largely debermined
the nigificently greator gevearity of hoomolysis when ooviic valves
28 o vhole are comparsd 4o mitrol valves. The lessor dogree of
hoemolysin with theaorbic 2310 medel hap not Giffored signiticantly
from thet produced by the mitral 6310/20 valves whon Judged
by the game paramtborz, ond the Bjoxk-thiley sortic and mitral
velves hove o sindlar low incidence of fregmentation with a virtual
ahaence of moenis,  Comparisons bhotweon patients with mitrel
progtheoes aud those with mitral plus triocnepld progthesos has

aliovm no obvious difference oither in the incidence or degree of
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haenolysiye.

(2) Hoomoglobin Tov

Dotedls of the hoomeglobln levels and roticulocybe covnts in the
madn group of potiends ave glven in Tablo XVIIL,  Tho waluos recorded
are the moons (5 seda) of the lowest hocnoglobing and highost
reticuleoyte counts observed in the paticnts during the pevicds of
follow-up. Allowanece hag to be nmade for sox differences hotueen
the groups in intorvprating hoemogiobin lovels, thers boing more men
thon women with oordic prosthesos and tho reverse in patients with
mitral ond multiple replacemontc.

(1) Comparison batyech Valve Types

The vemlis of sbabisticel analyeis ave glvon in Appendix A
{Table XLIT).

e prominent baemolysis aosoclated with the gorbic olothe
covered Starer-Tdmards velves (2300 and 2310), particnlorly with
tho earlicr 2300 model, i agadn apporent from the resulls of
hoemoglobin esbinabions and veticulooyte comnbs. There are
slgnificant difforencer in those results betwoen patients with
aither type of Shorv-Pdwords valve and those with Bjork-ghiley
aortiic valves, and ‘Bekwmen Storr-Bdwerds wnd Bjorle-Bhiley
aorbic plus mitral (‘31 trlouspid) valven, the patiate with
Biovk-Shiley valves having the higher hecnoglobin volues and
Jowor woticulocyto countpe  The resulbe with the 2210 Stopr-
Bdueads anvbic model ocoupy an intermediato position between
those with the 2300 valves ond those in poalionts ullh Bidrke
Shiley aortic valves. he difforonce in hacmoglobin level
bobueen the 2200 and 2310 valves does not, however, reach
plaviaotical pigiflcance in tho numbers siudicd.

Compopduon of the Bbterr-Tduseds clothecovered, bell and
cage mitral valvon (6300 ond 6310/20) with Bjork-shiley models

revesls smold but in some inetoncen significant differences @ -
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Progthegls

i Haemoglobin Reticulocytesn
Valve odol (/100 m1) %
Replaced (Wo. & Sex of Cases) | Mean (s.de) | Mean (g.d.)
Aorhic 2300 (p21, 37} | 12.8 (2.9) 9.7  (8.1)
2310 (1om, s¥) | 13.1 (1.6) 3.7 (2.2)
B-S (12u, 4r) | 14.8 (1.5) 2.1 (1.1)
Mitral 600/6120 (&M, 9w) U5 (1.7) 2.6  (0.6)
6300 (4r1, 2178) 13.4 (2.0) 3.3 (241)
6310/20 (7, 81) 13e2  (1.2) 4.6 (2.3)
B (21, 2077) | 14.3 (2.4) 2.4 (1.2)
Aowbic & 51 (11, 10%) 1.2 (1.8) 7.6 (5.0)
Mitral (=
Peicnapid) B3 (21, 7%) 13.8 (0.9) 2.2 (1.1)
Mitral + T8 ém. 5@3 12.9 El».ﬁ%g 3.0 1.93
Tricuepid B-S 2N, 47 13.9 2,8 1.2

0.8

Hotess a B~d = Bjork-Shiley: S~

TABIE XVIIL
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in hosmoglobin and reticulooybe vount, the Bjitek-Shiley
witrel valves sgain heving the higher haemoglobin levels
ond lower reticulooybo coumbe. No sipnificant difference
in present hobween the resulds in potients with olther of
the Store-Pdwards valves (6300 v 6310/20).

The haemoglobin levels ond retioulocybe counts in
patiente with non cloth-covered, boll and coge Stosw-Nduards
miteal volves (600/6120) have bosn very mimiler to those in
natiente with Bjork-Shiley mitral valves in leepiny with their
equelly low incidence of hosmolysis.

The values in the siz (female) potionbs with the 8520
Shore-Dduards nitral disc prosthesis spproximate o those
obbained with the 6300 ball and coge valve (65202  heomo-

gobin 13,7 (1 1.4) £/100 mly  zeticwloogbes 3.2 (L 2,6)%).
(41) Compamizon betweon Valye Sites

The sreabor haemolysis produced by the clothwcoversd
Storr-Bdwards 2300 aortic volve compared $0 the corvesmonding
mitral 6300 model i apnin evidend, am is the eqmelly
more morked hoemelymie dn patients with Shorr-Ddwards aoriic
plus mitred (X trienspia) prostheson, from the lower NGO
globin and higher reticulocyte velvos with which they sve
spzociated.  Although thore ia » aawvginal abgonce of
statistical plgnificonce in the Aifforoncs in heonoglobin
loveln betusen the 2300 zad 6300 valven (b = 2,00, defe = 34,
0.1 > 1> 0.05), this is prodably due 0 tho disperabe sox
Meabribntion bobwesn the duo proupe vhich almest coviainly
alpo concoals a greater cliniesl Aifference than i appavent
if the Pigures ave taken ab face value. The difference
hotweon the vobionlooyte counte in stebistically
mhenificont {3 = 2,99, dvfs = 15, 0,01 > P>0.005),
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Haemoglobin levels and reticulocyte counts in
patients with the Starr-~Edwards aortic 2310 model have
not differed significantly from those in patienbs with
the corresponding mitral 6310/20 valvew, Nor has there
been any significant difference in these values between
patients with Bjork-shiley sortic or mitral prosthoses.
These findings are in keeping with the corrvespondingly
equal incidences of haemolysis and haemolyitic ancemia.
Haemoglobin and reticulocyte values observed in patients
with mitral plus tricuspid promiheses have been similar to
thoge in pationts with single mitral valve replacements of
the same type.

(3) Serum Lactatc Dehydropename, Aspartate Aminotransferase and
Bilirubin JLevel

The frequency of elevated levels of serum lactate dehydrogenase
(1DH), aspsrtate aminotransferase (AeT) and total bilirubin ere
detailed in Tables XIX -~ XiI, and the resulis of slotistical
comparisons in Appendix A (Table ZLIIT). Avy case in which a
cauge other than intravasoular haemolysis wap likely %o be
rvegponslble for or contiibuting to reisged levels wag oxcluded. The
resulte of IDH asmays arve also illustrated in figure 40, and include
in cages vhers repeated estimations were performed the highest
recorded levels irrespective of assay procedure.

As hag been previously determined (n 93 ) the presence of high
IDH levels closecly parallels the occourrence of haemoaiderinuria.

It follows that the ﬁwuency digtribution of abnormal IDH levels
Tor differont valve types and sites ig almwost the same as for the
incidence of haemolygis as determined by the presence of haemno-
siderinuria. Thus, LUH levels were usually normal with Bjdrk-
Shiley aortic and mitral valves compared to the almost constant

presence of abnormal levels with each of the corresponding Starr~
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Edwarde cloth-covered, ball and cage valves (models U 2300/10 and 6300/
10/20)« The mame contrast obtaine between Bjork-chiley ond Sterr—
Tdwards multiple valve replacementa.‘ There are, however, differences
in the magnitude of LUH elevations in the potients with Sharr-Biwards
valves, thile statistical comparisons are not striotly epplicable in
view of the different assoy methods employed, particularly high IDH
levels have been found in asgocistion with the 2300 aortic valves and
with the Sterr-Bdwards aortic plus mitral (£ tricuspid) valves (Pig.
40), Patiente with non cloth-covered Starr-Edwards 600/6120 witral
valves had o similar low incidence of abnormal LDH levels to those with
Bjork~Shileyvitral prosthesess The numbers of resulte in the
miscellanecus group of patients (Table XX) are too few to assene.

Ghen the frequency of high 1D levels between different valve
giten is congidered, noe significant differences are found between
aortic and nmitral replacements, beitween petients with sortic prostheses
and those with aortic plns mitral (ﬁ tricuspid) prostheses, or between
mitral and mitral plus triocuepid replacements. Comparisons were made
betuween equivalent valve types and also between the total munber of cases
in each cabegory, end these resulls pavallel the findinge when the
inoidence of haemolyein {haemosiderinuria) between the d@ifferent valve
pites wan oosessed (ves.)

High aspartote apinotransferase levels have ocourred almost
exclugiyvely in potients with Starr~fdwards aortic or aortic plus mitral
(% triouspid) clothwcoveved, ball snd cege valves, particulerly in
those with a 2300 aoriic model, 12 oubt ofthe 16 patients with olevated
values having this valve type. None of these patients had high alanine
aninotransferege levels nor any other obvious explanation apart from
intravesonlar heemolysis for the high AsT levels which ranged up io
108 in/l.

Bevated serum bilimbin levels have also developed in only a

minority of pationts with hoemolysis, again mainly in those with Starr-
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~Gavards aortic or aoritic plus mitral (i tehongpid) cloth-coverad
valves, UWith one exceplion the values have been under 3.0 mg/

100 ml.,
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IT  IEMPORAT, FACTORS TU ME DIAGNOSIS OF HARMOLYSIS MDD FOLLOU-UR

(1)  he Onmot of Hocmolveis

The time of commencement of invesbigatlons following valve veplace~
ment varied, due meinly to the type of prosthesis under giudy os
previously oublined (p. 85 ) Furbthermore, in those cases recently
operated upon, investipgations were neerly alusys dolayed until three
months afber operation so that any effects of operative hlood loss,
extracorporeal civoulation, blood transfusion and blood regeneration
would not interfere with the interpretation of remlts. It has noi
heen possible, therefore, to meke an acourate méa&mm@n’u of the earliest
time of omsel of haemolysis. However, where hacmolysis developed, as
determined by tho presence of haemosiderimuriza, it was demonsirable in
almost all cases (96/102) at the time of the first post-operative
i.uvestiga'tiam Thie took place within six months of operation in 437
of pabients, within 12 months in 63%, and within 24 months in 85%
(table VI, po 87 ) The cpproximete times of firet diagnosis of
haemolysis are given here in Teble XXIX for all patients and for
patients with haemolysis secondeary 4o Starr-Ddwards cloth-covered,
ball and oage velves who congtitute the majority of affected cases.
Haenolysin wag deteched within six mon'bha'of operation in 37%, within
12 months in 58%, and within 24 months in 89% of all the patients with
haemolysis.  Conpideration (Table XXIL) of those specifically with
"composite-seatt! Starr-ldwards cloth-~covered pro{atheses (models 2310
& 6310/20) who were investigated sooner after operation then most other
patients with haemolysis (Teble VII, p. 88 ) shows that in nearly 70%
of cages haemogiderinuris wam detected within three 1o pix months of
operabion. These results suggest that where haemolysis develops it
ig likely to do po within the firet three to six months of operation,
ot least in respect of Storr-Tdwards cloth~covered, ball and cage

valves, OFf all the pabients with haemolyeis there were only eix in
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whon it wag not debtecteld vhen inventigabtions wore first performed,
ut haemopiderimuria was found ond pereisted ot subsequent
oxomingtione.

2) Tollow-up Studies end the Ontoome of lHoemolyeis

The duration of obsorvation ap with the time of the firvsb

piet-operative investigation depended principally upon the prozthesis
model and varied considorably (Mig. 41)e  Sixby porcent of all pabtients
wore studied Tor peviods in oxcess of 12 monthe, many of those with
Storr-Rdwards cloth-covered velves being under observabion for the
longest pordods of time.

Standerd bleood and reticulooyte counts, blood £ilm exaninations
and urinavy heemosiderin tesls were routinely repeated on averaege ol
G-monthly intervale, more Dreguent btoske belng performed in patients
with haemolyels, The Hobal nuabors of theso ropeat invesbigobions ave
showm according to the maly propthetic valve types in figure 42,
Altogather they were povlormed on 592 sopavote occeagionn, simulboneoun
peripheral blosd and wrinocy hacmopiderin cxamivnitions helng oarried
oubt in 433, blood comnt and Film oxominations ¢nly in 138, and urinery
hasmogidorin tonts alone in 6.  They were partionlorly numerous in
patients with Store-fdwards cloth~coversd velves because of the longer
obpervation poriods, ond the grester incidence and soverity of
hoemolyein apsociated with thope valved.

The duvation of follow-up end the number of repoat invepbigabtions
wos limited in 20 patients because of death in 10, transfeorral to
another part of the cownbry in eight, and the finding of Ausbralis entigean
or antibody in Hwo. Thege accounbed for eight of the 23 nodients in
whom repeot Invegbigations were not perforvmed. OFf the 10 patients who
died, two Aid eo in the immediate period following replocemend
of melfunotioning prosthesen. Ono other potient dled of sube
acube bactorial endocarditis, one of congestive cardisc fallure, end

one of corcinome of the breast. Tive patients died suddenly amd
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poreibly as o congequence of & sudden svrhybhmia.

The times at which investigabions were complebed relative to the
date of operation also varied eiganificambtly, sud these have boon
detailed in Teble VI (ps 87) for all patients and in Teble VIT (p®2 )
according o preonthesis model., These times are presented in histogram
form hore in figure 43 rolated to the main progthetic valve types.

The great mpjority of pebients hed invesbigetions carried oul at least
one year afber surgery, and in 50% post-operaiive follow-up oxceeded two
yoears, ‘Tha longer poriods of dime during whioh the non cloth-covered
Btexe-Bdwards ball and cege valves had been in gitu cen be geen,

contrasting with the more recontly introdusced Bjork-Shiley prosbhemes.

(1) Pegpsistence of, Hoemolywpis

In 90 of the tobal of 102 patients with haemolysis repeab
investigations were carried out, and in 86 haemosiderinurie

wen pereigtently detected. There was additional ovidence of

continuing aclive haemolysis at the end of the obpervation

periode in 77 of theme patients from the presence of red cell
frogmentation with or withoubt anaecmia, azxd/or an elevated

serum lactalbe dehydrogenase level. Serum LDH levels were nob

eptinated in the remaining nine patients in whom haemo--

piderinuvia was the only hasmatologlcal abnormality at the

time of ihe lapt check except for a rebiculocytosis in two

pabients.

In four patients hacmosiderinuvie previonsly debected

on more than one ocoasgion was not found at the time of their

lagl iuvestigation. Serwn LDH levels were, however,

concurrently elevabed in three and serum haptoglobin levels

wore not estimated, so that a persisbing ninor degree of

haemolysis camot he excluded.
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(ii) Deyelopment and Owtcome Of HMaemolybic Angemig
Altogether 30 pamién%s in this series have developed
heemelybtic anaemia, and Table ZXIIYL details the rosulis of
investigetions and the outcome. In many cases (14/30) the
anaenis was detected at the time of the first post-
operative investigetion, in a few of these a clinically
obviour anaemia itwelf determining the need for urzent
invesblgation. In 14 of the patients the anacmia has been
mild (Hb 9+ g/100 ml) and in 12 very mild (Hb 12+ g/100 ml in
meles; Hb 10.5+ /100 ml in females)s Nearly all hod marked
haemogiderinuria and high measured urinary iron losges.
Asgocigted iron deficiency changes wefe detected in half of
the patients but almost all received oral iron supplenecnts.
Two~thirds of the patients were followed for perieds of
one to three years after the disgnosis of anaemia. In eight
patients (three of whom were known to hewve iron deficiency)
the haemoglobin returned to and remained normels In
another 15 patients (nine of whom had iron deficiency) there
was degpite iron o pervsistent or recurrent anaemia which was,
however, mild or very mild in all bul one case. Two
patiante developed a more severe aneemisa for which re~
operation was eventually wndertaken because of a limited
response ‘b0 oral or perenteral iron, blood transfusion, and
reat, One obher with a mild anaemie was re-operated upon
becouse of geverevalver incompebence with cardiac failure.
In the remaining four patients no further follow-up is
available., Table XXIV summarizes the outcome in these 30
cages according to prosthetic valve type. The assoclaled
assepsnents of valve function listed in TableXXIIT are

digousged below in section III.
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X”:msgheﬁia o ) Mo
| Typa Resoived | Recurrent | Peraistent | Ne-operation | follow-up
2300(a) (10)]| = 2 3P 2 1
2s10(a) (5) 3 - 3 1 -
B-5 (4) (1) 1 - - - -
6300(H) (2) 1 ) - - -
6%3{?@ (4) 2 - - - )
g5a0(m) (1) - - o - 1
S A M

=~ ¢ (6) 1 2 3 - -
et 31 4 V(2D o~ - 1 - -
Total  (30) 8 5 10 3 4

Hotes: & A = aovbic, I = mitral, © = tricuspld valve replacemsnts
B~} = BioPkeShileys O » Sterr-Tdwards. Total mumber
of anaemic petients for each prosthetic type given in
bracketba.

b Ono of these has subsequently voquired re-oporation

TABLL FXLY QUICOHE OF NATMOLYWEC ANATMIA ACCORDING W0 PROSTHEIIC
VALVE TYPR,
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(i11) Othex Cages of Auagnia

During the course of this study seven other patients
have developed a mild anaemias. This was deteocted in one,
five months afbter operation; it was normocytic end normow
chromic in nature, there was no evidence of haemolysis, it
guickly resolved in agsociation with oral iren and may have
been due to operative blood loss. In the six other
patients haemolysis wap present tut they have not been
included in the group of haemolytic anzemin cases since o
cause other then their haemolytic state was congidered to
have precipitated the snaemia.

In five of these patients there wam marked blood film
and merum evidence of iron deficiency which appeaved out of
proportion 1o the minor degree or absence of conocurrent red
cell frogmentation and to the extent of heemosiderinuria,
and dntrevascular haemolysis alone was judged insufiicient to
explain the ivon deficiency anaemis. This led to the finding
that two pabients were sufforing from menorrhagic and one from
blaeding haemorrhoids none of which had bheen spontanecusly
complained ofs  In the other two no canee £or the iron
deficiency could be found but it resolved with iron therapy.
In all five pabtients concurrent anticosgmlant control was
very satisfactory with the Thrombotest within the thevopeutic
vange of 5 ~ 15%

In the sixth patient, who had a mitral cloth-covered
Starr-fdvards 6310 model, a mild compensated haemolytic siate
wag detoddcd four wonths after operation, there being very
glight hoemosiderinuria and a normal blood film and
veticulooyie count. 4n elevabted mean corpusenlar volume (i1«CeVe)
of 110 M m‘3 wap, however, noted ab that time. Three nmonths

later she presented with a hasnoglobin of 9.7 g/100 ml with
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oval macrocybes and hypersegmented neutrophils and an M.C.V,

of 118 P m3. There was moderate red cell frammentation,
normochromia, the reticulocyte count varied from 2% o 5%,

and only very occasional clumps of haemosiderin ocould be

found in specimens of urine. Iliac crest marrow revealed
megeloblastic erythropoiesis with little sbainable iron. Her
gerun folate was low (2.6 & 3.0 ng/l; normally not < 4.0 ng/ml),
gerun B,, was normal (200 - 300 pg/ml; normally not < 120 -
-180 ?é;‘/ml);mg and serum iron was normel (128 Iug;/mQ ml)s Serun
lactate dehydrogenase (1360 iu/i) and plasma boemoglobin

(90 mg/100 ml) were elevated., MNethaemalbumingemis was not
detected, nor war thers haemoglobinuria. Her measured total
24~hour urinaxry ivon level wap high at 1.84 mg (normally not

> 0,37 mgj  ®ee D,169)s  The half-life of 51«:::»-1&1:.@119& red
cells was 14,5 days. Zylose excretion and faecal fatb

estination were normal, and the patient refused o undergo
jejunal biopsy. There was frec gastric acid., JAn excellent {16%)
reticulocyte response was obtained with folic acid together with
oral irvon and the gnasemia and macrocytosis resolved.

fhe poseibility of a folate deficiency ariging as a

consequence of chronic intravascular haomolysis wan considered.
While this remains o possible contribulory factor the elevation
0f Y.C.Ve with little other ovidence of haemolysis when first
investigated, the persistont only very slight degree of haemo-
piderinuria contrasting with the almost invariably lerge amountis
peen in other patients with hasmolytic snnemia,suggests mnother
primoxy cause for the folate deficiency. Purthermore, there was
no clinically deteotable evidence of valve malfunction although
this does not appear from the resmalis in this gtudy to be a
prevequinite for the development of haenmelytic ansemia. There
was no history of aleoholimm, but her dietary intake of folate
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wag assessed at approwimately 30 pg daily (normel deily

requirements probably > 100 szlo)‘

She is a thin
woman and malabsorption hag by no means been excluded.
She remaing well on folic acid with a normal haemoglobin
and persisting slight haemosiderinuria 2% years after

this event.
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TIT  SIRUGIURAL AND PUNCEIONAL PROSTHWITG FACTORS OPERATTVE IN 191
NGOG OF DAGHOITa1S ' " |

(1) e Infinence of Valve Orifice Uize on the Severity of Hoemolymis

LT £

The wolationghip botweon the diameter snd aren of the volve orifice
and the development of heemolyiic aneemis in patients wilh oloth~covered
Stopr-Iduords aopbic prostheses, sluple ov combined with mitral

veplacenonts, io demonstrated in Toble KXV,

Valva Sharr-Rdvardes Aortic Valve lodels
gize™ | - £300 . 2310 -~
Internal Orifice No. of Patlents|Internal OrificelNo. of Patients
Diameter Arﬁa “Total Angenic|Dianeter Arga|Total Aneemic
(rom) { mn®) {amn) ()
8(a1)| e+ 121 1 1| e 143 | - -
o{22)] 14~ 145 7 T 15 170 2 -
10(24) 14+ 161 5 5 16~ 1291 2 -
1126) 15+ 182 3 3 17 215 | 3 1
12(27) 16+ 206 2 - 3 23 | 4 1
13(29)] 17+ 240 1 - 184 268 | 6 1
14(31)] 18- 253 2 - 19+ 203 | 3 2

Iffétaaﬁ o~ gonelus (ezz&teﬁn&l, tiosue) é,i.amétor in mﬁ.llimaﬁew
given in hrackets.

PADIE A6Y  RUIATIONGHIP DRIVEEN VALVE ORIFICH SISB AND
| HATHOLYTLG ANATUTA

There appears (0 be an inverge correlabion belween valve orifice mize
and the incidence of anaemio in pailents with the 2300 aoriic model.
Hoemolytic onpemia woe maoh less common with the 2310 model and there was
no obvions relationehip bebween it and orifice sizes The lovger tubernal
orifice dinnoter and area for a given totel valve size (i.e. exiernsl,
tissue, or anmulus diameter) with the 2310 models is elso evident from the
figures, sach that while mogt of the sneemic patients with the 2300
prosthesls had valves of inbornal orifice area less thon 1701131:12, the
2310 valven studied of similar overall size had lorger orifice areas.

It a figuve of 200 mm"‘2 is arbiivaclily taken as difforentioting between
analler and larges ovifice valves, the assoclabion bebween tho presence
of haemolytic anaemia and a "emall" valve ond its absence ond a “lerge”

valve i found 40 be sigificaent in thiag total group of pationto with

148



Starr-Bdwords oloth-covorod aortic valves. (X° w» 10,03, Gofe = 1,
0,005 > > 0.001).

There wore poven pobionte vith mitrel cloth-~covered, hall and cegs,
Starr-Euerds prostheses, single or combined uwith teicuspld valve
roplaconcnbe, who doveloped hoomolytic snacnie. Bix had nedlum pized,
and ono o lovgo sized volve (d.0. sises 3 & 4, internal orifice dicmeter
10- o 19+ ma ovd avea 251 fo R94 :mg), snd no oosoclotion betueon the
devalopnent of mneenia ond velve opriffice pige wap evident in patients
with these prostheses,

(2) Tindings ob_Re-operation

Re—ppopration undorbeken dn four cages with hasmolytic anaemia
yielded the £ollowing resulla.

The pregence ¢f g parevalvular lepk in {the aortic 2310 Stovp-
Bdwards clothecoverad model of the potient with mild anasmls oud cardiac
feiluve (Subject 11, Ynoble XXTIT) wes confivmeds  The oloth on the
sowing mavgin of the valve ring hed run ol one poini allowing the eutures
to loosen, and a orescenl-sghaped hole hod developed bebyeen the wvalve ond
the aortic woll.  The valve wog replaced bub tho patient died chortly
afber oparation in renal failure aftor an tpisode of covdise arvest.

In one peblicnt re-operalsd upon Lfor govers cﬁaemiez (Subject 3
Table XXLIL), the ondothelialized valve orifice of hism aoriic 2300 Starre
Bavarde cloth-covered prosthesis was found to be rounghened and norrowed by
pale 7fibrinous depomite (Pig. 44)«  The effoctive valve orifice
Jiametor wan approximately 11 mn wivh a calonlated orifice aveo of
a9 rmag, compared 4o the corresponding figuren ab the time of implant
of 14+ min and 161 zilma. The left wendbricle was copselone end magcular
ond it seemcd likely that the haemolypis wan the result of o
rvelatively lorge sbroke volume bhelng forced throush this nerroy ouwblet,
The valve was weplaced by & Bjork-Shiley tilting disc proothesis mnd

the potient nade an excelleat yecovery,  Standard blood count,
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Pig. 44.
Aortlo 2300 Starr-£dward0 ball and cag# valve viewed from the
vomtricolar aepeot chowiag the orifice to be irregularly narrowed

and roughened bar pale 7 fibrinous nodules and tiny protuberances.
Ignore the brown reflection of orifice tissue on the ball.

reticulocyte count, blood film and serum lactate dehydrogenase levels
hare reverted to normal but moderate haemosiderinuria persists after
11 months. While serum haptoglobins are absent, the normality of
the other indices of haemolysis suggests that this degree of haemo-
siderinuria is at least partly due to the continued release of
haenosiderin from renal tubular cells heavily loaded with iron as a
consequence of the original severe chmonio intravasoular haemolysis.
In the other patient ro-“perated upon for severe anaemia
(subject 1, Thble XXIII) the Teflon cloth on the cage struts of her
aortic Btarr-Bdwards 2300 prosthesis was found to be badly iplit,
worn and shredded. Figures 45 d 46 show these changes from photo-
graphs taken of the valve, and the appearances of the cloth on the
struts are as were encountered at operation and have not been modified
by the process of removal or by subsequent handling. The damage can
be seen to have occurred mainly on the inner and upper aspects of the

struts against which theball strikes in eystole. A lesser degree of
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Pig. 45 Aortic 2300 Starx*-USdwmrds valve ahowimg aplit and worn
cloth on the cage atmte particularly the inner and
upper aapeota.



Pig* 46  Further view# of the eortio 2300 Starr-Qdwards valve ahowing
cloth wear and tear oa the cage strata and, viewed from the
ventric#ar aspect (bottom photograph), on the outflow side
of the valve ring (ignore tissue sticking to the sewing
ring).



¢loth wear is present on the outflow side of the valve ring upon which
‘the ball fulls in diawkole. There was no valvar incompetence tut a
very loud end léng aortic gystolic ejection muemmr bad been audible for
geveral months prior to operation. The prosthesis was replaced Wy a
Bjork-hiley dime valve but tho patient died suddenly shortly aftber
aperation,

During the preparation of this manusgcript one other patient
{subject 5, Table XXTIT) has come to wvesyperation because of the
progresgion of her snaemia, and almost identical appearances of cloth
wonr and tesr were found in her Sterr~Bdwards 2300 valve, There was
no prosthebic leak bt s marked aortic systolic ejeotion murmur had also
been noted before operation., Recovery wes uncomplicated following the
ingertion of a Bjork-ghiley valve and the patient is currently in the
early posi~operative period with s normally maintained haemoglobine
(3)

The numbers of patients with aoriic prastheses who have prosthetic
leaks or other auscultatory abnorsalities arve given in Teble XXVI
divided according 1o the presence or absence of haemolysis and hasmo-
iytio snaemia, Thewe findings related specifically to individual
patients with snaemie have been listed in Table XXIIX,

The first point of note im the relatively smal) number of anaemioc
patienis with a prosthetic leak, and half of those with leaks were not
anasmic. Second, the most frequent suscultatory finding in the anasmio
patients was a systolic sjection murmur which was considered wmmially
loud and long in comparison t0 the short and moderately loud mystolic
marmars that are an almost invarisble finding with promthetic aoriic
valves. Thism was limited to thome with the 2300 Starr~Edwards valve,
and gystolic murmyrs of similar intensity were not heard in non
snasmic patients. Finally, in approximetely half of the patients with
haemolysis including some with anaemis no clinical svidence of valve
malfunction could be debacteds |
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Vodve ifz‘a:aive B Igc‘amcﬁ: el
Typa Funciion” | Anaemic | Non-enaemio | o Hasmolysis
2300 leak 1 2 -
(1.‘:5) yeti o By M T - -
noymal 2 3 -
2310 | lealk 2 Py -
( 1«7) ryerh s Bl - - -
noxmal 3 8 2
5 Leak S 1
(15) st Baelie . - -
noral - 4 10

Wotams w 35«3:5-%« Bjork-dhileys  Tolbal nunber of poblente
for each prosthetic type glven in brackelo.

b eynt,Bly = very loud and long aortic systolio
ajevtion oo andiblo.

TABLE AAYVL VALVR HALFUNCIION I¥ RELATION 20 HARIOLITIC
o STATR IN PATIENTS WITH AQUILO PROSTHIGES.

A similar pabtern of findings obiained in the pationts with eordioc

Tymet L c%mb BT o Hacmolysie
g% (11) sortic| lesk 5/ €
syat.Nedle | ABG
normnal bIxTY GHIF
mitrall leak A IR JR
normnal BCD Ry
55 (9) eortic] Leas , at T
gy trh Jih- Tu '
normal :%3103‘ :9325231?“1@11‘1}
mitral|l lonk .&3'1 1 1. 1.9 3{1{!'1'1
nozmal, o i I}b‘ it

Wotess & S« = Slerr-Biwerds; B8 » Bjork-thiley.
Totsl muaber of patiends Loy epoh proathetic
typo given in brackehbs.

b myshedldie = very loud and long aordic gyebolic
ejection marmur sudible. ALl brdouspid
prosthenes were lunciioning nowmallys

¢ Bach individual notient is denobed Ty o lebber
of the alphebat,

PABLE $KVIZ — VALVE MAIPUNCIZON IN RELATTON TO HARNOIYTIC STATE
o T PATTENTE WITH AORTIC PLUS MITRAL (-~ TRICUSPID)
PROSTHENS .

o
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Three of the six snsemic patients with Stayr-Edwards prostheses had a
very loud aortic systolic ejection mirmur and in each case the sortic
prowthesis was & 2300 clothwcovered model, All of the total of 10
pationts with the sortic 2300 prosthesis, single or combined with
witral replacement, who had very loud ejection mystolic murmurs had
mall sised valves, six having a size *9%md four a size *10¢
prosthesis (see Table XXV),

Ho conuistent association between malfunction of mitral prosthemes
and the presence of haemdlysis or hoemdlytic anasmia wes found, In
mowt pabients with mitral (& tricuspid) replscements who had haemolysis
there was no clinical evidence of valve malfunction, although most but
not all of thomse with lesks were haemolysing (Teble XXVIIL). In only
two of the eight ansenio paticnits wap o prowthatic leak detected, and
the spisode of savere snaenis secn in one patient {mubject 17, Table
ZXIII) remains unexplained. In snother two snasmic patients with
sortioplus mitral prosthesss, a mitral lesk was the only valwular
shnormality (Tables XKIII & XXVII).

Valve Tepe L....d. Banckion { Anaeniol Nons I - £

600/6120 (15) | lemk - - 1
norumal = 3 11
630 (20 + 1) | leak 1 3412 -
normal 1 10 4
6310/20 (15+5) { leak 1 147 -
normal 4 12 1

normal 1 3 a

Bes (134 5) | leax - 1+ 71 3
ek BOEBSTL, = ek 1d

Notess a B-35 = Bjork-Shiley. Total nmunber of patients
for each prosthetic {ype given in brackets;
second figure refers to number who also have a
tricuspid valve replacements Two cases (me
& 6300 mitral, the other a B3 mitral + tricuspid
replucement) were lomt to follow-up, and no
information on their valve function conld he
obtainnd,

b Tricuspid valve replacements all funciioning normally
in 11 patients with both mitral and triouepid
prostheses.

TABLE XXV 11X VAIVE MALFUNCTION IN RELATION 1O HAUMOLYTIC STATR
‘ ' IN PATIENTS WITH MITRAL (& TRICUSPID) PROSTHESES.
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The dopgree of incompobence detected with aortic or mitral
peosthoses in this study hos in nogt cases been slight and only
thres pabtienis have required re-dperation, one esch with an
aorbic 2310 model, a mitral 6310, snd a mitral Bidvk-shiley

progthesl s
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CHAPTES 6
DISCUSSTON AND CONCLUSIONS

The value of the urinary hoemosiderin test in the diagaosis of
intravasoular haemolysis has been discussed in the previous section,
and it has bheen used to deltermine the incidence of haemolysis in
patients with different types of cardiac wvalve prosthesis. The
soverity of haemolysis has been assessed from haemoglobin levels and
the frequency of ocourrence of snasemia, from the height of the
reticulooyte count and from the degres of clevation of sarum lactnte
dehydvogensse (IDH)s UWhero ansemia developed ite haemolytic nmture
Gas subetantisted in all cases by the concomitant presence of red cell
Pregmentation, merked hasmosiderimiria and, measared in most cases,
reduoed 5 161' crythrooyte survival, as well as by the exclusion of any
other wnrelated precipltating couse of ansemia.

The results show the Very Common 0ceurrence of haemolysis after
valve replacement with a metal ball and cloth-covered cage Stary-idvards
prosthesis, and demongtrate an equally high incidence of haemolysis with
either aortic, mitral or multiple replacement (94%, 92% and 28% of
cages respectively). Furthermore, no pignifiomnt difference was fownd
in the frequency of haemolysis between the two itypes of Starr-Ddwarde
prosthesis studied, the earlier 2300 aortic and 6300 mitral velves
compared to the corresponding 2310 and 6310/20 modelss Ry contrast,
haemolyeis sppears t0 be a relatively uncommon complication of the
Bjork~shiley bilting dlsc prosthesis at any site, ccourring in 31% of
aorbic, 15% of mitral and 20 of multiple replecements respoctively, the
differences in frequency helween the sites not being of sbtatistical
glignificance in the numbers studied. It was equally less common with
the Starr-Bdwards Silastic ball and non cloth-covered cage nitral
prosthesos, models G000 and 6120, the incidence smounbting to 20%, There
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weres inmufficient patients available for study who hed the corresponding
non cloth-covered aortic models. There wers alse few patients with

the non tilting disc Starr-~Edwards mitral valve, although the results
suggent s possible lesser tendency for hsemolysis than with the cloth-
covared ball and cage types.

The severity of haemolymis was also correspondingly greater with
the Starr-Fdwards oloth-covered, ball and cage valves than with the other
prosthetic types as evidenced by the mores frequent vccurrence of red
cell fragmentation and haemolytic anaemia, the lower haemoglobin lavels,
and the higher reticulocyte counts and LDH levelss Haemolysis was
particularly marked with the Starr~Edwards 2300 aortic valve, anaemia
ooccurring in 10 out of 15 patients, whereas only one case of hasmolytio
annemia developed with Bjork-shiley valves, am aortic replacement, and
this wam transient and mild. Elevation of serum aspartate amino-
transferase levels, too, was limited almost exclusively to patients who
had a 2300 aortioc valve. The degree of haemolysis, if not its frequency,
was also related to valve site, being more severe with the 2300 asrtioc
than with the 6300 mitral valve, and aqually severe with Starr-Edwards
sortio plus mitral (¥ tricuspid) replacemente, There were, however, no
significant differences in the leaser degresn of haemolysis between the
2310 aortic and 6310/20 mitral valves, or between the Bjork~Shiley aortic
and mitral valves.

The times at which investigations were commenced in themse patients
relative to the date of operation, the lengths of the observation periods,
and the final post-operative follow-up timem varied. The results
mggoest, however, that with the cloth-covered prostheses haemolysis will
develop within three to six months of operation and that it is likely to
persist indefinitely. Furthermore, most of the cases of haemolytic
anaemia developed within about one year of operation. Since virtuslly
all patients had investigations performed at least six months after

operation and in most camses at & year or more, it is congidered that o
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comparigon of the hasmolytic propertiss of the different prostheses is
appropriate, and that any differeances found represent real differences
between the valves snd are not due to a disparity in the timing of
invenstigations.

Although the high incidence of hasmolysis is very similar, the
frequency of ansemia in patients with Starr~Edwards cloth-covered
prostheses found in this study (674 with the 2300 and 297 with the 2310
sortic; and 107 with the 6300, and 27% with the 6310/20 mitral
prostheges) greatly excecds that previsusly documented. An average
incidence of haemolytic snmemiz of 8% forr aortic prosthenes and 1.5%
for mitral prosthessg can bea determined from previous voports end these
bave been deteiled in the literature review (p.45,29). This contrast is
probably partly due to difforences in the definition of annemia. In
this thesis all cases with Laemoglobin and packed cell wpiume leveln
conmistently below the lower limit of normal according to mex, as
defined by Dacie and Imh,m? have been recorded as anaemic., In voat
other studies ansemia has either not heen clearly defined or refersice
has been made to Mclinically signifiosnt™ anaemia without further oousment,
However, the disparity in the frequencies of anaemia is almost certiiniy
meinly & consequence of differences in the types of prosthesis studied,
the great majority of previous reports dealing with the Bilastic ball
and non cloth~covered cage Starr~Edwards valves.

The possibility that aortic metal ball and cloth-covered cages models
might be attended by a greater degree of hasmolysis than Hilastic rubber
ball and non cloth-~covered types has previocusly been raiscd. Hodam
ot 01,47 nad found an wmsually high inoidence of heemolytic snaemia of
31% in 39 patients with the 2300 weries Starr-Edwards valve, although this
was not a severe problem in the absence of a peri-prosthetic leak. Rees
ot 81,92 found snaemia in four of nine patients with this model, and
Milam et al.”> reported hasmolytic snasmis in three of five patients with
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another type of clothwcovered prosthesin in contrawt to one of 15
with & non cloth-oovered valve, However, Walsh et al.”" could find
no difference in the peverity of heaemolyesis between 13 patients with the
cloth-covered Sterr-Bdwards aortic valve and 32 with the non clothw
coversd type, and their conolusion has been sccepted in a recent
monograph on the long-term prognosis following valve :-eplacmmtan;

Total cloth-covering of ball end oage valven along with the
substitution of hollow metal for Silastic rubber balls wes introduced
with the aim of reducing the frequency of thrombo-embolism by
encouraging tissue ingrowth and eventual complete encapsulation by neo-
intima, and of obviating the development of ball variance. While these
goals oppear to have heen achieved, 195,212-213 41g results in this
stady muggest that there has been an associated increame in the degree
of hasmolysis. This would appear substantisted by the coneiderably
greater incidence of haemolytic snasemie with aoriic models in
coxparison to previous reports relating to the non cloth~covered type,
as well ag by a direct comparieon in this study of the hasmolytic
effects of both types of valve in the mitral ares. These findings are
supported by those of ¥yhre, Dale and Ramnonem who have reported
signifiosntly lower 2 Gr-lahelled red oell survival end higher IDR
lavels in patients with the aortic 2300 Starr-Edwards model comparsd to
the corresponding Silastic ball and non cleth-covered 1200.valve. A
similar high figure (50%) for the incidence of haemolytic anaimia with
the 2300 valve has been more recently domonud.zm and the greater
peverity of haemolysis with the mitral as well as with the sortic oloth-
covered model in somparison with the non cloth-covered valves has also
been confirmed !,

The high incidence of anaemia found in this study has not constituted
a troublesome clinioal problem. In nearly all casss (26/30) it has been
mild, although ham been persistent or recurrent over periods of up to

3 yeurs in half of the patients. In some (8/30) it has resolved in
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amgociation with orel iron, Tu only three patients, all with aortic
olothwcovered 2300 models, ham more pevere and resietent anaemia
necessitated re~operation. Honetheless, the fraguent and often
persistently less than ¢ptimum haemoglobin levels found in these patients,
csymot be regarded as very satisfactory. An even mild ansemia in
patients with cardiovasoular changes may be conseidered of greater
pignificance then a similsr level of anaemia in an otherwipe normal
patient. Prosthetic velve patients also generally view with comsiderable
regard the clinical improvements brought by operation and do not eawily
complain.

From the remults in this study and the findings of other workers
there eppear two likely explanatione for the inoresmed severity of
haemolysie with clothecovered valves. Heemodynamio meamrammtuam’aw
in patients with the 2300 aortic and 6300 mitral valve have demonstrated
persistent elevation in transvalver pressure gradients, end effective
valve erifice areas caloulated from hydrsulic date were found to be
considerably lems than the actum) ereas at the time of implant. These
features compared unfavourably with the haemodynamic: characteristios of
non clothwcovered valves. The pesk gystolic pressure gradient aecross
sortic 2300 valves ranged from 4 1o T6 mm Hg at rest and was higher over
amaller orifice valves (sizes 8 - 10) with which there was an average
peak aystolic gradient of approximstely 40 mm Hgﬁmg These higher
presmire gradients are at least partly due o the restriotion imposed on
the Iinal orifice diameter and ares Ly the teflon covering and the
aventual layer of nso-intima, and would he acoentusted by eny further
reduction in dismeter produced by mors exuberant tissue ingrowth or hy

thrombotio depositeioreld

I% hae been suggested that the grester
severity of huemolysis with the 2300 aortic valve is related to inoreased
shearing sirespes set up by these relatively high transvalvar pressure

gmdienmao?, Certainly, an average peak mystolic pressure gradient of
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40 mm Hg at rost would be mufficient 4o resuld in shearing strewses that
exceed the oritical telerance of the red ealllaip .55 )y and exeroise
would have the effect of further increasing this gradient, PFurthermore,
in this study the incidence of haemolytic ansemia wes found to bve
gignificantly higher in patients with swaller orifice valves, and an
inverse reletionship between valve orifice eize and the severity of
haenolyeis has been reporied by other mx'heraams’ 2"6‘2”'320. The
severo hasmolybtic aneemie encountered in the patient demoribed in the
previous chapter (p.149 ) whose orifice dimmeter wms particularly
narrowed by Tfibrinous deposiis werves as an example of this mechanimm,
The ather factor of astiological importence is suggested Ty the

mexrked wesr snd teer of the oloth covering, especially thot over the
cage struls, which was found in twa patients in this study whose severe
haemolysis necessitated re-operation {p.150-)s The major site of the
cloth damage on the inner and upper aspect of the struts eand on the
valve ring indicates that this was due to trouwme from tho metal ball.
Haemolysis might then ocour as & oonmequence of trapping of the red cells
within the intamtiﬂag of the cloth or between the cloth and the
underlying metal rendering them vulnerable to direot trauna from the
balls It night aleo "be due to forced conbact of the cells with bare
Teflon fibren, This would be analogous to the ved cell fragmentation
and distoriion praduced by intravasoular fidbrin strands in conditions
causing miorosngiopathic haemolytic ansemial®,  Ioval turbulence seb
up by badly shredded and looge portions of cloth may aley contribute

10 hacmolysis. Thres afhw oages of severe haamolysis attributed at
Jeast in part to similar oloth demage have recently been mpwte&aao"aaz-
In onw of ﬁhe%glthe oloth on the valve ring was g0 worn that during
diastole a loome seal was created and regurgitation through the velve
oriffice oocurreds It may be, therefore, that lesser degrees of cloth
damage are instrunental in the very frequent development of mild
heemolysis with cloth-covered prosthemes.
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Red cell damage against intact but non-endothelialized Teflon
has also been suggested as o cause of haenolysiw with cloth-covered

16,217

va.lvas‘?‘ and likened 4o the classiocal came of Sayed et 31.6

(p.28 ), and simple trauma from the metal ball of these valves may be
more damaging than that from o Silasbic rubber bailam’amc

ALl theme pogniblo haenmolytio factors ave likely to he accentusted
in the high prossurve system over the aortic velve, and whereas initial
experience with proethetic valver muggested that severe haemolysin was un-
likely to develop in the absence of significant aortic regurgitation, it
is becoming clear that with the cloth-oovered metal ball models ap much
abbontlon should ba pald o gystolic factors in this aren. Only four
of 21 anaemic patients in this study who had an aortic cloth-covered
propthoesis had o clinically detecteble prosthetic leak. However, ten
patients had an sortic gystolic ejection mwrmur judged independenily by
experienced observors to be wmeually loud aad long in compariscen e the
syebolic murmur thet is an almost invariable accompaniement of aortic
progtheses. They all had ean asrtic 2300 model and the valve orifice
gize was smalle In the three re~operated upon, stenosis of the valve
wag found in one and marked cloth wear and tear in two. This prominent
mirmar, oside from awy accentuation duwe to o hypergynemic clroulation
agsociated with anaenia, mant at least partly be o consequence of an
inereaged aortic sysbolic gradient uwt might also arise from vibrabtionas
of torn cloths Ite evaluabion moy therefore be of diagnostic iuportance,
and phonocardiographioc studies would be of interest. A metallic opening
click suggestive of significant strub cloth wear hao sloo bheen
desoriboaside

Tre 2310/2320 aortic and 6310/6320 mitral Stsrr-Bdwards cloth-
covered valves were constructed with & wider orifice which hog had the
Qegired effect of reducing transvalvar pressure gradients 4o lovele
similar to those with non clobh-covered valvesoio12231224 1 addition,

the small metal studs that alternate with the oloth on the outflow side
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of the valve ring conptitubing a “componite-popt® for the ball protect
the cloth from wea'z,rm@‘ Iabborly, 40 lncrease cloth durability an
cuter loyor of tubnler kuitted polypropylenc cloth with en inner of
Tof'lon hove been used for the coge struts in plece of twd loyers of
Toflon, mnd o compopite | yorm of Teflon and palypropylens filamonts
hag been uged for tha valve winga‘% 'p“’M. The resulis in this study
suggent that, while theso modifiocwbions bave act roduced the incidence
of haemolysis in comporicon with the 2300 and 6300 valves, the geverity
of hoemolyeis with the aortic 2310 prosthesis 1o less, ond his finding
is confirmod by othor recerdly published warla:aw’220~

In comporison with the haenolytic preperiics of elther of the
sharr-Tdwsrds cloth-covored valves al ouy slto, the roesulis demonsirabe
o striking clventoge in potients with o Bjdrk-Bhiley prosthesis,.
Hacmolywic has been dobected in only » minority of ceses (<< 25%) and
thore has boon only one instence of hacmolytio onpemia and this was
trengient ond very mid.  The Bidrl-8hiley $ilting disc prosthesis was
introduced clinically by Bjork in 3,969?196 and €0 far there has been no
detailed published study of ibo beemolydic propenties, although they have
boon roported ap mindimal end without elinlenl significsuce on the bagip
off nornal heonoglobin values and detectable ploema haptoglobin levelszas.
Goodl olinleal and experiwentael haonedynemic resulis ove well clacumnted,l%’
aej-229 although the incldence of threwbo-enbolic complications may be
lightly grenbor thon uith the Stovr-Rluards olothwcovercd volves.

The infrequent ond very wild hacmolyeds thet hos heen encountered
in podiente with the Bjdrk-hiloy velve rooms likely 4o be wolated at leost
partly to the abmence of high prossure gradionts dve to the large orifice
avon el the contrel flow design thet ore ite digtinotive haomodynamic
Yomburen, compered o tho contral occluding end lelewal £low, hallwvalve tyne.

Tigaro 47 ond Pable XXIX illusirate the conglderebly lergor orifice diemeter
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Valve Starr-Bdwards Aortic Valve Models® Borke-shiley
(ml 23 2310 Acrtic Prosthesis
Tissue) | Internal Orifioe | Internal OFifioe | invernal OFifice |
m’g@eﬁw Dianater Argg» Diameter ng Tiameter  ATAS
11 11 85 12 113
19 114 102 12+ 120 34 154 .
21 12+ 121 14w 143 16 201
a2 14 U5 15 170
23 18 255
24 WU+ 161 16w 189
25 20 314
26 15+ 182 17w 215
29 16+ 206 17+ 236 22 380
29 17+ 240 18+ 268 24 450
a 18 251 9+ 293 26 530

Notems a The corresponding figures for the Starr-Edwards
non oloth-covered aoriic 1200 medel approximate
very closely to thome with the 2310 valve.

DABLE XXIX: COMPARATIVE VALVE ORIFICR SX2ES IN DIRFTRENT TYFRS
o OF AORTIC VALVE PROSTHRSIS.
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Pig. 47.

Comparative valve orlfloa aime# in Otarr-BftMHrda 2300 (left) and
Bjarh-ghllmy (rl“) aortic proatheaea. Both have the aame
anaalaa (tiaaae) diameter hat the Bjorlfr-ahilaj valva hae the
larger orifice*

and area for a given external tiaaae diameter with aortic BjeriB-Shile]
valvea ocapared to the Btarr-Bdaarda cloth-covered modela*
Terhalaooce ia alao leaa with Bjorh-Bhiley valvea beocemee of the more
lan#mar flow allowed hgr the dealpi* The diao doea mot overlap the
valve ring hat fita withia the orifice end hae a low doming wvelocity,
and therefore any direct trenma to red celle between oppooing aarfmoea
la largely avoided compared to the hall and oage arrangement. Farther-
more, apart from the outer eewing ring of Teflon there ia no oloth
incorporated in the model.

The eqaally alight haamolyaie prodmoed hy the Btarr-Bdaarda Bilaetio
hall and non cloth-covered oage mitral promthemea, modela 600/6120,
ooepared particalarly to the 6)10/20 ooapoaite meat cloth-covered valvea
idijch have the name orifice to mamlma diameter ratio, aaggeeta that in
the abaenoce of regergitatien or fhmotional atenocaia it ia primarily the
preaenoce of cloth or a Stellite metal hall that determiaea the degree of

hmemolyaia rather than the haaio tmrhmlenoe cheraoteriatio of the flow
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pathwaye. This obpervation is in agreement with the view expressed by

Vyhre and amsmiatesam’gzo

of the importance of direct red cell trauma
between the hall end cloth, and lends clinical support to the experimental
ptudies of Blackehear et al.wa (0.56 )+ Indeed, anaemia developed in four
patients with the mitral 6310 prosthesis and in three with tho aortic 2310
progthepis despite clinically normal valve function. Uhother lack of
endothelial covering, cloth wear and tear, or the action of the metal bhall
is movre important is iumposeible t0 say. Probably all three factors ave
operative, tut it would seem unlikely from tho work of FPok and Schubothe or
{p,56 ) that the ball alone acting on intact endothelialized cloth could be
respongible for sigificant haemolysis.

Finally, pablenis with prosthetic valves are not immuno foom other
cauges of anaenda, sud being on long-term anticoagulaant thereopy sre mors
mumepisi%}ié to the offects of any bleeding lepion. Abnormalities in haemow
globin or reticulocyte count must he checked Ly blood £ilm examination and
| other confirmstory tests for the presence ond degree of intravascular
heenolyais and by olinlcal exemingtion. In this regard the urinary hasmo-
giderin tost has proved uaseful, in that where mavked blood £ilm evidence of
iron deficicncy changes hag oppeared oul of proporition to the degree of
haenosiderinuria, and knowledge of gequential haeomosiderin tesbts allows more
certain assesement, this hog raised the poesibility of a primary canse of
irvon Geflciency. The urinary iron loss and ivon deficiency that may
follow intravascular haecwmolysis in polients with prosthetic valves i
discugeed in the next 8ection.

. Conelugions

In thip Secticn the incidence and severily of haemolysis in 161
cages of heart valve roplacemend with different typon of prosthenisn hap been
studied, ond an asscssment made of factors of poesible astiological
importance. fThe following conclusions can be drawnse
1, Bloarr-Tduards, Stellite bell and cloth-covered cage prostheses

irrespective of the site of valve replacenent are aluost invariably

agsocioted with haemolywis as detected by the presmence of
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haemosiderinuria. The haemolysis is most marked in patlents who
have an earlier 2300 agritic model in whom a consequent annemis
ie comaon although infrequently seriouss In all groups, however,
1t sppears b0 be more prominent than the haemolyels asnociated
with the Silastic ball sud non cloth~covered cage valves.
Bjonk-ghiley tllbing dise prostheses ave infrequently associated
with baemolysin as deltevted by the presence of hasmosiderinuria,
and where present it i of ninimal degrec.

Haenolysls is promoted by prosthesos of snall ovifice pize
provsbly through high sheaving sirewses aet up 28 & vesult of
inoveaned transvalvar pressure gradients, by the incorporation
of cloth in the flow pathway and its subgequent wear ond tear,
end porsibly by the dirveoct traumsbizing effect of a Stellite
netal ball. Ite development ig not dependent upon valve
melfunctiony, and in the abgence of regurgitatlion or functional
sbonosin the presence of cloth and o molal ball is probably of
groavter significemce thon any factor of turbulenco determined

by the geonetry of the wvalves

411 these hasmolytic Pactors will bo accentusted in the high
prossure syston over the aortic valve in gyslole, and with clothe
covered progiheses they ave likely 40 bo of egual importance in
tho coumation of asvere hacmolysis as prosthelic legks in this
drea. Tho evaluabion of the pystolic murmar almogt invariably
prosent with aortic prostheses nay, thorefore, bo of diagnostic
diportaace, ond an unusually loud and long ojection murmur may
be o plgn of significant cleoth weay and teer.

The introduotion of the wider orifice, composite-sent, ond cloth
strongthened Storr-Rdusrds prostheses, models 2310/20 and
6310/20 heg led to some veduebion in the degree of haemolysis

at the aovtic avea though nob in ite freguency. The ninimal

heemolyeis produced by the Bjork-sShiley velve is almosh
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cortainly a consequance of its even bigger orifice ares,
the ahsence of olath, the little direct trauma between
gpponing sirfaces,and the lesser turbulence of the mors
lsminar blood fiow through the valve.
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T URINARY ZROK 1085

The 24-hour upingxy iron oxcrebion was measured in poblionts ond
controly by o roubine atosnalyser technique employed for the dotommination
of sorum iron, and the method has been debailed in Cheplor 2, 77
In fonalen wrinavy collections were obtaoined only in the inbormonstrual
poriods
(1) Nemmsl Usinery, fron Oubput

Mhirty-one heolilby hospltal enployeos scevved as control subjects (19
men snad 12 womons moean oge 26 yoors, range 18-38 yeors), cud the results
of 24 b urdinevy ivon ectimedions are given in histogram form in figure 48,
While the values range from 0.02 t0 0,37 mg/24 h wiih a mean (i trads)
of 0,135 ('-t 0.09) ng/24 h, the distribution ip positively dkewed snd
mowt resulto (84%) lle below O me/24 fa. For compuvabive purposes,
howevor, tho upper limit of normal has heon token as 0437 rﬂgfaé} he
(2) Urinary Tron Imvels in Patients with Prosthetic Valves

A highly sienificent (P < 0,0005) sssociation wap found hobueen the
presonce of hoenosiderdinurio and a high 24 h upinsryy ivon oubpnt, ond the
sheence of huosmogiderinuria end o normal urinoyy iron owbpus (Table XXKX).
There were only gix pabients with high noasured uringry lron levels in whom
hoenosiderinuria was not detected.  Conversely, in 17 patienis urinary
ivon levels wors normel despite pereistent bub ucvally slight hoemosiderine
wriag al'!;hmigh they exceeded 0:20 pig/24 h in oll bub four cases. A
bighly significent (P< 0,0005) dirced guantitotive rolationship botween
the degree of haemosiderinupie and the amount of urinery iron oxcreoted was
also observed(Table XXXI).

The incidence of elevabed urinany iron lovels correspondingly vory
closely paralleled the incidence of haemolysis in these patlentn, boing
high with the Storr-Rduards cloth-covored velves (2300 & 6300/10) and low

with the non cloth-covered models (600/6120) and in pobients with Bjork—
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Tig. 48 Distribution of 24 h urinary iron levels
in normal subjects.



24 h Upinery Iron

Pooth Bievobed®  owmeld
Prasent 67 27
Hasnopliderinnria
Absent 6 42
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TABLE RuX  AUSOCTATION DETHWINY MEASURED URINARY
TROT AND TIS PRESENCE OR ABSENCH OR
TATHOSIDERINURTA

“Uritary Tanibor of Gaces in
Iron Haemopiderinmria Grades
Lovels 142 3 4 &5
(mez/24 h) (plight)  (moderate)  (warked)
< 1 ng 16 10 8
1w 2 mg 3 8 17
> 2 ng o 1 21
X.a =

2,91y dofe = 4, P < 0,0005

ASBOCTATICN DETHEEY URINARY TRON
LEVELS AND 9700 DEGRER OF HAGNOSIDERIN=
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Shiley promstheses. Pigure 49 gives the results of wriuary iron
estimation according to prosthetic valve type end eite in the main group
of patients, end includes the highest recorded levels in 10 patients in
whon ostimations wore perforuned on two separale occasions. Parbticularly
high levels wovre detected in potients with aortic 2300 valves, and axo
pignificantly higher than those found in asgociation with the corresponding
6300 mitral velve or the 2310 composilbe-seat wortic valve (2300 v 6200,

b o 3032, dufe = 16, 0,005>P>0.,001; 2300 v 2310, © = 2416, defs = 25,
0.05>P>0.025), Thore is no signifiocant difference in levels between
the conposite-seat valves at aortic end mitral arveas (2310 v 6310/20),0r
between either type of mitral doth-covered valve (6300 v 6310/20) ''here
ia also no pignificant difference in urinary iron levels when tho resulis
in patiente with Sterr-Ddwards sortic plus mitral (5 tricuspid) velves are
compared 4o those in the combined group of patients with eingle aortic
replacements (2300 & 2310), as both types of cloth-covered nortic
proptheses were uged in the mulbiple replacement group. Urinary iron
levele were normal in the three patients who had an aortic 1200 Silastio
ball and hare metal coge prostheeis, and were elevated to o mmximun of
1422 mpf24 b in five of the six patients with mitral 6520 Storr-Edwards

digo valvag,

(3)

(nfluence of Oral Iron on
gixbeen healitby volwnbeer hospital employees (11 ten and % women)
from vﬁmm teupoongent for the invaesbigatlon had boen obiained received
oral iron supplements for 14 dayse Thoir urinary iron levels were
nergured in two separate 24 h collectione obtained immediately before
commencing ivon and in two talken durdng the last 2 days of trestment.
Tatimation of serum iron and total iron binding cepacity (7.1.B.C.),
standard blond and reticnlocyie counts, blood film examinaticns snd
urinary haemosiderin tesbs were aleo carried out before and at the end

of treatment. Tho iron prepavation used was ferrous sulphate in a dose
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of 200 ng three bines daily after food. The female subjechis were all
studied during the intermensbtrual phase.
The results ore detailed in TableXXIT

a pignificance
Before, Tron During, Iron” | of the 4
Investigations 1 (mean = s.d.) | (mean — sdd.) | Difference
Urinarvy Tron (mg/24h) 0.34 * 0.08 0e23 ¥ 0,10 Hele
Serum ixon (Pg/100 m1) | 97.5 %23 105 L3 WeBa
Saburation of T,I.8.Cs " "
B o2t 28 L o2z 1 WS,
Noters & d.e. During the last two doys of 14 days of oral iron
administration.

b Comparison hy means of the paired Studentts t test;
NeSs = not significent, d.e. P > 0,05

DABLE XEXIT  INFLUENCE (O ORAL IRQN QN 24 h URINARY IRON OUTRUT

No significent difference wos found in the urinary iron levels befors or
during treatment. There was also no significant change in the serun
iron or percentege ssluration of the iron binding capacity. Bix subjects
had slightly lower than nornal pre~treatment serun ivon levels accompenied
by o slight inorease in serum TelBeCs in two, one of whom also showed s
minor degree of hypochromia., All other investigotions carried out were
novmel.e

(4) ZIrom Deficiency Changes

Of the 30 patients with haemolytic ansemia detailed in Table XXILI

{p141-3), 15 hed evidence of superimposed iron deficiency in that serum
iren levels woro roduced and/or there was hypoohromia of the red cella,
both changes being present in the majority (Pig.50)s A1l but one had marked
haemogiderinurie and urinary irvon levels were eslevated to o mean of 2.62
ngf24 he  Deppite persistence of huemolysis and marked haemopiderimirie
the iren deficlency chunges were veférsed in eleven of the 15 patients
with oral iron supplements, cnd ansemia resolved or improved with
increments in haemoglobin of up Yo 4 g/100 ml in gix. In two of these
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six patinte a fall la haemeglobim of mpproziaatoly 3 g/I0O ml and a
roorodaBoaaoa of irom dofloiemcj davolopad witkim mix aoaihs wham iron

waa otoppodi reoomm«moimg iron revoraod thorn# ohamgoo.

0,0 O A

Fig. 50 %rpoohromia and aicroogrtosio togothor with rod ooll
fFagmomtatiom mad diotortioa ia a caoo of oovoro
haoaolytio aaaomia aaoooiatod with a proothotio aortic
2300 Stan>"wardo valvo. A anabor of roticnlocjtoo
aro aloo proocecat.
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I RONAL FUNGTLON

Aa dnvosbigasion of the effeol of chronic inkravascular haemolyois
on renal function was corried outb in elght pobtients who had undergone
avitic valve roplacement with the Starr-Bdwards 2300 cloth-covered
prosthesin 21 40 45 nonbthe proviously. They all ulfilled the
following cilberie. They had avidonce of chronic snd continwing intra-
vapculor haenolysie with pevelstent gross hoemoslderinuria for no less
than the previous one year. ‘Ihero was no past history of renel digease,
thore had heen no renal problems associated with the valve replacement
opevatlon, and there was no history or cvidence of systenio discase.
Thoy were not hypertonplve or in cordiac failure, had no severe ansemia ab
the time of investigotion, mnd wore uader good anticoagulant conbrol with
vordarine Flve wore algo toking oral iron bui no oiher drugs, ia
pavrticular no diuretios, were beilng given, aud no patient wag on a
vosbricted sodium iwbtoke. A full cxplonstion of the purpose and noture
of all the proposed invesbigations wag glvon 40 ecach of thoe potients cad
true consent for the sbudy was obboined from them oll.

Table XXLTIT deballo the background haomatological and other findings.
ALY poticnts were known 40 hove hod porsigtont gross hoomogiderinuria for
ob lenst 15 monthe, and 53’(}1:' red cell survival studics porformed 11 to 22
nonthe provionsly hed showa veduccd survivel in ail cases neasured.
Pragent studios demonotrabted aun abeence of plocus hapboglobing ead high
porum lactabe debydrogonase levelss. ALl potients oxcept caseil had
obvicus red cell fragneatation and dletortion on blood £ilm examination,
and in plx theve was mild cnpemia.  Uprinary bhaenoglobin wog nob
detecied in ony patient but totel dedly urinery iron cxorelbion wuas
coagiderably elovated in them all.

ihe results of the venal investigations are listed in Table XXKIV.
Plosma wrea and sexum crepltinine levels were normale Tuwo of the potients

(cases 1 & 6) had elighily impaired endogonoun oveatinive clearance ratos
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afber those voluen had heen adjusbed for muviace prea., (ne pabients
hod o glightly increasod 24 h ueinery proftein level. Urcinary red

end whitbe bloed cell exoretion rates wero normol ond oll urvine culiures
wore storile. The responso b0 wober deprilvotion wes normel in all
cogon oxcopt for o mpvginally obuormal resuld in subject 4. The shord
nold lood tent showed no lmpsaivaent in tho oxerveblon of acid in any of
the soven pationte in waich 1t was cavried out. The lbotal urinory
amino coid concentratlion os well ag the chromatographic pabtiemn of

aming acid oxorebtion wag normal in alle
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ILL  INIRAVASCHIAR COAGUIATION

To examine the possibility that inbravascular heemolysis in
progthetic heort valve pabients might lead to or potentiate the develop—
ment of dunbravasoular thrombosis through the relesse of prowcoagulant
factors contoined within red cells, the osnociation bhotween the
vregence of hoemolyeis and the gcourrence of thrombo-enbolic
complicabions wag investlzated in the 161 casen studied in this thesis.
gerun fibrinogen-fibrin degradation product levels (P.D.P.) were also
estimeted in H6 of theme patients solected ab rondom.  Al) potients
were on long~term anbicoagulent therapy with warfarin,

No clinical association wen found betwaen the presence of hoemolywsis
and the ocourrence of thrombo-embolic incidents. Tifteen potients owt
of the 161 cases studled were congidered to have sustained an episode of
thrombo-anbolism as judged from a history of o sudden well-defined
neurologionl deficit such as dysphasia, molor paresis of o limb, a clear-
cut heml-gengory disturbance, or o visgel field loss,  Tho majority of
these were tronsglent and some weve recurrent, Lll-defined episoden of
nunbness, povaesthesios or diplopia were not ieken as evideace of thrombow
ewbolisn, and embolic incidents cocurving in the immediate post-operative
poriod are not included in this anclysis. Only seven of the 15 patients
with theonbo-embolic complications had evidence of haemolysis which was
of minimal degree. Dight of the 15 bad the Siavr<idwards non olothe
covered mitral 600/6120 valves (one with haemolysis), but no
preponderance of any other single valve iype was nobed anongst the
remaining seven patients (miz with haenolysis).

Figare 51 shows the resmults of serum PuD.P. assay according to the
degree of haenolysis as determined by the presence of hacmogiderinuria
(grade 1), red cell fragmentation (grade 2), and hasmolytic ancemia
(crade 3) (geo Che 3, Du92 & Toble IF, p.92 )« Tor comparigon, P.D.P,

levels previously detected in thie depoartment in patients with miorow
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anglopathic hacmolytic anaemic (M.H.0e) complicoting malignant hyper—

tengion or renal ﬁ.iaease%l

are shown.

In only nine prosthetic valve patients were vaised P.D.P. levels
found and thore wove no pignificant differences in the inoidewco of high
Peda®s valuen between the Qiflerent grades of heemolyeis. By contrast,
FaDePs levels wove elevated in 16 of the 18 patients with M HeA.
Doteiles of the parallel inverbigotions performed in the poven patienis
with heemolytic eneemis in grade 3, none of whom hod abnormal F.D.P.
levels, are given in Table MEXV, All of them had pronounced inbra=
vascular haemolysis with red cell Tragmentation. OFf the nine patients
with high ®DePe levels, repeat estimation in threoe gave wormal vesulis,
and no explanstion for the high values wan appavent; there wae no

clinical ovidence to eugpest that they mey have been due to embolic
episodes,
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CHAPTER 8

DISCUSSION AND CONCLUBTONS

Urinary Ilrvon Logs

A generally available method hag been spplied t0 the measurement of
urinery iron excretion, and a similar procedure heg beon described by
other warlcersgs‘?‘. This awbtomated analysis, working at a rabe of forty
pamples per hour, is sinple, requires no sawple preparation,; and has
been Pound o be accurate and precisc within the working limite of 0.2 ~
3.0 mg Po/l. Resuls in the control group sgree well with published
values for vormal urinery iron Gutputa'o’gg’?’“ 235 o The mean wrinery irvon
level (0.135 mg/24 h) is, however, glightly higher than that usually
reported, and while 0.37 mg/24 h hos been taken as the upper limit of
normal, the positive pkewness of tho disiribubion suggests that levels in
oxcess of 0.20 mg/24 h ghould be regarded with cauntion.

Previous reporte have documented high uwrinery iron levels in patients
with chyonic intravascular haemolysis due o progthetic hesrt va:i,ves% 1374
4‘0'46'509113. They relate almost oxclusively, however, 0 the non
cloth~covered Storr-Ldwards velves and particularly bto sortic progbheses.
Urinary iron levels have been found $0 be normal in almost all of the very
feow mitral valve replacement patiente eznemin@a37’§ 0.

The resulie in this study demonstrate that in patients with clothe~
covered, ball and cage, Starr-Rdwards valves excesgive urinary irvon loss
fragquently occurs, and is egually common irrespeciive of the slte of
replacement. It iz also of eguel magnltude with the current cloth-
covered composlie-seal models, aortic or mitral, but particulerly high
levels were encountered in patients with bthe aortic 2300 prosthesis
corresponding to the more severe haemolysis assoclabted with thig earlier
cloth=covered ball-valve type. The usually normal levels in patients

with mitral non cloth-covered velves has been confirmed, and egually low

levels have been found in assocliation with the recently developed Bjork-
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shiley tilting disc prosthesis. As is to be oxpected there was a
glegnlficant assooiation bobtween the prosonce of hoemosiderinurvie snd a
high 24 h urinary iron level. In addition the degree of haemogiderinurio
was found to correlate directly with the amount of urinary iron excreted,
Mony paticnts with marked haemosiderinuris had levels of urinary iron
exceeding 2 mg/24 I whereas in thoge with slight haemosiderinmuria the
urinery iron output wes nearly slways less than 1 mg/zl]. ha

About half of the patients with elovated urinery iron levels were
taking oral iron when the estimotion was carried out. There is evidence
of a modest but resivicted alieration in iron losses in parallel with btotal
body iron con’cent237, presumably relating to the concentration of iron in
dasquamated cells, but thore appears to bo little available information
gpecifically on the influence of irven intake upon urinary iron excretion.
Barer and Fowler238 found no significant slteration in wrinary iron levels
with orel iron in 10 patients, but move recently Man and Wadsworth2-°
reported o direct relationship hetweon dicotary iron intake and urinary iron
in two subjects. Finchzg’? hag stated that "after a dose of iron by mouth,
‘the urinary iron excretion increases appreciably™ but gave no further
detailss In this study, no increase in uvinary iron levels was debected
by the method employed at the end of a two week period of siendard oral iron
medication in 16 normal subjects. This,together with the correlation
observed between urinary iron leovels and tho degree of haemoglderinuria,is
evidence thai in the prosthetic valve patients sbtudied in this thesip oval
ivon has had no significant effect wpon the remulis of urinary iron
exbimation,and has not hoen respongible for the high urinexy iron levels
found in thome already on iron,

Exoessive urinary iron losses in chronic intrevascnlar haemolysis may
resull in iron deficiency which mey precipitate or aggravabe ensemia (Wig.
52), and a beneficial responge to orvel or parenteral iron has frequently been
reported34"37’46’4?’49’50758» lialf of the 30 patients with haemolytic

enaenia in this sbudy, including four with a mitrsel cloth-covered prosthesism,
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were iren defioient, All but ome had persistent marked hasmosiderimirias,
urinary iron losses exceedsd 2 mg per day in most, and no other reason for
the iren deficiency was evident, A good response to oral irem was
obtained in mix, In two of these iron deficiency changes and ansemis
recurred when iron was stopped,but restarting 3;#' led to complete recovery
despite persistence of the haemolysis. Conversely, three patients
ultimately required re-operation hecsnse of the progression of ssvere
aasenis despite full iron repletion. Depending on the virulence of the
underlying haemolytic process, thersfore, an adequate supply of iron may
prevent the occurrence of susemin and allew the establishment of &
compensated haemolytic state, and oral iren should be given prophylsctically
if there im marked hasmosiderimaris or a measured urinary iron loss of
over 2 mg per Aay.

Hb
Iron ipput HAEMOLYSIS
| V ¥ v
""" T T
Iron deficiency %
* + * Urinary

Iron loss

Pige 52 Disgramastic reprementation of iron balance in patients with
prosthetic valve hasmolysim,.
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Renal Tunction
Chronic intravascular heemolysis irrespective of aetiology may lead

to heavy and selective depopition of iron in the kidneys, tut the effect
of renal heemosiderosin upon renal function hag not been studied in details

Renal blopsy and posi-mortem studies of affected kidneys‘?ﬁ »116,117,133
hove showm thot the hacmosiderin deposits ave most abundant in the cells
of the proximal convoluied {twbules, less pronounced in the loops of Henle,
ond only ocoasionally and epantily present in {the cells of the distal
convoluted tubules and in the interstitial tissume. Small particles of
haenosiderin were algo found very occasionslly in the epithelial cells of
the glomerulus and in Sowman's space, and hsemopiderin was present in the
Jumina of the convoluted and collectivng tubules but not apparently
obstructing theme. Uo evidence of significant fibrosis or tubular atrophy
wae found in these studies. The only evidence of tubuler danage noted wase
cellular degeneration followed by slow elimination of the cells most
infiltrated by hoenosideriniO, tub it was consideved thet this loss conld
probably be compensated for by regeneration.

Occagional capes of structural renal damage with renal failure
conpidered likely to have been directly related to renal haemosiderosis
aspociated with paroxysual nocturnal haemoglobinurie (P.N.H.) or
parvoxysual cold hasmoglobinuria have been deecribedns" 146. In thesa,
however, other features such as rensl infection, disbeten, or repeated
spontenecus or pest-transfusional aoute intravesoular hasmolytic episodes
were clearly important and compliocaeting aetiologiocal factore.

These generelly benign histological findinge mey explain the
experience, mainly related 10 cases of P.NsHe, that gerious or even
significant renal functional impeirment seldom if ever davelapaas '134"136.

Howover, formol investigations of renal funchtion have been limited in
extent, often confined o isolated cases, and altogeklier appear incon-
clugive, Thus, Dredley and Bredley'=! in an investigabion of renal
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function in ansemis studied two cases of P.N,H., and while finding
atnoraalities in glomerular sand tubulsr function and in rensl hloed
flow, concluded that thess were due to the anmemia per wme and not to
tho venal haewosiderosis. Leonardi & Ruol 3 reported on eight
paﬁieﬁta with renal haemosiderosis of varying setiology, sll of whom
were paverely or moderately anmemios. They found that renal
concentrating power was at the lower limit of normal, rensl dilution
tests were normal, snd the urea clearsnce varied from 77 - 1107 of
normal. More detailed study of glomerular filtration rate along
with estimation of renal plamea flow gave incresmed values in two out
of three of these patients, and the suthors suggested that perhaps a
more obvious functional tubular defect was heing masked by compensatory
rens) hypertrephy. Their conclusion was, however, that renal
haemoniderosis caused little or no functional damege, Hutt, Reger
and Neustein'! found no definite ebnormality of rensl function in two
pationts with P.N.H, tTut enployed very limited tests of renal
functien,

Paroxysmal nocturnal haemoglobinuria has previously dbeen
considerad the most common conditiom causing chronic intravascular
naomolysis’l! but in itwelf a rave disease, sud so the opportunity for
studying an uncomplicated uniform group of such cases has heen small.
Prosthetic cardisc valves probably now constitute the most common
ceuse of chronic intravascular haemolysis and a fairly uniform group
of mich cases in whom likely complicating festures had been
excluded as far as possible has been investigated, All of the
patients were kmown t0 have groas haemosiderinuria for 15 to 22 momthe
on repeated testing of their urine, often to the extent that the blue
of the pomitive iron stain was visible on naked-eye inspection of the
slide, snd their total daily urinary iron excretion was coneidersbly
slevated. Hed cell fragmentation was repeatedly meen in all tut one
patient, and 2Y0r erythrocyte survivel studies performed esrly in
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thene ohservation periods had shown reduced exythraocyte survival.

Current investigations demonstrated elevated cerum lactate dehydrogensse
and zero plasma haptoglobin levels in avery patient indicating active
haenmolysig. Theses findinge taken together confirm that sigifiocant
intravasoular hasmolysis wes ocourring at the time of this siudy of rensl
function and bad baen in operation for at least 15 to 22 months, and
indionte that an spprecisble degres of rensl hasmosiderssis was very likely
40 have been pregsent in thess patients fer equal periods of time. In
this group as » whole no evidence of impairment of either glomeruler or
tubnler function has been detacted. The reduction in creatinine clearance
found in two patients was slight as was the elevation in urinavy protein
in a third patient, and those abnormalities are of doubtful significence.
The 8=hour period of dehydration was found 1o constitute a very adequate
stimulus t0 water concentration although in the one patient with a very
sarginally atmormal result more prolonged dehydratien would probably have
led to an unequivocally normal value,

The cuestion of pomsible eventusl renal impairment in patients with
haemolysin secendary to prosthetic hesart valves has frequently been
rained® 14 IS ML Lo o study of renad function in them has been
reported. The remlts in this investigation support the view that chrenic
intravescular haemolysis with renal hasmosiderosis does not interfare with
yenal function. Befors the question can be answered with certainty,
however, serial investigations over a more prolomged period of time are
required.

Intravagcular Goasulation
Red cell haemplysate contains sdenosine diphﬂsph&‘maw which im &
powerful platelet ageregwting sgent™’0, It has thromboplastio activity™4r,
inhibite fibrinelysis>42, and sppears likely to have s physiological role

in hoemostasin®?3, It has been muggested, therefore, that intravascular
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heenolysis mey be associated with s tendency to intravasculsr coagulation,
The poasibility that this mechanism may be partly respensible for the
thrombotic complications of paroxysmal necturnal hasmeglobinuria has been
atmcusned’ ¥, Tt has also been propossd that in disorders associated
with microsngiepathic hasmolytic ansemia (NsHeAs), in which the red cell
fraguantation snd haemolysis are considered secondary to damage from
intravescular fibrin deposity: (p, 64 ), & vicious cycle of rvecurrent
fibrin deposition in mmall arterioles may be set :mim'm’ 245 » In
conditions with slow capillsry blood flow much as shock thers is

olinical and expsrimental evidence that intravascular haemolysie may be

a cauge rather than a sequal of disseninated intravascular oommtimad‘é.

In patients with prosthetic heart valves thrombo-smbolism ig a major
potential complioation and may occur despite well contrelled anticoagulant
thexr MI* The poseibility of & caumative relationship betwesn the
haemalytic and thrombo-embelic compliostions has not previcusly been
explorad. In thix sindy, however, no direot clinicsl sssociation between
the two has been spparent. Indeed, an almost inverse relationship has
¢btained but this is almost certainly due to a third factor, namsly the
design characteristice of the velve. The lesser incidence of throabo~
enholic complioations with the completely oloth-cavered Starr-lidwarde
mdt,li comparsd 4o the non oclothwcoversd valves appears mmmmam ’
ﬂﬁ}fﬂ’wﬂlﬁ* n the other hand, the cloth-covered valves, as has besen
determined in this thesds, have undounbiedly greater haemolytic
properties,

In a proportion of the patients serum fibrinegen—fibrin degrsdation
product levels (FeD.P,) were sstimated, as they are often slevated in
sasociation with intravesculsr fibrin formation probably as a
consxpence of sscondary fibrinolytic mtionmg’ﬂ‘w.. However, in only
& few patienis were elevated levels found and thers was noi:correlation
between the incidence of high levels saud the degres of haemclysis.
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Indwed, in thome patients with the most severe degreecef haemolysis
¥.DpPs leveln were uniformly nermal, This contrasted with the almost
invoriably high levels in the patients with M, H.A. in whom the degree
of haemolysis was no more severs than in the prosthetioc valve patients,
enphagining the significance of the underlying cosgulation disturbance
in M.HlAe

Measurement of radioactive fibrinogen turnover may be a more
sennitive paremeter of filrin formetion than eithcr F,D.P. assay or
olinioal findings, In the few prosthetic valve patiente in whom this
investigation has bean carried cut fibrinogen oatabolismm has not
differed mignificantly from normal ?1163,  go parallel informtion
was given, however, regarding the pressuce or absence of hasmolysis in
the 20 patients studied by Havker snd Slichter'> sxcept that ved cell
fragaentation was noted in only one case, All of the thres patienis
investigated by Baker et ‘1'163 had » complicating haewolytic anasmia.

It would seem, therefors, that heemolysis in prosthetic valve patients
iw iteell not of importance in the gwesis of intravascular ooagulation.
This does not discount the possibility that intravesculsr haemolyeis in
goneral may have a pro-coagwlant motioms It may be that as in
prosthetic valve patients the red cell fragmeniation eccurs at the valve
replacement site, the thrombus-proemating factors relsamed are diluted or
inhibited in the fast flowing bloed sirean of the large arteries.

Conclusions
Potential complications of chronic intravasoular hasmolysis have

been sxamined in thim section and inolude the asaessment of urinary iren
lopges and sccompanying iron deficiency, the effect of renal
haenosideronin upon renal function, wnd the possible pro-coagulant sotien
of red cell hasmolysate. The following conclusions are drawsi—
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1. Urineyy iron lokses avre very commonly excemsive in patients
with cloth~covared ball and cage, Starr-fdwards valves
irvempective of the site of valve yeplacement; snd are
particulsxrly high with the earlier 2200 aortioc valves. By
conbrast, they are neuslly normal in patients with the
mitral non oloth-covered prosthemis and in thome with a Bjork-
fhiley tilting disc valve,

2, The degree of haemopiderinuria correlates directly with the
24~hour urinary iron oulpub.

3. Iron deficiency mey consequently ensue and precipitate or
sgeravate snaemia, and this nay be reverped with oral iron
which ghould be given prophylactically in the presence of
merked haemopiderivuria or o urinsyy iven excrsiion exceeding
2 mg per day.  Conourrent oral iren therapy hae no
significont effect on the resulis of urinary ivon estimabion
when osryied out by an sato-snalyser method.

4+ Renal haemopiderosis does not intexrfore with renal glomerular
or tubulay fanction at least over m pericd of two yoavs.

5. Intravasculsr haemélysis in prosthetic valve patiente does
not sppear to result in inteovasoular cosgulation or to

potentiate ihe ocoourrance 6f vhrombo-embolism in these patientm,
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STOTION TV

THYUNE HATHMOLYEIC PACTORS FOLLOWING FROZIINTIC
VAINE BESLACEMENT
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CHAPTER 9
RESULES
Serological investigations were carried out in 136 of the 159

patients studied in this thesis to determine the frequency with which
irregular serun anbibodies (alloantibodies) develop following the massive
trangfusion of blood offten reguired during cardio-puinomary by-pass for
progsthetic valve replacenent., Dvidence was also sought from the resulis
of the direot anti-human globulin (Coonbe') test performed on all
gpecimens for the possibility of an subtoimmune component to the high
incidence of haemolysis in these pabients. The tining of the
investigations welative to the date of operation is given in Toble XXXVI.

Tonthe after T Nanber of
Operation Patients
0 - 3 3 (26)
3 - 6 49 (3%
6 = 12 3 (24%)
12 - 24 41 (26%)
24 - 3 13 (&%)
36 - 48 3 (2%)
48 - 60 3 (26)
60 & , SR A 07

DABLE XAXVI  PIMING OF INITIAL
POSTWOPHRATIVE SEROw
I0GICAL THSTH.
In the majority the operations had been performed within the previous 24
months, and within the previous 12 monthe in many.
T DISIRIBUTION OF BLOOD GROUP ANTIGHNS.

The Rhesus (D) status wap identified in all 156 patients, the full
Rhesus phenotype in 137, and the Kell and Duffy® blood group in 133, and
Table ZXXVII details the distribution in them of the verious blood group
gntigens. The results compare very well with published date for the
incidence of thepse blood group aui;i.g;en%,49’250 and are uged in

caloulations below 4o esbimate the antigen status of the few patients in
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whom the full Rhesus phenotype or Kell and Duffy™ group wes not determined.

Antigent + -
c 93 (68%) 44 (325
3 116 (85%) 21 (15%)
D 135 (87%) 21 (13%)
B 45 (33%) 92 (61%)
o 132 (967%) 5 (4B
X 14 (1) 119 (897)
ry®* 8o (60%) 53 (40%)

* The number sanzi % Nos) of patients
possessing (+) or laocking {~) the
corresponding antigen ias plven.

TADLE XAXVIT  DISURIBUTION OF BLOOD
GROUP ANTIGENS.
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ITe  ALLOANTIBODITG.
Of the 156 patients examined 12 (7.7%) were found to have developed

alloantibodies post-operatively (Table XXXVIIL).

Tn nine oases {5.87) a Dhesus antibody was detected, being Rhesus
anti-E in every instance slthough one patient (case 7) had both anti-B
and anti~c. However, a more meaningful expreseion is to relate the
sncidence of anti~B to the number of Rh (E)~negative persons potentially
exposed $o the B sntigen. Txoluding 20 of the 21 patients who wora 2lse
Eh {D)-negative and had received only Rh (D)-negative blood (which as
supplied in thisg region is also Rhesus C and 1 negative), and one patient
wio developed enti~T pre-operatively (vide infva), T1 were found to be
Rh (B)-negatives. A further 12 were estimated t0 he T negative in the
group of 19 patients with unknown full Rhesus phanotypes. Of this total
of 83, therofore; 10,87 had developed anti~E,

Anti~-Kell was detacted in four petients. TFxoluding thrae Kell
negstive patients who developsd anti-Kell or unidentified sntibodies pre-
operatively (vel.), this represents an incidence of 2,9% out of 136
Kell-negative cases (116 known plus 20 estimated).

Antibody tents wers repeated at intervels over periods of 8 to 40
months in all bat one of the affected patients (Tsble XXXIX), In nine
of these detectable antibody persisted,although in two (cames 4 & 11) thers
was an interim pericd when negative tewis were obiained, and in one (case
7) there was parsistent loss of detectable activity in respect of ome
(an$i~o) of the two sntibodien initially present. In two patienis
(cames 8 & §) follaow-up investigations were repesiedly negative for ihe
sntibody eriginally identified, tut ocase § developed another antibody
(anti-F) after his second asriic valve veplacement, and snother antibody
(snti-Kell) was also detected in cams O» There was no coneistent patiem
of changs in the titre of the antibodies that were persistently detected.

In 42 patients without alloantibodiens serologioml investigations

were repeated an ane or mers gcoasions over the course of 12 to 36 months

193



QMDZH_H%OU\ SHICOEILNVOTIV HIIM SINETIVd NI SITOSEY 0 STIVIEC ITIAXXY HIEVE

(324

A2 4
9Tt
i1

g%t

gt

rg4
231

1414
9Tt

A1

9
134

hin

SATIRdey
sATIRIey

oATYe3ay

eaTyedon

. eATsyeden

AT eReN

sATIede

gt
E1 8

€T
€

91

P8R POOTE
Jo ewmroA

(1eedaa)
HAY
BRAY

TAR+Y
-9
LuQICATEA OTIIOY
TAH
ELAY
TAX

TAR

AV

(Ermmy  UoTieaeds |

(o4~ &) A7 oa— 1T
IO STESYY
¥

(P2 e} &3 sa~ 110X
I snsey

. &
(oa ¢) &5 aa- TI8X
S0@D) SuseyH

L&
{3a+ ®) LF sa-1T0Y
se@nD SRy

¥
{oat ®) L7 oA~ TIOX
SN BUReTY

¥
(oa+ v) 43 oA~ TTOX
020 sraeTy

G
(oA~ e} K oa+ 178X
9o ENBaYY

g
(eav ®) £z oax T
90D RTMSYY

¢

194,




SEICORIZNYOTIV EIIR SINFIIVA NI STINSEN & STIVGEE ILIANIX FI6e5

*190% UFINAOTE wewny
~TINE ORITPNY = I D H ¥V I {PeeIge] aXv SUOTIOeT ﬂggﬁﬁgﬁﬂg
*3ueteoerdol FATEA TOIYIN = ¥ 4 K ‘1owoerdel SATRA OT4I0E = Y A ¥ O
"SR PR G-TiUE ‘g-Time fo-Time fo-riuM yITA S3mel S PIRTRINISD e sadijovend smeaum ®  1Eeg0y

SATIEEeN HAR+Y

*T & DH ¥ I TIO~T30Y

suigus TIOR~-130¥ sxryedeg

BT S DEY I TSR
SR £ 1 mmmam
1 4 oulyes TTSY~TINV

. 511 L o s ‘
) 3 9]

{oa+ ¥} L7 o~ 118X
Se(o5 STENYH

G
{oa+ ) &f o8- TT8H
a8qo) suseyy

€
{92~ L3 oa- TSN
SN0 ST

€
{oas ®) £ dn~ 10N
as(op snseuy

¥

D030 BOCTE

193




*(uoT9eB T4SAAUT PRUTE L1eqeaedes ® siueseadea 88040 Yo .mmv
*SIHITES FALLISOd ZALIRVOTIV N0 SEIUOIS dR-#0TI0d & SEIASHHE gg
ssussRoeTdex SATEA OTidoe 1wedes JejJe SUYIUOE I8 SUODP 184 ©
“JuetRoeTde FATEA STiace jeedez exoJeq LIeJETPOTMT IWOP 31801 q
*3994 WITNOTS USUMU~TIUe L08JITPUT = & D H V I  {DeSesIosp = *Jo9p {poSweJOoUT = *JOUT ¢ WO30f

2I1 VAT SUASUS
{(E DHV I}~ xx TToy~TIue) @atymsed | 2t
x X SY—TIUE mb.mﬂm.no_mz
{owlzus) swe=— | XX X Tt
(L1 DHE ¥ I) *xo0p xx ﬁwuu..ﬁﬁw ﬁ.ﬁm& oL
(toBYI
¥ omlzue) owes X ﬁm.u..ﬁnuw SATITNOL
= - {2-T3e) sATINIOR
X (E-Tyww) eaT3m80d | 6
o= mmn FRe} SATITNOG
X X XXX T3m) eaTIedey
* T x J-Tyae) GATIEOd | §
{(LDBEYZX xx ,
3 sulyoe) *308p | =
?.ﬁgw *Jour xx I 4
{eulawa) *xoep x x (e} SATEIROG g
x {a-T3ue) sATIMOg | €
@wmq& ﬁannn/ | xx {g~13ue} sATyeToy
sulsue x x (m-19we} saTaTR0d | ¥
AQ_H_O, -mo.ﬂwaH o.HOdn._.”
ronlsug) *xoep | . x xx x {1y} eaTyTEcE | €
(smizus} *zour x % x {F~tyue) eATIINOg b4
{ouksus) *out x X (s~T3um) SaTgWeOd | T
N 300 _ : ‘ , : T30y | OWED |
g 3
Lpoqysuy

196




with negative resulim,

In addition to the 12 patients who developed antibodies post-
operativaly a further seven gave positiva reslis. In five the antiw
bodies detected were anti~C (1 patient), anti~C plus enti~D plus anti~
Kell (1 patient), anti~B (1 patient), and wyidentified antibodies (2
patients)s These had all, however, bean detected prior to the valve
replacement eperation and so cannoet be attributed to it. Another
patient, a Bh (D)-negative male, developed snti~D following operation
as & consequence of the transfusion of Rh (D)-positive blood, In one
other patiant anti~C was detected 25 months after operation but 2 months
following s six unit blood transfusion for severe traumatic hasmolytic
maonisn. Previous posi~operative investigations for alloantibédics had
been negative so that the anti-C was presimed secondary to the later
transfusion,

IIf, DIRECT ANTI-FUMAN OGOBULIN (COOMBSY TEST.

Direct anti-human globulin (Coombs') tests carried oul in all 156
patienis were negative. Ropu's teaste performed over the course of 12
t0 36 months in 42 patients remsined negative.
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CHAPTER 10

DISCUSSION AND CONCLUSIONS

Antibodies to red cell antigeuns moy develop following ABO and
Rhesus (D) compatible blood treomsfusion since it is virbuwally impossible
t0 match donor and recipient blood completely. However, the remalning
blood group entigens sppear Lo be relatively weak antigenic sbimuli, and
the overall incidence of alloimmmizaetion following ABO and Rhesus (D)
compatible transfusion hag been reported as approximotely 1%251, end ig
probably less with single trangsfu&ionmaq’g o Yassive trenefusiong contain
a potentially greater variehy as well as a larger volume of foreign
antigen, but there have been fow sludies of their effect on allo-
immanization and resulis ore conflloting.

103 rouna alloantibodics in two of 65 (3%) open

Wallace ond Henxy
hesrt surgery patients (average trensfusion 17 wnits), end concluded that
megsive trangfugion prohably does not increase the risgk of alloimmanizetion.
melcinagrr found en incidence of 5.2% in 539 open heart mrgery pebiente
(averoge trensfusion 13 units), bubt after exclusion of possible "natuvally
ocourring” and cold antibodies considered that only 1.5% of cases had
developed clinically significent antibodies ofter operation. Polesky,
Smith end I-w!eiriches in o study of 100 post-operative cardiac surgery
petients detocted two with blood group specific anbibodies. On the other
homd, Logbumbo, Hollend and Schm:i.d:b% reported an incidence of pogt-
trongfusion alloimmunization of 3% in 127 paltients who had becn oxposed
+0 an average of 24.9 unite of blood during open heart surgery. After
exclusion of non-gpecific end cold panagglubinating sntibodies they found
the incidence of blood group mpecific entibodies o e 24%, end

concluded that the rigk of alloimmunization is additive and spproximately

1% per wait of ransfused blood.

198



In thie sbudy, T+T%h of 156 patients developed blood growp specific
antibodies after open heart surgery. Aunbi-E was found in 10, 8% of 83
Rh (B)-nogative patients, and anti-Kell in 2.9% of 136 Kell-negabive cases.
The total quantiby of blood used during operation and in the immediate
pogb-operative period in the affectoed patients varled from 6 to 24 uwnitbs
(meon s Bede = 13,6 + 5.3), ond ginilary volumes were used in the
wnaffocted paticnte., Three paltients had hod blood trensfusions of up to
4 waits six to 10 years bofore the valve operation. One other (case 8)
received o further 11 unibs of bleod between hig flvet end correobive
second. operation becauge of the development of haemolytic anaemip.  Bix
patients had had one or move pregnoncies belween four and 24 years hefore
operation. However, all of the affected casmes had been invesbigoted for
alloantibodies more than onco pre-operatively, including in the immediato
pre-operative period, with negetive resulis. It is most likely,
therefore, that the ontibodies detecled post-~operatively were a
consequence 0ff the transfusion al opergtion. One probable exception is
the first antibody (ami-Pl) found in case 8 which, while not detected
before hie firet operation, ig by ite nature and smerologlcal reaction
vnlikely 4o have been immuine in ox'ie;i.n252° The high incidence of allQ-
immunization found in this sbtudy suggesie that its development ney he
directly related to the volume of blood used, although the interesiting
possibility has been raised that an exbracorporeal civenlation moy
enhance the antigenicity of donor red cellss25 3.

There are o wambor of possible explanations for the wide divergence
of ropults in these studies. UWollace and I-Iem'y103 did not employ en
enzyne-treated red cell mothod which Ls considered the most sensitive

254~256 . 86

techuigque for debecting Rhesus antibodies lostumbo et al.

included in their final calculsbion several antibodies often regarded
249,252

as "naturally occurring® The timing and frequency of the anti-

body soreening procedure is also of ilmportance. From observations on
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the production of anti~D in Rhemus (D)-negative recipien'bsmé', it hag
been suggested that the bemt tlme o detoct alloimmunization is 20 woels
after trangfusion, and it was found that anti-D was wnlikely io be
detected hefore 8 or 9 weeks had elapmed. Soreening only in the carly
post~oporative period, as in the siudy of Polesky et 9,3..,88 ig therefore
unlikely to detect o doveloping immme entibody. There is algo,
convergely, the risk that positive resulis in the immediate post-operative

period will be due to passively acdministored antibody. Rhesus anbi-

bodies once Formed usually pereslgt for many yeemsa%, but loss of previously

detectable anbibody activity by in-vitro tests is not necessarily

paralleled by o disappearance of agglutinating oy hasmolytic potency in-

vivo? 11298, 1y thie study, antibodies imitially detected in fivo

patients wore not found at subsegquent scroens, although this was a

temporary phenomenon in two of them. It ig clear thabt one negative

antibody investigation does not exclude the posgibility of alloimmunizobion.
The antibodies thot momt Dregquently develop after trensfusion of ABD and

B (D) compatibld blood are snbi-Kell, enbi~E, and anti-g 24912911259

In this study, four examples of anti-~Kell, nine of anti-~P and one of anlbi~

¢ were found, G;i.blettza'g, from a congideration of data on the population

incidence of the various blood group anbtigens and their corresponding anti-

bodies, hag ostimated fthe relative pobency of a gilven antigen by comparing

it with the potency of the Kell antigon. This she has taken to be 0.05,

that is, thot enti-Kell wey be oxpecied to develop in 5% of trensfusions

involving a Kell-pogitive donor snd a Kell-negotbive racii)ian"b. The

corresponding figure for aniti~l was 1.69%, the B-anbigen being calculated

%0 be sbout one~third asipotont (0.0169) ag the Kell autigen, Using

Giblebtts mothod of calculation {Appendix B), the results in this wtudy

give o figure for the relative potency of the E-antlgen of 0.0375. Any

comparison of estimatos of anlbigen pobency, however, must take into

account possible differences in the menner, amount and freguency of
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oxposure to the foroign antipgen. Tt eppears likely, noneotheless, thatb
afbor mossive tronsfusion Rh (B)-negotive potionts may be ot groater
vigk of developing anbi-It than has perhaps heon realized,

Alloantibedien may he rospongible for haemolytic transfusion
repchiong and for difficulty obbeining adequate supplies of compatible
blood. Patients with nrogthetic heart valves asre at partionlor risk of
requiring further trensfuslon gince moslt are on anbicoagnlents, a fow
will reguire blood for secondary haenmolybic ousemis, oad some moy
uwlfimately come again to oaxdiac surgery. While It wonld bo desirable
for patients being prepared for open heart surgevry o recelve blood
whiclh was, for cwomple, hhesus B negotive and/or Kell-negative if they
lacked these antigens, in routine blood tramsfusion service thig is
genorally impractical. However, fellowing opevaiion; or in any patient
aftor massive trongfugion, invesbigations for alloontlbodies should become
paxrt of the voutine follow-up. In the event of a positive rosulithe
patient chowld he informed and should carry a record of the serologlcal
details,

The direct anti~humem globulin (Coembs!') tests corried oul in all
156 pationtas, end repeated over the courge of ono Ho three yoars in some,
wvere all negativo. Pirvofsky et a1@,84 from the obsoevebionuof o
pogitive divect Coombe® btest with hoemolytic enacemla fn pationte afber
hoort velve replacomont, suggested thal thero mey be av ewboimmune
component o the mechanical haemolyeie sssocieted with prosthetic valves.
Am has been fully discusgaed in the litergbure veview chepler (1%41 )
thig posgibility remoins woproven, and cytomegalovirus infection with
an sgeocloted Coombs-pogitive haemolybic anoenmis appears & more likely
oxplanation for at least mome of Pirvofalky's patients. The finding
in thig sbtudy of wniformly negative Coombe'! tests despite a high
inclidence of haenolysie lends no support 0 the existence of an awtow

immune factor.
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Conclusglons

In thig saection serological lnvesiigations were carrvied outio
determine the Tregquency wilth which alloantibodies develop following the
magplve bransfusion thet ls often required with hoart-lung hy-pass for
progthetic valve replocements  Hvidence was alse sought from the resulis
of the direct CGoombe?! tesgh {ov the possibility of an awboimwune component
to the heemolysis encountered in these patients. The following
conclusions cox be modes
l. Hoseive trevefuslon at prosthetic valve replacement operations

sppoars o be assoclated with an increased risk of allo-

immuad zodbion.
2, Lhesus B nogative persons may bo at particular risk, and the

potency of the B antigen mey be gresber than previously

suspeceds
3. Investigetions for alloantlibedies should be part of the rowbine

follow~up in patienis with prosthetic velves, and reliance mush

not be placed on tho finding of one negabtive resuli.
4.  Avboimmmne Tacbors do nob eppewr Lo be operative in the genesis

of the breumatic heemolysis thet oconrs with prosthetic valves.
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CHAPTER 131
FINAL COMMNTARY
Theore are few, 1f any, advences in Nedicine that ave nﬁt attended
by potential odverge effects, and prosthetic cordimc valve veplacement
is no exception. However, the ability to replace damaged cardiac
valves has transformed the outlook in many pabtients wii;li rheunatic
or congenital heart disease, and any complications must be viewed against
thig perspective. In Starr's mariemelg 5 the Seyear survival for
aortic or mitral replacement with the compomite-~geat, cloth-coversd valves
is approximately 80%, with o re-operation rate at 5 years of 104 for
aorbtic prontheses. In this thenis fl:ha haenolytic complications have
been examined, and nelwithstanding o very substantisl incidence of
hoemolysis and haemolyiic anaemia with some prostheses, the mejority of
patients studied have benefitted from operation, Honetheless, while
hoemolysis end haemolytic annemia may be an accepiable prioce 0 pay for an
overall clinical improvement, their existence camot be regarded as
satiafactory, The development or progression of haemolyeis may, further-
more, parallel or herald a breakdown in some aspect of prosthesis structure
or function. A regular heemabtologicel essessment hag, therefore,
prognoptic ng well ag diagnostic valua# |
The hasic roguirvements of an ideal velve substitute were defined by

fiarken and his sssocistes in 1962200

s ut ap yet no valve of prosthetic
or natursl material flfils all of their criteria, The Starr-ldwards
ball and cage prostheses have tended o act as yordsticks againgt which
other valve substituten are compaved, as they are probahly still the

most widely used form of valve replecement. With regard to the totally
cloth-cavered metal Hall modele there is no doubt that an incresse in the
hoemolytic complicationas hap occonrred. However, this hag gone hand in
hond with o diminmabion in the dhrombo-embolic complicabions, n potentially
greater smurce of morbidity and mortality. The introduction of the

wider orifice compozite-seatt valves appears 40 have had a favourable
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influence on the haemolytic problems, and insofar an these may be
related 4o cloth wear eand tear, o recent Hiarr-ldwards development may
load to o further reduction in haemolysise Thig ip o cloth-covered,
comporitewgest model, in which a proteciive metal tmack hag been added
40 the cloth on the inner aspect of the cage s't;mtﬁwg’ s By contrasi,
the Bjork-Shiley tilting diec valve undoubtedly represents an advance
a8 far os the haemolytic properties of prosthetic valves are concerned,
Tt 4t sl requires overall ovaluation in the long-torm. The
problens of hoomolysis and especially of thrombowembolism are mach
less with homograft or holerograft valves, or with valves made from

awbologous tisme ewch as fascin mmgg,'n, '205’263‘"264.

These, are,
howaver, not o0 readily ovailable gnd are teohnically more difficulb
0 dngeris, nov is their longeberm function and durability yet quite eo
relavively well csteblished in g;e,nemil. an bthat of progthetic valves.
The controversy for and against the varvious types of valve

progthesin, ov over mabtural as opposed to prosthebtic walve replacement
czominues%ﬁ ’266. Hopefully, from this will emerge a readily available
valve subgiitute which a;:proxim&'cgs more closely 4o the ideal. Close
serubiny of tho haemolyiic properties both by in-vitro technlquos and by
continued clinical observation ic essential {o the ldentification of such

a structure,.
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APPEIDIE A

REGULTS OF STATTSIICAL AVALYSES
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APPINDIX B

METHOD OF CALCULAYTNG THT RELATIVE AWNTGIVIC POTENCY OF THE RUESUS B
ANPTGEN (after (iblett )

Letineted Potency of R (B)

) Ty BN i

- No. of cages " Frobability of exposure " Potency of the
of anti-t o the Xell anbigen Eell anbigen
Hos of cases Probebility of exposure ‘

of anbi-Kell

‘e the Rh (B) antigen
Prabobility of exposure to snbigon x = Proporition of the Population

("donors®) with z X Proportien of the Population ("recipienits”) without x

In thisg study bthe relative sntigenic polencies cen be morve precisely
egbinobed in populations all of whose members lack the anblgenm, as all
of the recipients without antigens Rh (B) or Kell have been identifieds
the Probebility of Bxposure to these enbigens in them, therefore, simply
= the Proporidion of the Population ("donors”) with the anbtigons.

These proportions are tilen from the resulis tebulated in Teble XUXVIYL,

B, 192

Thue, Fgtingbed, Potengy, of Bh (B)

9 % 0.11 x 0,05 (from Giblett)
4 x 0,33

= 0.0315
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