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ABSTRACT Recent publications on commercial porcine bioprosthetic cardiac valves have stated
that the endothelium disappears during the glutaraldehyde processing and that in many cases

histological evidence of early tissue deterioration was found. Our experiences have shown that
porcine aortic valves can be processed in glutaraldehyde without loss of the integrity of the
endothelium and with the development of optimum collagen fibre structure. The valve mounted
in a Dacron tube is not restricted in diameter and performs well under biological conditions up
to a period of six months.

Bioprosthetic cardiac valves in clinical use are
processed in glutaraldehyde at one stage of pre-
paration, and these valves are thought to be stable
and biologically inert, both these advantages being
attributed to the glutaraldehyde (Carpentier et al,
1969; Zuhdi, 1976; Ionescu et al, 1977; Angell
et al, 1977). The length of the collagen cross-links
formed by this four carbon atom open chain
aldehyde proved favourable for the durability of a
cardiac bioprosthetic valve, and probably gluta-
raldehyde eliminates the antigenicity of the
heterologous tissue. Bioprosthetic valves are far
less thrombogenic than prosthetic ones (Oyer
et al, 1977). Nevertheless, there are justifiable
reservations against their exclusive use. The
anatomical structure of the pig aortic valve makes
it more or less restrictive so that it causes
functional valvar stenosis (Johnson et al, 1976;
Lurie et al, 1976). Furthermore, there is increas-
ing pathological evidence questioning the inert-
ness of the glutaraldehyde-processed tissue under
biological conditions (Spray et al, 1976; Fishbein
et al, 1977; Spray and Roberts, 1977; Ashraf and
Bloor, 1978). Recently cellular damage in the valve
cusps caused by the standard, commercial
glutaraldehyde processing has been described
(Ferrans et al, 1978).
The increasing number of publications criticising

the haemodynamic performance as well as the
morphological integrity of the glutaraldehyde-
treated porcine aortic valve prcmpted us to report
our experiences in this field.

Materials and methods

One hundred and fifty-sevcn porcine aortic and
pulmonary valves were selected for the study. The
hearts were delivered to the laboratory within six
hours of slaughter. The valves were immediately
dissected, immersed in Hartman's solution at 40C,
and washed for 12 hours. Four per cent formalde-
hyde or 0 I% glutaraldehyde was used as fixative.
Five different methods of fixation were compared
as follows: formaldehyde or 0 1% glutaraldehyde
with the valve left intact, 0-1% glutaraldehyde
with valve cusps packed with cotton wool, 0-1%
glutaraldehyde applied with 100 mmHg constant
pressure on unsupported valves, and, finally, the
same method, but with the valves encapsulated
within a Dacron tube. For animal experiments the
conduits were sterilised in 2% glutaraldehyde
solution (Cidex, Ethicon Ltd).

Tissue samples were obtained at one day, one
week, and one, three, and six months after the
start of fixation. The tissue was cut into suitable
blocks that were paraffin embedded. The 5 ,ug
thick sections were cut and stained with haema-
toxylin and eosin and Weigert's elastic Van
Gieson. In cases of fibrin deposition Marshall's
scarlet blue (Lendrum et al, 1962) was used.

Seven mongrel dogs with a bodyweight of 20-
25 kg were operated on and allowed to survive for
six months. Under intratracheal halothane
anaesthesia the left chest was opened and a left
ventricular-aortic conduit containing a biopros-
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thetic valve inserted without the use of cardio-
pulmonary bypass. A direct contact was created
between host epicardium and myocardium and
implanted valve as the valves were placed at the
cardiac end of the conduit. No anticoagulants were
used during the whole experimental period apart
from a large dose of heparin immediately before
the death of the animals.

Before death the animals were anaesthetised and
ventilated with room air. Pressures were recorded
in the left ventricle, conduit, ascending aorta, and
abdominal aorta, and cineangiograms of the left
ventricle and conduit were obtained. The heart
and conduit were removed for macroscopic, and
the valves for macroscopic and microscopic,
examination.

Results

EFFECT OF FIXATION
Definite differences were observed in the valves
subjected to the two methods of fixation. In those
fixed in 4% formaldehyde foci of disarray of col-
lagen tissue and areas of necrosis were found-that
is, the fibrillar characteristics of collagen tissue
were lost, and the tissue assumed a smudged out-
line (fig 1). These changes were not seen in any
of the glutaraldehyde-treated valves.

EFFECT OF PHYSICAL MANIPULATION
Valves subjected to a pressure of 100 mmHg were
superior to those packed with cotton wool because

the normal anatomical configuration of the leaflets
as well as the root of the aorta were preserved. In
both these methods of approach stretching of
leaflets was observed. Microscopically normal
architecture was well preserved, and the endo-
thelial cells and the collagen fibres were regularly
arranged in the valve leaflets that were of uniform
thickness (fig 2). No histological differences could
be found in the leaflets packed in cotton wool or
subjected to pressure of 100 mmHg. The histologi-
cal appearances did not vary with increased time
of storage. The valves were readily accommodated
in the Dacron tube. The muscular right coronary
cusps caused no stenosis and the coaptation of the
three cusps was normal in the closed position
(figs 3a & b).

ANIMAL EXPERIMENTS
All animals survived the six-month period without
clinical signs of cardiac failure. At examination a
systolic murmur was heard above the apex and
the conduit. The femoral arterial pulse was normal
in every animal. Manometric data are summarised
in the table.

Cineangiograms from the left ventricle showed
simultaneous opacification of the ascending aorta
and conduit in five animals with an aortic valve
sewn into the Dacron graft (fig 4). The filling of
both the pulmonary valve-containing conduits was
somewhat delayed. Angiograms taken from these
two conduits showed significant reflux into the left
ventricle through the pulmonary valves. There was

Fig 1 Four per cent formaldehyde fixed
valve leaflet showing several foci of
necrosis of collagen tissue and a
concomitant decrease in number of
nuclei (Haematoxylin and eosin XSO).
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Fig 2 Photomicrograph of an aortic
valve cusp which had been subjected to
100 mmHg pressure in 0-1%
glutaraldehyde. Normal architecture is
preserved (H & E X100).

valved conduit: pressures in aorta

Pressures mmHg

Conduit LV Ascending Abdominal
aorta aorta

Aortic No 1 120/0 120/80 120/80
Aortic No 2 115/0 115/80 115/80
Aortic No 3 120/0 120/90 115/80
Aortic No 4 95/0 95/70 95/70
Aortic No 5 110/0 110/85 110/85
Pulmonary No 1 115/0 115/70 100/80
Pulmonary No 2 120/0 120/80 100/65

no reflux through the aortic valves inserted in the
Dacron graft.
At necropsy no evidence of cusp degeneration

was seen in any of the aortic valve leaflets. In-
growth of fibrous tissue did not extend beyond the
level of the glutaraldehyde-treated valve. Striking
differences between the pulmonary and aortic
valves were observed. In the pulmonary valves
shrinkage and obvious calcification was seen
whereas none of these changes were observed in
the leaflets of the five aortic valves. In both groups,
however, calcification was found on the internal
surface of the conduit. The apical hole of the
left ventricle had become smaller during the six-
month period of observation. The most severe

changes were seen in the two cases with pulmonary
valve implantation.

Corresponding with the macroscopic observa-
tion, there was no histological evidence of cellular
tissue ingrowth from the host heart into the im-
planted valve (fig 5). Cellular elements of donor
tissue were retained, and only occassional foci of
disorientated collagen were seen in the aortic
valves (fig 6). Severe degenerative changes accom-

panied by calcification and inflammatory cell in-
vasion were observed in the pulmonary valves
(fig 7).

Discussion

The effect of fixation of the different aldehydes
and its relation to the length of the carbon chain
attached to the aldehyde group is well known.
Carpentier has pointed out that glutaraldehyde, by
virtue of its effect on collagen and tissue anti-
genicity, gives the best results in fixing and storing
cardiac valves (Carpentier et al, 1969).
Our observations suggest a third factor which

favours glutaraldehyde rather than formalin fix-
ation. This factor is the consistent presence of tiny
necrotic centres in the formaldehyde-fixed tissue.
These probably would not alter physical properties
or possible storage time, but under biological con-

Ventriculo-aortic
and left ventricle
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Fig 3a & b Porcine aortic valve in a Dacron conduit.

ditions they can lead to cellular invasion that in-
duces degeneration followed by late calcification.
The comparison of different methods of hand-

ling of the valves during fixation has shown that
neither application of a pressure of 100 mmHg nor

cotton wool packing of the valve damages the
endothelial or fibre structure, as assessed by light
microscopic examination. The collagen fibres be-
come well organised and well orientated in the
closed position when the valve is fixed under press-
ure in glutaraldehyde. The accommodation of
valves in a Dacron conduit was accomplished with

a suture line excluding the muscular part of the
right coronary cusp, thus causing no stenosis
whatsoever.

In animal experiments the glutaraldehyde-
treated aortic valve produced excellent overall
performance during the six months. None of the
valves became either stenotic or incompetent. The
extensive scar tissue around the apical ventricular
hole did not extend into the glutaraldehyde-fixed
heterologous tissue, although there was no mech-
anical barrier between host and donor biological
parts. Although the valves in the Dacron tube
were attached directly to the myocardium, thus
deliberately creating the possibility of connective
tissue ingrowth, only slight and inconsistent cel-
lular infiltration was seen.

Significant differences in location and amount
of calcification were observed between aortic and
pulmonary valves. The calcium deposits never
occurred in the valve leaflets of the aortic valves.
The structure of the pulmonary valve cusps was
completely destroyed by degeneration and calcifi-
cation, despite the lack of histological evidence
that pulmonary valves would have reacted differ-
ently from aortic ones to glutaraldehyde fixation.
The degenerated pulmonary valves showed no signs
of overstress from the inappropriately high press-
ure in the left ventricle-aortic position. The prob-
able explanation of the different results lies in the
different anatomical shape of the aortic and pul-
monary artery roots. The former can be accom-
modated in the Dacron tube with only the sinuses
deformed, but this is impossible in the latter be-
cause of the striking difference between the di-
ameter of the pulmonary valvar annulus and that
of the main pulmonary artery. We think it is the
total deformation of the original anatomical shape
that leads to degeneration and, finally, calcification
in the pulmonary valves. This observation under-
lines the importance of the appropriate stream
conditions for any given bioprosthesis.

Conclusions

(1) Histological evidence is presented that 0-1%
glutaraldehyde fixation is superior to 4% formalde-
hyde.
(2) Prevention of shrinkage by physical means
during fixation in glutaraldehyde has no deleterious
effect on tissue structure.
(3) Light microscopy shows that valve leaflets
fixed in glutaraldehyde at a pressure of 100 mmHg
have optimum collagen fibre structure and the
endothelium is left intact.
(4) The collagen and elastic fibres in valve tissue
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Fig 4 Left ventricular angiogram taken
six months after insertion of a left
ventricle-aorta valved conduit.
Opacification in left ventricle, ascending
aorta, and conduit.

once fixed in glutaraldehyde will not change their
orientation with increasing duration of preser-
vation up to a period of six months.
(5) Porcine aortic valves treated with glutaralde-
hyde give excellent haemodynamic performance
in dogs over a six-month period.
(6) Glutaraldehyde not only makes the biological
tissue inert, but prohibits ingrowth of artificially
induced scar tissue.
(7) Mechanical factors, such as stream conditions,
can determine degeneration in biological valve
prostheses.
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Fig 5 Pho,tomicrograph of junction
between host tissue and implanted valve
six months after operation showing no
ingrowth of host cellular elements into
implanted valve (left half of
photomicrograph). These surfaces are
also devoid of host fibrous tissue
(H & E X80).

4/ Fig 6 Right side of this
photomicrograph shows

V; retention of cellular elements of
donor tissue. Only occasional
foci of disarray of collagen

?W tissue are noted (H & E X 128).
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Fig 7 Photomicrograph of a
pulmonary valve six months
after implantation. Severe
distortion of normal
architecture, necrosis, and
some foci of calcification
(H & E X80).
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