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A Morphologic Overview of the

Porcine Bioprosthetic Heart Valve

Jeanne M. Riddle PhD,* Paul D. Stein MD,**

The glutaraldehyde-processed porcine aortic heart
valve is similar in its microscopic organization to the
human aortic valve (1). It is important to understand the
detailed histology of this bioprosthetic valve because
distinct components of its leaflets are altered selectively
when the valve is initially collected from the pig and
stabilized with the commercial glutaraldehyde fixation
process. Further structural modifications also occur after
the commerecially processed valve has been inserted into
a patient where it undergoes progressive degeneration.

The Porcine Valve before Implantation
Structural components of the unprocessed valve

When a porcine valve is removed from the animal and
immediately fixed by conventional methods, its leaflets
reveal a series of distinct layers when they are examined
by both light microscopy (Fig. 1) and transmission elec-
tron microscopy (Fig. 2). A contiguous monolayer of
endothelial cells covers both surfaces of the leaflet,
which would contact the circulating blood when the
valve was in its normal anatomic position. The endothe-
lial cells are joined together by intercellular junctions
and supported by a basement membrane of varying
complexity. On the inflow surface (the surface that faces
the ventricular cavity when the valve is in its normal
position), the basement membrane is thin and poorly
defined. In contrast, the basement membrane on the
outflow surface is thicker, reduplicated, and multilayered.

Beneath the basement membrane on the outflow sur-
face of the leaflet lies a fibrosal layer composed of dense
fibrous connective tissue. This layer contains typical
fibroblasts, abundant collagen fibrils densely packed
and sometimes arranged in parallel bundles, and an
extracellular matrix which contains glycosaminoglycan
molecules and proteoglycan complexes. The middle
layer of the leaflet, called the spongiosa, is composed of
amore loosely organized type of fibrous-elastic connec-
tive tissue. Fibroblasts, randomly oriented collagen fibrils,
elastic fibers, proteoglycan molecules, and filaments
with a small diameter (50A across) are found in this layer.
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The layer subjacent to the basement membrane on the
inflow surface, the ventricularis, is identified by the
presence of numerous elastic fibers (2).

The principal structural proteins of the porcine valve are
collagen and elastin. Collagen is dominant and com-
prises about 55% of the valvular tissue by dry weight,
while elastin accounts for only 12% (3,4). In the porcine
aorticvalve, type | collagen, which is also found in bone,
tendon, and skin (5), is present in the greatest amount
(6,7). Type lll collagen, which is common to blood ves-
sels (5), is found to a lesser extent.

Fig. 1

Light microscopic appearance of a normal porcine aortic valve show-
ing histologically distinct layers. Note the central spongiosa layer
(arrow) X 100.
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The glutaraldehyde fixation process

Porcine aortic valves used to replace diseased human
heart valves are processed by a commercial procedure
that stabilizes them with glutaraldehyde. Glutaralde-
hyde is the preferred fixative because of its ability to
form intrafibrillar collagen crosslinks interconnecting
lysyl and hydroxylysl side chains (8). Initial structural
preservation of the valve is achieved by placing itinalow
concentration of glutaraldehyde in buffer at a physio-
logic pH. After partial fixation, the valve is stored in
buffered glutaraldehyde.

The glutaraldehyde-processed valve has several charac-
teristic structural alterations. One consistent finding
(Fig. 2) is that endothelial cells are partially or completely
lost from the outermost surface of the valve (9,10). This is
particularly important since an intact endothelial cell
lining represents the most effective thrombosis-resistant
surface now known. Endothelial cell loss, however, may
not be entirely related to exposure of the valve to the
glutaraldehyde fixation. It may also be a direct response
to autolytic changes that occur during the time between
the removal of the valve from the pig and the fixation
process.

After commercial fixation, the collagen and elastin fibrils
of the leaflets retain their normal ultrastructural appear-

Fig. 2

Scanning electron micrograph of a glutaraldehyde-processed, unim-
planted, porcine bioprosthetic valve showing the subendothelial
fibrous network exposed after the loss of the endothelium (X 7,000).
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ance, including the typical periodicity which identifies
collagen fibrils. However, the spatial orientation of the
fibrous framework is altered so that fibers are more
widely separated, and consequently, more loosely ar-
ranged (9). In addition, the overall flexibility of the pro-
cessed leaflets is somewhat reduced.

In processed valves, the glycosaminoglycan (mucopoly-
saccharide) and/or the proteoglycan (mucopolysaccharide-
protein complexes) content, particularly of the spon-
giosa layer, are decreased (9). This may be a significant
modification as some of these molecular complexes
have been found to inhibit calcification (11,12), which
represents one of the major degenerative processes in
this type of valvular bioprosthesis.

The integrity of the fibroblasts in the connective tissue of
the spongiosa and fibrosal layers is also compromised
after exposure to the glutaraldehyde stabilization pro-
cess. Cellular alterations include 1) disruption of the
plasma membrane; 2) interruptions of the internal organ-
ellar cytoplasmic membranes (2); and 3) mitochondrial
vacuolation (Fig. 3). These ultrastructural findings signal
cell death and suggest that these cells are no longer
capable of performing their normal synthetic functions.

The Porcine Valve after Implantation

After the commercially processed porcine valve is inserted
into a patient, many different events occur as this bio-
prosthesis interacts with the circulating blood and is
subjected to the hemodynamic stresses associated with
normal valve function.

Plasma proteins

Since most of the endothelium is lost from the surface of
the leaflets during commercial processing, the circulat-
ing blood contacts subendothelial structures (basement
membrane, collagen fibers, and elastin fibers) rather
than a layer of endothelial cells. Plasma proteins were
found to penetrate this relatively open, mesh-like sur-
face and were deposited as fine, fibrillar material that
surrounded the collagen fibers, particularly in the spon-
giosa layer (2).

Peripheral blood elements

Formed elements of the peripheral blood also interact
with and are deposited onto the surface of the valve as it
degeneratesinvivo. Erythrocytes (10), leukocytes (2,9,10,
13-16), and platelets (2,9,10,13-21) were found on the
exterior of degenerated porcine bioprosthetic valves
after they had been inserted into patients for various
lengths of time (Figs. 4,5).




Morphology of Bioprosthetic Valves

Leukocytes

By means of stained sections and light microscopy or
ultrathin sections and transmission electron microscopy,
mainly adherent lymphocytes, plasma cells, macrophages,
and giant cells were observed in contact with the
exposed basement membrane or fibers (2,9,13,15). We
suspected that these observations might not reflect the
entire hematogenous cytopopulation of the degener-
ated bioprosthetic valve because only a limited area can
be surveyed in a light microscopic or ultrathin section.

In order to more fully examine the types of cells present,
we initiated a study which employs enzymatic digestion
with collagenase to remove adherent cells from the sur-
face of the leaflets of degenerated porcine valves that
have been surgically removed. To date, we have studied
two degenerated valves that had been inserted for seven
and ten years each. The number of cells obtained from
all three leaflets of each valve was 4 x 106 cells/ml and 5.1

Fig. 3
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x 106 cells/ml, respectively. The isolated cytopopulations
were centrifuged onto glass microscope slides. One of
these preparations was stained with Leishman’s stain,
and a differential count of 500 cells was performed
(Table I).

Although these data confirm the observations made by
microscopic examination of sectioned material, namely,
that lymphocytes, macrophages, and plasma cells were
present in the highest percentages, they also demon-
strated that granulocytes (neutrophils, eosinophils, and
basophils) interacted with and adhered to the surface of
the degenerating valve (14.6% and 22.4% of the “released
cells”). Polymorphonuclear neutrophils were the most
numerous type of granulocytes seen. Careful examina-
tion of individual, stained neutrophils revealed that: 1)
large, darkly stained cytoplasmic granules occurred
among the smaller sized, specific neutrophil gran-
ules; and 2) vacuoles were scattered throughout the
cytoplasm. Both of these morphologic modifications are
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Transmission electron micrograph showing evidence of cellular injury (cytoplasmic vacuolation and mitochondrial swelling)
of the fibroblasts in the spongiosa layer after glutaraldehyde treatment (X 22,300).
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TABLE |

Cytopopulation of the Surface of Degenerated
Porcine Bioprosthetic Valves

Cell Type Patient 1 Patient 2
Neutrophils 12.8 14.4
Eosinophils 1.4 6.8
Basophils 0.4 1.2
Lymphocytes 11.8 46.8
Plasma Cells 329 15.0
Macrophages 38.2 6.6
Giant Cells 1.2 0.8
Endothelial Cells 2.0 8.4

known to occur as a neutrophil participates in the pro-
cess of phagocytosis, which is its major functional
role (22).

Neutrophils may play arole in the process of progressive
degeneration of implanted porcine bioprostheticvalves
in the following ways. Adherent neutrophils might
reduce the thickness of the fibrous network of the por-
cine valve by phagocytizing available small collagen or
elastin fibers and digesting them within intracellular
cytoplasmic phagosomes. Also, if the neutrophil en-
counters a particle too large for it to engulf, such as the
network of exposed fibers on the surface of the leaflet, it
can release its lysosomal enzymes extracellularly and
deposit them onto the surface contacted, where enzy-
matic digestion can proceed (23). Although neutrophils
do not constitute the major portion of the cells which
adhere to the surface of the degenerated porcine valve,
they may nonetheless operate as a major destructive
force for the exposed connective tissue framework.
Neutrophils contain the following releasable lysosomal
enzymes: 1) a chymotrypsin-like enzyme which func-
tions at neutrality and is capable of degrading protein-
containing macromolecules such as the protein asso-
ciated with the proteoglycan of the connective tissue
matrix (24); 2) an elastase which specifically attacks elas-
tic fibers (25,26); and 3) a collagenase which could selec-
tively attack the collagen fibers (27).

Macrophages on the surface of degenerated porcine bio-
prosthetic valves may also damage the fibrous network.
Because these mononuclear phagocytes are capable of
ingesting particulate materials such as exposed collagen
or elastin fibers, they too could engulf fibers and effect
intracellular digestion via lysosomal enzymes (28). Col-
lagenase and an elastase-like enzyme are also presentin
lysosomes of macrophages, and these too can either be
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released into phagosomes or secreted extracellularly
(29). Asis true of the neutrophil, the enzymatic potential
of the lysosomes of the adherent macrophages could
function both intracellularly and extracellularly to digest
collagen and elastic fibers which constitute the frame-
work of the porcine bioprosthetic valve. The enzymatic
potentials of neutrophils and macrophages may there-
fore play arole in reducing the quantity and compromis-
ing the integrity of the fibrous component of the valve
leaflet so that it ultimately succumbs to continuous
hemodynamic demands and develops a tear (Fig. 7).

Platelets

Microthrombus formation and platelet deposits (2,
9,10,13-21) have been found on the surface of degen-
erated porcine bioprosthetic valves. In a previous study
(10), we used scanning electron microscopy to examine
the surfaces of degenerated valves that had beeninserted
in six patients from four to seven years. We demon-
strated that individual platelets as well as platelet aggre-
gates were present on the surface of five of six (83%) of
these valves. Single platelets showed cytoplasmic spread-
ing (surface activation), suggesting that the adherent
platelets had released some internal substances. Both
reversible and irreversible platelet aggregates were
seen.

Fig. 4

Adherent erythrocytes on the surface of a degenerated porcine bio-
prosthetic valve (X 7,000).




Morphology of Bioprosthetic Valves

It therefore became important to determine whether
the reactivity of the circulating platelets was normal or
abnormal in these patients. We measured the response
of circulating platelets from six patients with degener-
ated porcine valves just before their valves were removed
(29). We then evaluated the degree of cytoplasmic
spreading exhibited by single, adherent platelets and
the amount of aggregation shown by the platelet popu-
lations in vitro. We used a test system in which platelets
were exposed to an activating surface (Formvar film)
under standardized conditions. Circulating platelets
from five of the six patients were hyperactive (Fig. 8).
Each patient who had an abnormal in vitro platelet
response also had platelets deposited onto the surface of
the excised valve. In one patient, the platelets reacted
normally in vitro, and no platelet deposits were seen on
the surface of his degenerated valve. These observations
demonstrated that platelets from patients with degener-
ated porcine bioprosthetic valves show increased reac-
tivity. The deposition of platelets onto the surface of the
degenerated valves correlated with a hyperactive re-
sponse of the circulating platelets. Others (30) have
found that platelet survival was decreased in ten patients
after they received a porcine bioprosthetic valve.

Another method of evaluating the degree of platelet
activation is to assay the plasma concentration of certain

Fig. 5

Activated leukocytes showing numerous folds and ridges on the exte-
rior as they interact with the surface of a degenerated valve (X 7,000).

products released only by platelets, namely, platelet fac-
tor 4 and B-thromboglobulin (31). When we measured
the plasma levels of these substances in two patients with
degenerated porcine bioprosthetic valves, we found
that the concentrations of both substances were abnor-
mally elevated. The levels of platelet factor 4 were 12.91
ng/ml and 14.67 ng/ml with corresponding levels of
117.96 ng/ml and 83.09 ng/ml for B-thromboglobulin,
respectively. The average normal value for platelet fac-
tor 4 is 2.98 = 1.04 ng/ml, and the average normal value
for B-thromboglobulin is 25.8 £ 11.7 ng/ml.

The accumulated information to date seems to suggest
that platelets are deposited on the exposed subendothe-
lium of degenerated porcine bioprosthetic valves, and
thisisaccompanied by an increased level of reactivity of
circulating platelets. Therefore, the porcine biopros-
thetic valve may be more thrombogenicthan is clinically
recognized (17,32-35).

Platelets may also participate in the overall degeneration
process in the following ways: 1) platelets deposited
onto the valve may add thickness and therefore reduce
the pliability of the leaflet; 2) microthrombi may break
off and remove incorporated fibers, thereby reducing

Fig. 6

Single platelets and platelet aggregates deposited onto the surface of a
degenerated porcine bioprosthetic valve (X 7,000).
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the mass of the fibrous framework; and finally, 3) micro-
thrombi may serve as a nidus for calcification.

Collagen

Morphologic studies have clearly shown that individual
collagen fibers on the framework of the porcine valve
leaflet are changed as the degeneration process devel-
ops. They demonstrate atypical staining, fraying, and
tufting of their ends. Some fibers are destroyed so com-
pletely that only short, thread-like fibrils intermixed
with granular material remain (2). At present, the exact
mechanism(s) responsible for depleting the collagen
fibers are unknown.

Calcification

Calcification of the leaflets of degenerated valves is fre-
quently found both grossly and microscopically (21,36-
38). This process of calcium deposition occurs more
rapidly in children. Although the mechanisms responsi-
ble for such calcification are currently unknown, some
factors which could contribute to the calcification pro-
cess have been suggested: 1) altered collagen fibers, cell
debris, bacterial remnants, and surface-attached thrombi
serve as sites for the deposition of calcium salts; 2) the
repeated flexing motion of the valve cusps damages the
integrity of the already altered fibrous framework of the
leaflet, thereby encouraging the deposition of calcium;
3) removal of calcification inhibitors, such as proteogly-
can, in the extracellular matrix of the connective tissue
promotes calcification; or 4) the selective absorption of
calcium-binding proteins into the interior of the valve
leaflet allows calcium to accumulate.

In conclusion, although the porcine bioprosthetic valve
is widely used to replace damaged natural valves in

humans, many basic problems relating to the mecha-
nisms by which these valves undergo degeneration in
vivo remain to be defined. Information about the mor-
phologic and biochemical characteristics of this valve is
accumulating, but additional work is necessary to deter-
mine how the various factors (cellular, enzymatic, cal-
cium deposition) interrelate and how the degeneration
of this type of bioprosthetic valve is initiated.

Fig. 7

Small perforation through the leaflet of a degenerated porcine bio-
prosthetic valve (X 420).
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