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Objectives: The presence of a microvasculature within aortic cusps implies that tis-
sue oxygen requirements exceed the amount deliverable by diffusion from the tis-
sue surfaces alone. For the design of a successful tissue-engineered valve
replacement, the effect of diffusion distance (tissue thickness) on oxygen delivery
must be considered. We therefore examined in normal aortic valve cusps the rela-
tionship between the presence of microvessels and the tissue thickness.

Methods: Thirty porcine aortic valve cusps were excised and examined after cusp
microvessels were pressure filled with a carbon particle solution. Cusp images were
captured for stereographic vessel density analysis, and cusp thickness was deter-
mined with a radiographic technique. Histologic cross-sections were evaluated to
determine vessel depth from the cusp surface.

Results: Cusp basal regions measured 0.69 to 0.86 mm in thickness, significantly
thicker (P = .001) than the rest of the cusp, which measured 0.36 to 0.48 mm. In
general a vascular bed was present when cusp thickness exceeded 0.5 mm, with a
median value of 5.16 vessels/mm?.

Conclusions: From published values of arterial wall oxygen consumption and dif-
fusivity, we predicted that the probable maximum oxygen diffusion distance for
valve tissue would be about 0.2 mm. This was consistent with our physical findings,
which implies that central tissue anoxia is avoided by the capillary bed. An avascu-
lar tissue-engineered valve metabolically similar to an aortic valve should therefore
not exceed a thickness of approximately 0.40 mm.

he search for an ideal valve replacement device has recently been
extended to the concept of a bioengineered “living” valve, con-
structed from a biodegradable skeleton with cellular implants.!-2
Current glutaraldehyde-fixed bioprostheses remain vulnerable to
premature tissue failure,? with their durability shown to be substan-
tially less than that observed for mechanical devices.* Such glu-
taraldehyde-fixed implants are acellular, with the tissue containing no intrinsic
repair mechanism. To avoid this problem and to provide replacement valves with
living cells and therefore a means for tissue repair, cryopreserved bioprostheses
have been recommended.’ However, it appears that the tissue failure rate of cryo-
preserved valves is similar to that of glutaraldehyde-fixed implants.® Explanations
for this finding are that either the cryopreservation process itself or the new envi-
ronment of these valve cells hinders their viability, resulting in an essentially acel-
lular implant also missing repair abilities.” Indeed, if these valves contained large
numbers of cells, postimplantation rejection might also play a role in valve implant
destruction.®? For these reasons strong interest has developed in tissue-engineered
alternatives containing living cells metabolically capable of maintaining valve
structure. The recommendation is that such cells could be seeded from the recipi-
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Figure 1. A, Magnified region of interest in base of cusp (4x magnification) demonstrating microvasculature filled
with Aquablack. B, Example of thickness map of whole cusp generated from radiographic thickness data.

Figure 2. Schematic of grid in circumferential and radial direc-
tions overlaid on full images of cusps for stereographic vessel
density analysis.

ent, thus bypassing any antigenic rejection issues.!%!!

Ultimately, for the design of a successful tissue-engineered
replacement, a full understanding of how the native aortic
valve sustains its metabolic functions is required.

In our earlier article the extent of the porcine aortic valve
microcirculation was examined, and our analysis showed
the vessel supply to lie predominantly in the basal region of

all three cusps.'> Although it is generally believed that the
aortic valve relies on oxygen diffusing from its surfaces to
maintain its metabolic needs,!3 the presence of a vascula-
ture in healthy valves suggested that this oxygenation path-
way may not always be adequate.

‘We hypothesized that the intrinsic circulation of the aor-
tic valve cusps may play a necessary role in oxygen deliv-
ery, much like the vasa vasorum of the aorta, but that vessels
would exist only in areas where tissue thickness limits oxy-
gen diffusion from the cusp surfaces. We therefore set out
to measure and compare vessel density and tissue thickness to
test this hypothesis and provide some useful parameters
to be considered in the design of tissue-engineered valves.

Materials and Methods

Specimen Retrieval and Microvascular Filling

Ten whole pig hearts (30 cusps) were collected from a local abat-
toir after slaughter, and the coronary circulation was rinsed and
pressure filled with Aquablack (Sun Chemical Canada, Brampton,
Ontario, Canada), a suspended carbon particle solution, to allow
vessel visualization according to a previously described proto-
col.!2 After this the cusps were fixed in 10% formaldehyde for
storage purposes. Analysis was carried out on all three aortic valve
cusps (left coronary, right coronary, and noncoronary) so that any
differences between cusps could be discriminated.

Cusp Microcirculation Analysis

To evaluate the density of vessels, each whole cusp was placed
under a coverslip and viewed with an inverted microscope at 4
times magnification (numeric aperture 0.13) with a stabilized
power supply to transilluminate the tissue at a constant light inten-
sity. With a 24-bit red-green-blue charged-couple device camera
(Japan Victor Corporation TK-1070U) connected to a Silicon
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Graphics Indy image analysis work station (Silicon Graphics, Inc,
Mountain View, Calif), cusp images (field of view 2.1 x 1.6 mm)
were captured frame by frame and averaged for better signal-to-
noise ratio with software developed in our laboratory.
Reconstruction of entire cusps was then performed on a personal
computer with commercially available software (Adobe
Photoshop; Adobe Systems Inc, San Jose, Calif). A section of the
cusp showing microvasculature filled with Aquablack can be seen
in Figure 1, A.

A schematic grid (Figure 2) was overlaid in the radial and cir-
cumferential directions for vessel density analysis. With Sigma
Scan (SPSS Inc, Chicago, Ill) and stereographic counting princi-
ples,!4 the number of vessels per unit cusp area was determined by
first counting the number of vessels crossing 2 sides of every 4-
sided quadrant of the grid. Vessels crossing along the radial and cir-
cumferential sides of each quadrant were counted and recorded
separately to analyze any preferred vessel orientation, because non-
random orientation must be considered in stereographic analysis.
Because the quadrants were rectangular and not square, the number
of vessels per unit length was necessary for comparing the number
of vessels aligned in the radial direction versus the circumferential
direction. In addition, vessel diameters as well as the number of
quadrants within the grid containing vessels were recorded.
Because vessel counting was carried out by a single author
(K.L.W.), random quadrants were recounted to determine intraob-
server variability. On the basis of our previous results investigating
the blood supply within the cusps,'? cusps were divided into two
main regions for all analyses; the base, found to contain most of the
intrinsic circulation, and the rest of the cusp, found to be relatively
avascular (Figure 3). After this, a Movats pentachrome—stained his-
tologic cross-section of each of the samples was evaluated to deter-
mine the location of the microcirculation within the three layers of
the cusp.

Thickness Mapping

To determine the thickness of these cusps, we used a radiographic
thickness imaging technique developed in our laboratory. This
entailed taking a low-energy, high-resolution x-ray image of the
valve cusps. Because the attenuation of the x-ray beam through the
tissue depends on its thickness, the x-ray image could be converted
into a thickness map by comparing the cusp x-ray attenuation val-
ues with those of a reference with a known thickness.

The imaging system contained a 200-um beryllium window
fixed tungsten anode microfocus source (Kevex X-Ray, Scotts
Valley, Calif) and a digital x-ray detector consisting of a cesium
iodide input phosphor coated onto a fiberoptic taper bound to a
charged-coupled device detector (Hamamatsu Corporation,
Bridgewater, NJ). It was developed to allow a thickness image of
specimens as large as 32 by 24 mm in the x and y directions and
optimized so that the thickness of discrete 50 x 50-mm areas (pix-
els) across a sample could be separately analyzed.

Fixed tissue was patted dry before being mounted on a jig in
front of the x-ray detector for image acquisition. Scotch Double-
Stick Tape (3M Commercial Office Supply Division, St Paul,
Minn) was used to help keep the specimen in place. Care was
taken to ensure that the mounted tissue was lying flat with mini-
mal stretching or deformation. Cusps were placed with the ven-

REST OF
THE CUSP
REGION

BASE
REGION

Figure 3. Schematic of porcine aortic valve cusp outlining regions
for analysis: base (black) and rest of cusp (white).

tricularis (flatter side) down. A calibration step wedge milled from
the tissue-mimicking substance MS15 (Gammex RMI, Middleton,
Wis) was also mounted within the scanner’s field of view so that
each x-ray image of the cusp would also contain the calibration
wedge. MS15 is an epoxy-based resin optimized with particulate
fillers to have a linear attenuation coefficient at the energy range
of this experiment to within a few percent of that of tissue.!>-16
Although there is no specific tissue mimic for heart valves, exten-
sive analysis of various tissue mimics by White!'> has shown that
MSI15, a tissue substitute developed to mimic muscle, has a linear
attenuation coefficient also within a few percent of water. Because
the valve has been found to be composed of approximately 90%
water!” and tissues with a high percentage of water have similar
attenuation coefficients, we considered this an ideal calibrator for
our radiographic thickness measurements. This wedge was used as
an “in-image” calibration to determine the thickness value for each
50 x 50-mm pixel within the sample.

Digital radiographs of the samples and step wedge were
acquired at a tube potential of 35 kV peak and 2 mAs. Bright-field
(images with sample holder and double-sided tape but no tissue)
and dark-field (images without x-ray source on) images were col-
lected to correct for detector-to-detector variation and fixed pattern
electronic noise, respectively. Finally, the images were corrected
for geometric distortion in the fiberoptic taper stage of the detec-
tor through the use of a registration grid phantom.!8

Our previous work has shown that fixation with 10% formalde-
hyde causes an increase in thickness presumably related to the
cross-linking of collagen.!® Scott!” has also reported that the
amount of collagen is variable within the cusp, and therefore fixa-
tion effects might also be inconsistent throughout the tissue. To
examine fixation effects and determine a correction factor for the
two regions of analysis within the cusps, 14 cusps were radio-
graphically scanned fresh according to the preceding protocol,
fixed in 10% formaldehyde for 1 week at 4°C to ensure complete
fixation,!” and then rescanned. Correction factors were obtained
from comparisons between matched fresh and fixed thickness
results.
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TABLE 1A. Vessels per millimeter along grid lines in the circumferential and radial directions

Radial Circumferential Combined
Cusp Base region Rest of cusp Base region Rest of cusp Base region Rest of cusp
Left coronary 1.98 +1.91 0.04 + 0.05 1.43 +1.63 0.11+0.17 341+ 351 0.15+0.22
Noncoronary 217 £ 271 0.13+0.19 1.96 + 2.58 0.11£0.18 412 £5.27 0.27 £ 0.36
Right coronary 225+ 399 0.22 + 0.46 217 £ 3.05 0.24 +0.49 442 +6.82 0.47 +0.94
Mean 3.98 +5.21 0.29 + 0.59

Data are mean + SD.

TABLE 1B. Two-way repeated-measures ANOVA results
comparing vessel density results in the circumferential
versus radial directions and in the base region versus the
rest of the cusp for all three cusps

Pvalue
Circumferential versus radial
Left coronary versus noncoronary versus 507
right coronary cusp
Circumferential vs radial .285
Interaction .809
Base versus rest of cusp
Left coronary versus noncoronary versus 563
right coronary cusp
Base versus rest of cusp 031
Interaction .105
Tukey test, base versus rest of cusp
Left coronary .056
Noncoronary 028
Right coronary 025

Tukey tests were carried out for significant factors to determine which
cusps were responsible for the significance.

Cusp Thickness Analysis

The intensity values and their corresponding thicknesses were
used to calculate a calibration curve relating the x-ray intensity in
the radiograph to actual tissue thickness. A resulting thickness
map can be seen in Figure 1, B. Mean thickness values were
obtained for the base and rest of the cusp regions on both the ves-
sel analysis samples and the calibration samples.

Statistical Analysis

To evaluate intraobserver variability in the vessel counting exercise,
an intraclass reliability coefficient was determined. Preferred ves-
sel orientation within the cusps and any vessel density differences
between the three cusps of the valve were analyzed with a 2-way
repeated-measures analysis of variance (ANOVA) run with cusp
type (left coronary, noncoronary, and right coronary) and direction
(circumferential and radial). Another 2-way repeated-measures
ANOVA was used to determine any differences in total vessel den-
sity among the three cusps of the valve and between the two areas

of the valve (base and rest of the cusp). A third repeated-measures
ANOVA was used to determine whether there was any difference
in the distribution of vessels between cusps or cusp regions. A
paired # test was used to see whether the thickness correction factor
from fixation was significantly different between the two regions of
the cusp. To detect cusp differences in thickness and region (base
and the rest of the cusp), a 2-way repeated-measures ANOVA was
used after the thickness values were corrected for fixation effects.
A Tukey test was used for pairwise multiple comparisons after any
repeated-measures ANOVA that showed significance. All statistical
tests were carried out using Sigma Stat (SPSS Inc, Chicago, Ill), a
commercially available software package, except for the intraclass
correlation coefficient, which was run with the program available
from the Chinese University of Hong Kong.

Results

Multiple vessel counting on single samples revealed a high
intrarater reliability, with a coefficient of 0.98. Measurement
of vessel orientation revealed no significant difference
between the number of vessels passing in the radial or cir-
cumferential directions either in the base region or in the
rest of the cusp (Table 1A). Similar results were found for
the left coronary, right coronary, and noncoronary cusps.
Counts from the circumferential and radial directions were
therefore combined, and no correction for directionality
was made in the remainder of the analysis.

After the number of vessels per square millimeter was
calculated for the two regions, a 2-way repeated-measures
ANOVA found a significant difference between the vessel
density within the region identified as the base and the
region identified as the rest of the cusp. This trend held true
for all three cusps in the valve, although it was only statis-
tically significant for the noncoronary and right coronary
cusps (Table 1B). Even though there appeared to be an
increasing vessel density trend from left coronary to non-
coronary to right coronary cusp, no statistical difference
was found. Most vessel diameters were less than 20 um,
with the occasional arteriole or venule having a diameter as
great as 100 um.

The numbers of grids containing vessels in each region
of the cusp were also determined. No significant difference
was found between cusps, but there was a significant differ-
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Figure 4. A, Porcine aortic valve cusp section at 100x magnifica-
tion stained with Movats pentachrome denoting 3 layers. F
Fibrosa; S, spongiosa; I, ventricularis. Note location of vascula-
ture within spongiosa (vessel lumen appears black from
Aquablack filling). Blue arrows point to examples of vessels
filled with Aquablack; yellow arrows point to vessels where
Aquablack filling did not occur. B and C, Two regions of interest
outlined in A are shown at 200x magnification to better visualize
vessel lumen. B, Region at top in photo; C, lower region in photo.

ence when the base region, which had vessels in about 30%
of its area, was compared with the rest of the cusp, where
only 3% of the area was found to contain vessels in all three
cusps (Table 2). An examination of the Movats pen-
tachrome-—stained slides revealed that these Aquablack-
filled vessels were located within the spongiosal (middle)
layer of the cusps (Figure 4).

A paired ¢ test on the 14 cusps in the fresh versus fixed
comparison results revealed that 10% formaldehyde treat-
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Figure 5. Plot of cusp thickness versus vessel density showing
both base and rest of cusp. Median vessel density of this plot is
5.16 vessels/mm3.

ment had a significantly greater thickness increase on the
rest of the cusp region than on the base region (P = .038).
Separate correction factors of 1/1.215 and 1/1.071, respec-
tively, were therefore used to ascertain the true fresh thick-
ness values of these two regions.

After determination of fresh thickness values for the
base and the rest of the cusp regions, a 2-way repeated-mea-
sures ANOVA found a significant thickness difference
between the two regions (Table 3). This test also revealed a
significant difference between the base of the right coronary
cusp and the base of the left coronary cusp, with the former
being 20% thicker. Although the 15% difference between
the base regions of the noncoronary cusp and the left coro-
nary cusp did not quite reach statistical significance, there
was a definite trend for the noncoronary cusp to be thicker.
No significant differences were noted between the noncoro-
nary and right coronary base thicknesses or between the
thicknesses of the rest of the cusp regions in all three cusps
making up the valve.

When thickness values were compared with the number
of vessels, there was a trend for vessels to be present in tis-
sue with a mean thickness greater than 0.5 mm (Figure 5).
Of the 30 cusps examined, 9 cusps from 4 hearts were found
to be avascular. This probably resulted from incomplete fill-
ing caused by the obstruction of a feeder vessel into these
cusps. In fact, on histologic examination of one Movats-
stained section from each cusp, vessels were visible in the
base of 4 of the cusps found to be avascular according to the
filling technique. However, no vessels were seen in the rest
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TABLE 2A. Percentage of cusp quadrants containing ves-
sels

Cusp Base region Rest of cusp

Left coronary 21.1% +21.1% 1.83% + 1.77%
Noncoronary 33.9% + 27.5% 3.13% + 3.86%
Right coronary 21.8% + 27.4% 3.07% +4.31%

of the cusp region, consistent with our vessel distribution
findings determined with the Aquablack technique.

Discussion

The presence of a blood supply within aortic valve tissue
implies that the tissue oxygen requirements exceed the
amount deliverable by diffusion from the cusp surfaces
alone. Although aortic valves function as mechanical
devices, they contain a large cellular population, consisting
predominantly of fibroblasts and myofibroblasts.20
However, oxygen parameters such as consumption (V0,) or
diffusion (Do,) of valve tissue have not been investigated.
In fact, the only accounts we could find in the literature that
determined these values at 37°C in vascular structures of
the same species were those for the Vo, of the dog femoral
artery, with a value of 1.8 x 10 mL O, x mL O, - mL tis-
sue~! - 57121 and the Do, of the dog aorta adventitia, with a
value of 11.4 x 1070 cm? - s~1.22 Because the valve is also a
vascular structure, these values were used as a first approx-
imation of oxygen transport within this tissue to see
whether a reasonable tissue thickness that enabled oxygen
delivery could be suggested. Solubility (k) of oxygen in
plasma at 37°C is 2.82 x 107> mL O, - mL tissue™!- mm
Hg~!.23 Water content of the valve is 90%,!” and oxygen
solubility of the valve cusp can therefore be estimated to be
90% of that for plasma, giving a value of 2.54 x 10> mL 0,
-mL tissue~! - mm Hg~!. On the basis of these oxygen trans-
port parameters and the assumption of a Pao, of 100 mm
Hg, and according the formula derived from the basic dif-
fusion theory,?* the estimated maximum distance that oxy-
gen can be supplied from the cusp surface into the tissue
(L . )is approximately 0.2 mm:

12

max

L, ..=V2-Do, -k Po,/Vo,

If valid, these data suggest that the aortic valve cusp must
be less than 0.4 mm thick to avoid zero oxygen levels.

Our results show that the vascular supply of the aortic
valve resides predominantly at the valve base, where we
have shown tissue thickness to range from 0.692 to 0.860
mm. If we assume that the oxygen transport properties and
the metabolic requirements of the valve approximate those
of other vascular structures, our cusp thickness measure-

TABLE 2B. Two-way repeated-measures ANOVA results
comparing the percent of cusp quadrants containing ves-
sels in the base region versus the rest of the cusp for all
three cusps

Pvalue

Factor

Left coronary versus noncoronary versus 434

right coronary cusp

Base versus rest of cusp 002

Interaction 528
Tukey test, base vs rest of cusp

Left coronary .004

Noncoronary <.001

Right coronary .005

Tukey tests were carried out for significant factors to determine which
cusps were responsible for the significance.

ments support the concept that an oxygen supply route in
addition to that of diffusion from the cusp surfaces is nec-
essary. Of course, actual oxygen consumption and oxygen
diffusion measurements for aortic valve tissue will ulti-
mately be required to confirm our conclusions.

From our thickness measurements it would also seem
that the rest of the cusp area approaches the approximate
diffusion distance limits and may require an additional oxy-
gen supply route. However, studies on cusp collagen con-
tent have revealed that this area of the cusp contains large
collagen bundles, with thicknesses on the average of 0.2
mm.!7 Interspersed between these bundles would be thin-
ner, more optimal oxygen transport pathways that would aid
in oxygen supply to these neighboring, thicker regions. In
addition, it should be remembered that we measured cusp
thickness in the relaxed state, corresponding to systole, and
that tissue strain during valve closure will also affect thick-
ness. The patterns of this strain distribution are complex,
resulting in anisotropic thickness changes. Preliminary
observations in our laboratory have revealed that thickness
changes vary little in the base region during closure but that
the area we consider to be the rest of the cusp can become
as much as 40% thinner during diastole. This thickness
change occurring in the rest of the cusp may also help to
explain why a microcirculation is not necessary in this
region. Finally, during closure the coapting area of the rest
of the cusp region would no longer be able to obtain oxygen
from both sides of the tissue, thereby having an effect on
cusp oxygen parameters.

In determining L, ., we modeled the cusp as a homoge-
neous tissue. It is well established that the aortic valve cusp
is a 3-layered structure,” and a more complex model that
takes into account the heterogeneity of this tissue may pro-
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TABLE 3A. Mean cusp thickness in millimeters corrected
for 10% formaldehyde fixation

Cusp Base region Rest of cusp
Left coronary 0.692 +0.111 0.362 + 0.107
Noncoronary 0.812+0.197 0.475+0.124
Right coronary 0.860 + 0.171 0.482 + 0.81

Correction factors for 10% formaldehyde fixation were Base fixed/1.071 =
Base fresh and Rest of cusp fixed/1.215 = Rest of cusp fresh.

vide further insights into the oxygen supply properties. For
example, it is more than likely that the outer, more collage-
nous layers will have lower oxygen diffusivity values than
the middle spongiosa layer. This would probably decrease
the oxygen available to the tissue from the surfaces of the
cusp. Again, these issues highlight the importance of deter-
mining oxygen consumption and oxygen diffusion values
for cusp tissue—and eventually even for the separate layers
within the cusp—if we are to completely understand the
oxygen parameters.

The microcirculation that we have shown to be present
within the cusps can be described as a capillary bed with the
occasional feeding arteriole and venule, according to vessel
diameter.2® It has been found to lie almost completely
within the spongiosa layer, found in the middle of the cusp.
The location of the vessels at the point of the lowest oxygen
level supports the concept that a microcirculation is present
within a cusp because of oxygen diffusion limitations from
the cusp surfaces.

Also noted was a substantial variation in vessel density,
with only 30% of the base region and only 3% of the rest of
the cusp region being vascularized. Considering values
obtained for mean thickness and vessels per square mil-
limeter, the basal regions of the cusp showed similar aver-
age vessel densities of 4.92, 5.07, and 5.14 vessels/mm? for
the left coronary, noncoronary, and right coronary cusps,
respectively. In contrast, the average vessel density for the
rest of the cusp region in all three cusps was approximately
0.659 vessels/mm?>. Because only 30% of the base region
and only 3% of the rest of the cusp were vascularized, how-
ever, averaging the number of vessels over the entire area
created a significant vessel density dilution. In many cases
the vessel density was as high as 15 vessels/mm? per grid
area. Our observation of “blind ends” in the vasculature
within some samples also indicated less than complete fill-
ing at times. This filling problem may explain the 9 cusps
found to be avascular and suggests that our measurements
represent a minimum cusp vessel density. Also in support of
this, on histologic examination vessels not perfused with
Aquablack were seen on several slides (Figure 4), including
slides from those cusps found to be avascular. Such vessels

TABLE 3B. Two-way repeated-measures ANOVA results
(comparing mean cusp thickness in the base region versus
rest of cusp for all three cusps

Pvalue
Thickness
Left coronary versus noncoronary versus .007
right coronary cusp
Base versus rest of cusp <.001
Interaction 576
Tukey test
Left coronary versus noncoronary versus
right coronary cusp
Left coronary versus right coronary .008
Noncoronary versus right coronary 7167
Noncoronary versus left coronary 034
Base versus rest of cusp
Left coronary <.001
Noncoronary <.001
Right coronary <.001

Tukey tests were carried out for significant factors to determine which
cusps were responsible for the significance.

were still only noted in the basal region of the cusps. We
therefore believe that our filling inconsistency resulted in
random error, and even though the actual vessel densities
reported may be low the overall distribution noted is more
than likely real.

Although we have proposed that tissue thickness is a
major factor in oxygen supply and demand, it is likely that
additional factors play a role. The distribution of tissue
stresses may be a significant factor, with ongoing tissue
damage and repair mechanisms being an important deter-
minant of vessel placement because the metabolic activity
of these areas may exceed that of others. These issues will
have to be explored as our understanding of the aortic
valve’s metabolic needs expands.

Our results indicate that the microcirculation within aor-
tic valve cusps plays a role similar to that of the vasa vaso-
rum of the aortic root. When designing tissue-engineered
valve replacements to mimic normal living valve tissue, the
addition of a microvasculature would add a high level of
complexity and may be impractical. However, with a full
understanding of cusp function and anatomy, a successful
avascular replacement device could probably be created as
long as overall thickness was maintained at approximately
0.4 mm. Evidence that an avascular valve implant in this
thickness range can be successful is provided by the cur-
rently used Ross procedure, in which the pulmonary valve
is transplanted to the aortic position. It has been demon-
strated that this thinner valve structure can function well
within the high-pressure environment of the left side of the
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heart, despite the loss of blood supply.2’ This is presumably
because of the pulmonary valve’s ability to obtain adequate
oxygen through diffusion from its surfaces when it is trans-
planted from its native Po, environment of 40 mm Hg to
one of 100 mm Hg surrounding it in the aortic position. Yet
valve cusps are intricate structures, with a delicate balance
of components and subtle changes in design having the
potential for enormous functional effects. Additional stud-
ies that define tissue characteristics, such as cellular density,
as well as oxygen consumption and diffusion properties, are
required to increase our understanding of the native valve
and to assist in the development of a properly designed tis-
sue-engineered valve replacement.

We thank Michael Thornton for assistance with the radio-
graphic thickness measurements, Larry Stitt for statistical review,
and Mount Bridges Abattoir for specimen supply.
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