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Assessing Anticalcification Treatments in
Bioprosthetic Tissue by Using the New Zealand
Rabbit Intramuscular Model

Gregory A Wright,* Joelle M Faught, and Jane M Olin

The objective of this work was to demonstrate that the New Zealand White (NZW) rabbit intramuscular model can be used for
detecting calcification in bioprosthetic tissue and to compare the calcification in the rabbit to that of native human valves. The rabbit
model was compared with the commonly used Sprague-Dawley rat subcutaneous model. Eighteen rabbits and 18 rats were used
to assess calcification in bioprosthetic tissue over time (7, 14, 30, and 90 d). The explanted rabbit and rat tissue discs were measured
for calcium by using atomic absorption and Raman spectroscopy. Calcium deposits on the human valve explants were assessed by
using Raman spectroscopy. The results showed that the NZW rabbit model is robust for detecting calcification in a shorter dura-
tion (14 d), with less infection complications, more space to implant tissue groups (thereby reducing animal use numbers), and a
more metabolically and mechanically dynamic environment than the rat subcutaneous model . The human explanted valves and
rabbit explanted tissue both showed Raman peaks at 960 cm™ which is representative of hydroxyapatite. Hydroxyapatite is the
final calcium and phosphate species in the calcification of bioprosthetic heart valves and rabbit intramuscular implants. The NZW

rabbit intramuscular model is an effective model for assessing calcification in bioprosthetic tissue.

Abbreviations: BHV, bioprosthetic heart valve; FET, formaldehyde-ethanol-Tween 80; NZW, New Zealand White.

Because of their outstanding durability, mechanical heart
valves were 1 of the first replacement valves used in humans.
However, drawbacks to mechanical valves include patient com-
plaints regarding the noise the valve makes and the risk of life-
long anticoagulation therapy.** Currently bioprosthetic heart
valves (BHV) are 1 of the most common medical devices used
to replace damaged mitral and aortic heart valves in men and
women 65 y and older.”

A leading drawback to BHV is dystrophic calcification, which
is typically the primary failure mode for these devices." Calcifi-
cation in BHYV is believed to be caused by multiple factors, with
glutaraldehyde (used to crosslink the tissue), residual cellular
debris, and mechanical stress as the major factors. Patient fac-
tors including diabetes, renal failure, atherosclerosis, and calcium
metabolism disorders can be important contributors as well.™*
BHYV are designed by using bovine pericardium, porcine valve
leaflets, and porcine pericardium or dura mater; the most com-
mon tissues used are bovine pericardium and porcine valve leaf-
lets.* Preventing or delaying calcification of BHV is an ongoing
research dilemma of biomedical device companies. A 1982 study
assessed explanted human valves that had been treated with glu-
taraldehyde only and found that calcification was the main cause
of valve explantation and valves typically lasted only 9 1/2 y on
average.® To increase the durability and delay the onset of calci-
fication of glutaraldehyde-treated valves, researchers and heart
valve manufacturers began developing anticalcification treat-
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ments. In early studies, chemical compounds like protamine were
used to block charged chemical groups and thus reduce calcifica-
tion in glutaraldehyde-treated BHV." Other treatments used etha-
nol, AICL, FeCl,, L-Hydro, and osteopontin."*%3 Many of these
treatments were either proven ineffective or were not able to be
manufactured. Effective new anticalcification treatments current-
ly available commercially include o-amino oleic acid (Medtronic,
Minneapolis, MN), an ethanol-based treatment (Linx, St Jude
Medical, St Paul, MN), and a process involving formaldehyde,
ethanol, and Tween 80 (ThermaFix, Edwards Lifesciences, Irvine,
CA)."12 However, young adolescents and patients with calcium
metabolic disorders still receive mechanical valves due to rapid
calcification of BHV implants in these patient groups.?

An animal model is necessary to assess the effects of anticalci-
fication treatments on bioprosthetic tissue in a short and effective
timeframe. When assessing anticalcification tissue treatments,
the animal models used are typically rats and rabbits. Wistar and
Sprague-Dawley rats and New Zealand White (NZW) rabbits
are the strains of choice.>” Small animals are chosen because they
are inexpensive, the tissue calcifies in a short period of time, the
surgical procedure requires minimal pain and discomfort, and the
animals are easy to care for.” Typically, the BHV leaflet tissue is cut
into discs or is used as whole leaflets and implanted subcutane-
ously in either rats or rabbits. Typical study duration to assess an-
ticalcification efficacy in the rat model varies from 90 d to 6 mo.?#!
The Sprague-Dawley rat is one of the most common models used
to assess BHYV tissue calcification properties.”” The NZW rabbit
model is another small animal model available, but to date only
the subcutaneous route has been used for tissue biocompatibility
and toxicology in drug efficacy studies only.



Large animal models used to assess the safety and efficacy of
BHYV have included pig, sheep, cows, and nonhuman primates,
but the primary model currently used is the juvenile sheep.* The
juvenile sheep is a robust model that performs similarly to hu-
mans with regards to hemodynamics, valve annulus sizing, and
thrombogenicity."!° A typical safety and efficacy study in juvenile
sheep lasts 20 wk.* The drawbacks to using sheep to assess anti-
calcification treatments are the large sample size needed to dem-
onstrate statistically significant differences, high surgical costs,
and high animal-care costs.

The age of the animal is important when assessing the calcifica-
tion potential of BHV tissue. Compared with their older counter-
parts, juvenile animals demonstrate higher calcium metabolism
because of bone-building, organ function, and structural tissues.”
Ways to assess calcium metabolism in small animals include mea-
suring skeletal length and bone growth relative to sexual matu-
ration.*? In Wistar rats, bone growth increased from 276 pm/d
in 21-d-old weanlings to 330 um/d in 35-d-old rats.’**> The bone
growth spurt in the rats began to slow, falling to 85 um/d by day
80, with full maturity by 24 wk. Compared with rats, rabbits ma-
ture more slowly, reaching maturity by 34 wk of age. A study
involving 17 male and 12 female NZW rabbits assessed growth of
the tibia and femur, assessing the correlation of tibial and femoral
lengths and sexual maturity in rabbits.* This knowledge helps
researchers assess the progressive growth and maturity of rabbits
as they change from juvenile to adults.?® This type of assessment
may be important for understanding how intramuscular implants
calcify in juvenile (6- to 8-mo-old) rabbits.

The NZW rabbit intramuscular model offers a particular ad-
vantage for assessing tissue calcification properties. Epinephrine
in rabbits had a higher absorbance and diffusion rate when in-
jected intramuscularly compared with subcutaneously. The in-
tramuscular region in rabbits has a rich vascular supply due to
the high density in the latissimus dorsi compared with the sub-
cutaneous of either rats or rabbits. The vascular transport mecha-
nisms of muscle allow it to respond to foreign material (such as
BHYV tissue) more efficiently than the response to subcutaneous
implants.* The intramuscular region also offers a more mechani-
cally dynamic environment than the static subcutaneous region,
better mimicking some of the stresses on a tissue that a BHV tis-
sue might endure when implanted in humans.

Many analytical methods are used to assess the type of calci-
fication that occurs in arteries or bioprosthetic tissue; currently
gaining popularity is near-infrared Fourier transform Raman
spectroscopy.* This method measures light scattered inelastically
from photons.*’ Elastically scattered photons have the same en-
ergy (frequency) and therefore wavelength as the incident beam.
However, a small fraction of light (approximately 1 in 107 pho-
tons) is scattered at optical frequencies different from, and usually
lower than, the frequency of the incident photons. This process of
inelastic scattering of photons is called Raman scattering, which
can occur with a change in vibrational, or rotational, or electronic
energy of the molecule being studied. The difference in energy
between the incident photon and the Raman-scattered photon is
equal to the energy of a vibration of the scattering molecule, such
as calcium or phosphate. A plot of intensity of scattered light ver-
sus energy difference is called a Raman spectrum. When used to
assess the type of calcification in BHV, Raman spectroscopy has
been shown to be effective in analyzing the presence of calcium
phosphate species and, when combined with a calcium assay,

Rabbit intramuscular calcification model

the relative calcium:phosphate ratios.® The most common type
of calcification is the mineral hydroxyapatite [Ca (PO,),(OH),].
Roughly 70% of all bone is composed of hydroxyapatite.® By us-
ing Raman spectroscopy (830 nm), hydroxyapatite was found at
wavelengths of 960 to 1200 cm™ in human explanted BHV.* Oth-
er calcium-phosphate combinations found on explanted human
heart valves include carbonate apatites, octacalcium, dicalcium,
and amorphous calcium phosphates.® Nascent calcification in
biologic tissues goes through phase transformations of unstable
calcium-phosphate salts to more stable calcium phosphate salts,
ultimately maturing into hydroxyapatite.”? Raman spectroscopy
can be applied to a variety of different morphologies, giving it a
unique advantage when analyzing biologic samples, which are
generally mixtures of fluids, tissues, and mineral deposits.** Ra-
man analysis requires minimal preparation of biologic samples
and is nondestructive to the sample. In the current study, near-
infrared Fourier transform Raman spectroscopy was used to de-
tect the presence of calcification in bioprosthetic valves explanted
from humans and in bioprosthetic valve tissue from intramuscu-
lar rabbit explants.

The objective of this study was to validate the rabbit intramus-
cular model for assessing the calcification potential of biopros-
thetic tissue. The outcome of this study was to assess the length
of study (days) necessary to see significant differences in calcifica-
tion among 3 test groups and 1 control group, compare the type
of calcification seen in the rabbit model with that of human valve
explants (Raman spectroscopy), and to correlate the rabbit model
to human BHYV calcification.

Materials and Methods

Tissue preparation for animal implants. Bovine pericardial tis-
sue was acquired from a local slaughter house and treated in a
production facility (Edwards Lifesciences, Irvine, CA). The tissue
was processed aseptically in a sterile clean room where excess fat
and damaged tissue was removed from the pericardial sacks. All
material for test and control tissue groups was fixed in 0.625%
glutaraldehyde for 14 d and treated with formaldehyde—ethanol-
Tween 80 (FET) solution at 3 g/L. Tissues for test groups then
were processed a second time in FET solution at either 1 g/L (test
group 1) or 10 g/L (test group 2). Treated tissue then was cut into
8-mm discs by using a biopsy punch. The use of FET in the test
groups acts as an anticalcification treatment and a bioburden re-
duction step. Tissue for the control group did not undergo the
second FET treatment.

Animals. This study was approved in advance by the institu-
tional animal care and use committee at Edwards Lifesciences and
was performed in an AAALAC-accredited facility. Male NZW
rabbits (n = 45; age, 8 wk) were acquired from Western Oregon
Rabbitry (Philomath, OR). The rabbits were housed individually
or in pairs, depending on the size of the rabbits. The rabbits were
allowed to acclimate for 6 d after receipt. Before their use in the
study, the rabbits” health was evaluated by a trained animal care
technician or the attending veterinarian. The rabbits were fed a
high-fiber commercial diet (LabDiet 5325, Newco Distributors,
Ranch Cucamonga, CA) once daily and received water through
an automatic watering system ad libitum. The rabbit room was
maintained at 16.7 to 22.2 °C on a 12:12-h photoperiod, and hu-
midity was kept between 30% and 70% with a minimum of 12 to
15 air changes per hour.
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Male and female weanling Sprague-Dawley rats (n = 60; age,
21 to 28 d) were acquired from Charles Rivers Laboratories (Hol-
lister, CA.) The rats were housed in pairs until they reached a
weight of 500 g, at which time they are housed separately. The
rats were housed on hardwood bedding (Sani-Chips, Newco Dis-
tributors), and cages were changed on a weekly basis. PVC tubes
were placed in each cage for enrichment activities. Before begin-
ning the study, the rats” health was evaluated by a trained animal
care technician or the attending veterinarian. The rats were fed
a certified rodent diet (LabDiet 5002, Newco Distributors) once
daily and were given water through glass bottles. The rat room
was maintained on a 12:12-h photoperiod at 17.8 to 26.1 °C, and
humidity was kept between 30% and 70% with a minimum of 10
to 15 air changes per hour.

Implantation and explant retrieval of tissue in rats and rabbits.
Each rat and rabbit was assigned a number, randomized by using
Excel (Microsoft, Redmond, WA), and weighed. At implantation,
rats weighed 20.9 to 31.3 g and rabbits weighed 1.8 to 2.7 kg.

All surgery was performed by using aseptic techniques. Anes-
thesia was induced in rabbits by using ketamine hydrochloride
(35 mg/kg IM; Phoenix Pharmaceuticals, Burlingame, CA) and
xylazine hydrochloride (2.5 mg/kg IM; Phoenix Pharmaceuti-
cals) and maintained by using isoflurane (2% or to effect; Phoenix
Pharmaceuticals) delivered through a face mask. Each rabbit’s
back was shaved and sanitized by using 0.05% chlorhexidine.
An incision was made through the skin and into the latissimus
dorsi muscle, and the tissue sample was inserted between the
muscle layers. Each rabbit received six 8-mm samples (2 from
each control and test group). The rabbits were evaluated for pain
postoperatively and the following day by looking for panting,
self-inflicted wounds, lethargy, lack of appetite, and lack of activ-
ity; flunixin meglumine (0.1 mL IM; Banamine, Schering-Plough,
Kenilworth, NJ) was administered as needed to control pain and
discomfort. Only 2 rabbits received analgesia

Rabbits were humanely euthanized at 7+2,14+2,and 30+4 d
after implantation by using sodium pentobarbital (1 mL; 390 mg/
mL, Virbac, Fort Worth, TX) intravenously. The tissue samples
were harvested from the intramuscular region along the spine, ex-
amined visually for infection and calcium, placed in 10% buffered
formalin, and sent for X-ray evaluation.

Each rat’s back was shaved and sanitized by using 0.05% chlo-
rhexidine. Rats were anesthetized with isoflurane (2% or to effect;
Phoenix Pharmaceuticals) delivered by face mask. An incision
was made through the skin along the rat’s back; blunt dissection
was used to expose the subcutaneous region. Tissue samples were
inserted into the subcutaneous region, and each rat received three
8-mm samples (1 from each control and test group). Rats were
observed for signs of pain or discomfort for 48 h after surgery; bu-
prenorphine hydrochloride subcutaneously (0.01 to 0.05 mg/kg;
Buprenorphine, Rickett Benckiser, Hull, England) was provided
asneeded. At 14 =2 and 90 + 4 d after implantation, rats were eu-
thanized in a CO, chamber. Tissue samples were harvested from
the subcutaneous region along the back, examined for infection
and calcium, placed in 10% buffered formalin, and sent for X-ray
evaluation (MX20, Faxtitron, Lincolnshire, IL). Radiography of
the calcified tissue assists in determining the dilution required
before analyzing each sample (see next section).

Calcium analysis. Elemental calcium was analyzed by using
atomic absorption spectroscopy (AA200, Spectra, Varian, TX).
Each explanted tissue sample was dried by using a lyophilizer
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and then digested by using HNO,. The dry weight of each sample
was recorded in milligrams. Each sample then was diluted with
phosphate buffer to an appropriate amount based on X-ray scor-
ing so that the absorbance fell along the standard curve of the
assay and analyzed by atomic absorption spectroscopy. Calcium
values are reported as micrograms of calcium per milligram of
dry tissue.

Collection of Raman spectroscopy samples. Several ex-vivo
spectra of explanted human aortic valve samples and a subset
of three 8-mm bovine pericardial tissue disks from intramus-
cular rabbit explants (day 30) were analyzed by using Fourier
transform—Raman spectroscopy. Segments of tissue were cut into
approximately Imm fragments and placed on a glass microslide
with 10% formalin solution and sealed with a glass cover slip.
At the time of Raman spectral analysis, samples were analyzed
(Nexus 6700/NXR FT-Raman Spectrophotometer, ThermoSci-
entific, San Jose, CA) at room temperature. The excitation laser
source consisted of a 1064-nm yttrium vanadate (Nd:YVO,) solid-
state laser, a calcium fluorite (CaF,) beam splitter (13,500 to 1200
cm™) and an indium-—gallium-arsenide detector at room tempera-
ture. The Raman spectra of the tissue were processed by using
Nicolet Omnic version 8.0 software (ThermoScientific, Waltham,
MA). Spectra were collected directly through the glass coverslips
without interference. Every spectrum had a 1-min collection time
with 8 cm™ spectral resolution. Fourier transform-Raman mi-
croscopy has a spatial resolution of 50 um and no fluorescence
interference.

Representative images were taken of the explanted rabbit sam-
ple and human valve were obtained by using a stereomicroscope
(Wild M8) with a camera head (DS-5M, Nikon, ) and control unit
(DS-L1, Nikon).

Statistics. Analysis of variance was performed by using Sta-
graphics (Statpoint Technologies, Warrenton, VA) to compare the
differences in mean calcium values between the rat and rabbit at
each time point time at the 95% confidence interval (P < 0.05).

Results

Calcium analysis. Radiography revealed visible calcification on
all explanted samples, with the exception of rat test groups 1 and
2 at day 14 and rat test group 1 at day 90. For all tissue explanted
from both rabbits and rats, the control and test group 1 differed
significantly (P < 0.05; Table 1), as did the control and test group
2. In addition, 2 rabbit explanted samples had fibrous encapsula-
tion, and 5 rat explanted samples showed necrotic tissue, infec-
tion, and encapsulation. Infection of the tissue was present at day
90 but not day 14.

Raman analysis. A sharp band at 960 cm™ was considered an
indicator of mineralized hydroxyapatite plaque. This spectral
feature was reproducible for all 3 human aortic valve samples
and intramuscular rabbit 30-d explanted samples. All calcified
regions of the valves and intramuscular rabbit implants were
verified by X-ray radiographs. Through comparison with the
standard library of Raman spectra (Aldrich, Thermo Fisher Scien-
tific, Waltham, MA), the calcified sites were identified as calcium
hydroxyapatite, Ca, (PO,),(OH), (Figure 1). Traces of organic ma-
trix, such as collagen, were seen in the range of 2800 to 3100 cm™.
Representative images were taken of the explanted rabbit sample
(Figure 2) were obtained.



Rabbit intramuscular calcification model

Table 1. Amount of calcium (ug Ca*/ mg dry tissue; mean + 1 SD; n = 10 per group) in rat subcutaneous and rabbit intramuscular explanted biopros-

thetic tissue as measured by atomic absorption spectroscopy

Rabbit Rat
7d 14d 30d 14d 90d
Control 6.1+7.1 62.1+55.7 63.3£36.5 16.9 £20.6 107.6 £104.4
Test group 1 47+24 26.0+£30.1 31.4+£292 0.3+0.2 0.7+0.2
Test group 2 3.8+29 13.8+13.7 449+353 0.6+0.5 21.2+0.2
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Figure 1. Raman spectral map of intensity versus Raman shift (cm™) col-
lected from a human explanted valve (purple), rabbit intramuscular ex-
plant (red), and the spectrum from the Raman standards library (green).

Figure 2. Explanted rabbit intramuscular tissue disc, day 90 (white re-
gion indicates hydroxyapatite). Magnification, x9.

Discussion

Rabbit and rat subcutaneous implants have been used routine-
ly for screening candidate materials for anticalcification for heart
valve materials.®! In 1 report,® rabbit subcutaneous implants
showed greater calcification at all time points than did the wean-
ling rat model. In addition, intraocular implants tested in subcu-
taneous and intramuscular sites indicated that the intramuscular
implants had greater mineralization.? Our current study obtained
similar results by using bovine pericardial implants with antical-
cification treatments. In all comparable test groups, rabbit intra-

muscular samples had significantly higher calcium content than
did rat subcutaneous samples, and mineralization was apparent
at earlier time points in the rabbit model. Given the extremely
low levels of calcium seen at day 14, rats were not explanted at
day 30. Our results support the conclusion that the rabbit intra-
muscular model is preferable over the rat subcutaneous model
for evaluating calcification at shorter durations. The increased
responsiveness of the intramuscular location compared with the
subcutaneous may reflect the increased metabolic activity of the
muscle, resulting in higher calcium metabolism and deposition.
Another advantage of rabbits is that because of their larger body
size, more samples can be implanted safely in their intramuscular
region and therefore fewer animals are required for each study.
In the present study, we implanted 6 samples in rabbits and 3
samples per rat, but 8 to 10 samples can be implanted into a NZW
rabbit, and a maximum of 4 samples per animal can be implanted
in SD rats.®

The results of Raman spectroscopy show a promising way to
differentiate normal and calcified tissue in aortic valves and rab-
bit intramuscular implants. The type of calcification in the rabbit
intramuscular samples was identical to that of explanted biopros-
thetic valves from human patients. A Raman spectrum can be used
to create a molecular fingerprint of a particular tissue and classify
its calcification pattern. This process enables 2 different models
to be compared with respect to calcification type and structure.
For example, in octacalcium phosphate or a similar mineral, the
main phosphorus-oxygen stretch occurs at 955 cm™, whereas in
an amorphous calcium phosphate, a broad band occurs at 945
cm™. In this study, a sharp band at 960 cm™ was an indicator of
mineralized hydroxyapatite plaque. In general, the sharpness of
the peak can indicate the crystallinity and uniqueness of the min-
eralization, as opposed to an amorphous or highly-disordered
mineralization.® The Raman spectra collected in the current study
provide a molecular fingerprint of mineralized tissue explants,
demonstrating that both the human valve explants and the rabbit
intramuscular implants mineralize to form hydroxyapatite.

The rat model had a higher infection rate (5 samples) compared
with the rabbit model (0 samples). One of the infected rat explant-
ed samples was cultured and found positive for Staphylococcus
spp. The cause of infection was unclear, but rats occasionally were
seen biting at the implant site. Both the rat subcutaneous and rab-
bit intramuscular models offer various advantages for assessing
the effects of anticalcification treatment on bioprosthetic tissue.
In the current study, the unique advantage of the NZW rabbit
model was the ability to detect significant differences in calcifica-
tion much earlier (that is, at 14 d) than in the rat (90 d). Further-
more, because of their size, rabbits can be implanted with more
tissue samples than can weanling SD rats. This advantage allows
for increasing the number of tissue samples implanted while de-
creasing the number of animals used. The NZW rabbit model
also may offer a more metabolically and mechanically dynamic
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environment compared with the static subcutaneous region of
the rat model.

The rabbit model correlated well with the human explanted
valves, demonstrating that both models calcify over time and
produce hydroxyapatite as their final calcium species. Humans
continue to regenerate bone until age 65 y; rabbits continue to re-
generate bone until 53 mo.” This regeneration of bone requires in-
creased levels of bone morphogenic proteins, calcium, phosphate,
and multiple hormones, which is why adults younger than 65 y
and rabbits younger than 53 mo demonstrate early calcification
in bioprosthetic tissue. The rabbit model is just 1 of many choices
researchers have regarding assessing the calcification potential of
bioprosthetic tissue and efficacy of novel anticalcification treat-
ments.

In conclusion, the study assessed the rabbit intramuscular
model as a way of detecting calcification in bioprosthetic tissue.
The study showed that the model is robust in detecting and high-
lighting differences between tissue treated with anticalcification
treatments and that treated with glutaraldehyde only.
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