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Abstract

Cryoinsult-induced osteonecrosis (ON) in the emu femoral head provides a unique opportunity to
systematically explore the pathogenesis of ON in an animal model that progresses to human-like
femoral head collapse. Among the various characteristics of cryoinsult, the maximally cold
temperature attained is one plausible determinant of tissue necrosis. To identify the critical isotherm
required to induce development of osteonecrosis in the cancellous bone of the emu femoral head, a
thermal finite element (FE) model of intraoperative cryoinsults was developed. Thermal material
property values of emu cancellous bone were estimated from FE simulations of cryoinsult to emu
cadaver femora, by varying model properties until the FE-generated temperatures matched
corresponding thermocouple measurements. The resulting FE model, with emu-bone-specific
thermal properties augmented to include blood flow effects, was then used to study intraoperatively
performed in vivo cryoinsults. Comparisons of minimum temperatures attained at FE nodes
corresponding to the three-dimensional histologically apparent boundary of the region of
osteonecrosis were made for six experimental cryoinsults. Series-wide, a critical isotherm of 3.5°C
best corresponded to the boundary of the osteonecrotic lesions.
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Introduction

Femoral head osteonecrosis is a debilitating disorder characterized by collapse of the weight-
bearing osseous lattice, followed by joint degeneration. Because this condition affects a young
patient group (average age 30—40 years), the last-resort treatment option of total hip
replacement is often unsatisfactory (Mont et al. 2000). Systematic exploration of candidate
joint preservation methods and of new reparative treatment options has been hindered by the
lack of an animal model that reliably demonstrates human-like femoral head collapse. While
traditional animal models of osteonecrosis such as dogs, rabbits, and rats do develop
histologically apparent osteonecrosis, as quadrupeds these species are able to load protect the
affected limb and therefore do not progress to frank femoral head collapse (Conzemius and
Brown 2001).
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By contrast, the emu shows great promise as an animal model of necrotic femoral head collapse
because emus, as bipeds, lack the ability to load-protect a study limb. Additionally, their high
activity level involves relentless joint loading (Troy et al. 2007). In previous work with this
model, osteonecrosis has been induced by liquid nitrogen cryoinsult (Conzemius et al. 2002;
Reed et al. 2004). Although not an etiologic factor clinically, there is ample laboratory
precedent for using cryoinsult to induce ON in dogs (Dailiana et al. 2001) and in rabbits
(Keijser et al. 1999). Moreover, focal osteonecrotic lesions resulting from cryoinsult to the
emu femoral head are very consistent with human disease pathophysiology (Goetz et al.
2005).

The (cylindrical) cryoprobe design used in the emu model of ON is 2.5 millimeters in diameter
and consists of a closed loop of concentric tubing, in which liquid nitrogen is circulated to an
exposed metallic tip. The system includes active electrical heating along the shaft to allow
delivery of a cryoinsult emanating nearly point-wise from the probe tip (Reed et al. 2003). Two
probe-mounted copper-constantan thermocouples monitor temperature during the cryoinsult,
one at the exposed tip and one on the resistance-heated shaft. Through use of specific cryoinsult
time/temperature parameter sets, well-prescribed necrotic lesions can be created for controlled
study of lesion geometry.

In quantitative analyses of cryosurgery in other applications, freeze rate, coldest temperature,
and thaw rate have all been argued to influence particular mechanisms of cell death (direct
cellular injury or indirect perfusion interruption) and therefore tissue viability (Gage and Baust
1998; Hoffmann and Bischof 2002; Baust and Gage 2005). While rates of temperature change
and duration of cryoinsult are sometimes viewed as independent influence factors, the coldest
temperature attained has received the most attention as the dominant parameter for local tissue
necrosis during single cryoinsult events (Gage et al. 1985). Indeed, analytical focus on the
attainment of a particular extremum tissue temperature has been a very frequent approach,
sometimes referred to as the “critical isotherm protocol’ (Rewcastle et al. 1998): tissue necrosis
due to cryoinsult, all other factors being equal, depends on the coldest temperature achieved
locally.

Directly monitoring whole-femoral-head spatial distributions of temperature during
intraoperative cryoinsult to emu cancellous bone is not practicable experimentally.
Alternatively, transient temperature distributions can be reasonably estimated from numerical
models. Various mathematical models of cryoinsult, developed mostly within the context of
cryoablative cancer treatment, are frequently used for modeling heat transport through semi-
homogenous high-water-content soft tissues such as the prostate gland, kidney, and liver (Rabin
and Shitzer 1998; Rewcastle et al. 1998; Wan et al. 2003). Such models usually include the
Pennes bioheat equation, which describes heat transfer in blood-perfused tissue, and are
implemented numerically with finite difference, finite element, or finite volume techniques.

In the present study, a finite element model was developed to calculate temperature
distributions in emu femoral head cancellous bone during intraoperative cryoinsults. These
temperature data were then compared to histologically apparent distributions of osteocyte
necrosis, in order to estimate the critical temperature associated with local induction of
osteonecrosis.

Finite Element Model

A thermal finite element (FE) model was developed of a cryoprobe embedded in an emu
proximal femur (Figure 1A). The FE model was formulated as an axisymmetric (two-
dimensional) problem because the cryoprobes used intraoperatively were cylindrical and
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conducted heat radially 360° around the probe. Using PATRAN software (MSC, Santa Ana,
CA) for mesh generation, the probe was modeled as embedded in a region approximating the
shape of the emu proximal femur (including the femoral head, neck, and antitrochanter) with
a one-element-thick cortical shell around the entire femur. The femur, in turn, was modeled as
being inside a semi-infinite matrix representing either in vitro testing conditions (a large
reservoir of agarose gel) or in vivo surgical conditions (inside the emu pelvis). The entire model
was meshed with four-noded axisymmetric rectangular elements (ABAQUS type DCAX4),
with mesh density concentrated around the tip of the cryoprobe. All analyses were run in
ABAQUS 6.5.1 (ABAQUS, Inc., Providence, RI).

Nodes at the outer edge of the cortical shell were constrained to hold the ambient temperature
throughout the cryoinsult simulation: 24°C for in vitro bench top testing, and 38°C for
intraoperative cryoinsult. To drive the model, temperatures that had been recorded from the
tip- and shaft-mounted thermocouples during the experimentally performed cryoinsults were
assigned to spatially corresponding FE nodes.

For the cryoprobe materials, agarose, air, and blood, thermal material properties (density p,
specific heat ¢, and conductivity k) were straightforwardly assigned from handbook values
(Table 1). In the case of the bone, however, experimental data for specific heat and thermal
conductivity are available only for mammalian species, and only at or above room temperature.
Phylogenic class differences (avian vs. mammalian) of mineralization and trabecular density
might plausibly cause the thermal material behavior of emu bone to differ from that of
mammals. Therefore, as part of the model development, it was decided to determine apparent
material properties of emu cancellous bone during cryoinsult, as described below.

Thermal Property Determination

Bench top cryoinsults were performed in four cadaver emu femurs stripped of all soft tissue.
A 4-millimeter diameter hole was drilled from the lateral side of the proximal femur into the
center of the femoral head to accommodate the cryoprobe. Four 1.8-millimeter diameter holes
were drilled nominally parallel to and at various distances from the main cryoprobe hole.
Copper/constantan thermocouples supported by 1.6-millimeter diameter rods of Ultem
polymer (GE Plastics; Pittsfield, MA) were inserted through these smaller drill holes (Figure
1B) until direct contact was made with the bone (or marrow). The femoral head was then
embedded in a cylindrical agarose gel block (115 mm diameter, 60 cm long) to provide thermal
inertia during the cryoinsult. A single freeze/thaw event was performed with the probe tip
temperature held at —45°C for 5 minutes, followed by a passive return to room temperature.
Temperature measurements from the four bone-embedded thermocouples and the two probe-
mounted thermocouples (tip and shaft) were recorded using LabVIEW software (National
Instruments, Austin TX).

Following the experiment, the femoral head was cut open to measure the radial and axial
positions of each thermocouple relative to the probe tip. Nodes in the FE mesh most closely
corresponding to these locations were identified for comparison with experimentally measured
temperature data. To allow for possible small errors in measurement of thermocouple position,
as well as for instances in which the thermocouple locations fell between FE nodes, all nodes
within a one-millimeter uncertainty envelope extending in all directions around the node most
coincident with the thermocouple were also monitored.

Beginning with provisional values for specific heat and thermal conductivity, assumed equal
to those of mammalian bone, temperature histories computed at nodes corresponding to
experimental thermocouple locations were compared with temperature recordings made from
the cadaver emu femurs. The provisional thermal material properties of the cancellous bone
were then iteratively adjusted in subsequent runs of the model so as to bring the computed
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temperatures at the thermocouple nodes into close consonance with the temperatures recorded
during physical testing (Figure 2). Since previous cryoinsult models have indicated that
temperature-dependent material properties must be used to obtain accurate thermal histories
at the boundary between necrotic and viable tissue (Rabin 2000;Hoffmann and Bischof
2001;He and Bischof 2005), temperature-dependent material properties, based on the
temperature dependence of ice (Fukusako 1990), were implemented for bone colder than 0°C.
These thermal material properties of emu cadaveric cancellous bone from the FE model of the
bench top series were then used in FE models of intraoperative cryoinsults.

The FE models for in vivo intraoperative cryoinsults also included the effects of blood perfusion
in the cancellous bone, by including a Pennes bioheat generation term Qy in the cancellous
bone thermal property definition: Qp = n(Tj)ChppWh(Thody=T1). In this equation, 7 is a binary
switch that precludes heat generation if the tissue is frozen (n=1 if T>0°C — thawed, and n=0
if T<0°C — frozen) (Reed et al. 2003), ¢y, is the specific heat of blood, py, is the density of
blood, wy, is the rate of blood flow, estimated as 18.18 mL/min/100gm (Jones et al. 1982),
Thody is the normal emu body temperature (38°C) (Maloney and Dawson 1993), and T is the
local nodal temperature.

Intraoperative Cryoinsults

Intraoperative cryoinsults were performed in six anesthetized emus in accordance with an
IACUC-approved protocol. During each surgical procedure, a cryoprobe was inserted into the
femoral head through a 4-millimeter diameter drill tract made through the lateral femoral
cortex, until the probe tip made flush contact with the bone at the end of the tract (Figure 3).
Each of the six experimental emus received cyclic cryoinsults consisting of three events of a
nine-minute freeze (one bird each to —10°C, —30°C, —40°C, —50°C, and two birds to —20°C),
with each freeze being followed by passive thaw back to 30°C (requiring typically 2 — 10
minutes), and then by five minutes of equilibration time. Temperatures at the tip and on the
shaft of the cryoprobe were continuously monitored during both the freeze and thaw portions
of the cryoinsult. After a one-week period to ensure the histologic manifestation of cryo-
induced osteocyte death (Gage et al. 1966;Keijser et al. 1999), the animals were euthanized
and their femurs harvested for analysis.

Histologic Evaluation

Although non-invasive imaging assessments (x-ray and MRI) are useful clinically, the most
definitive assessment of osteonecrosis for quantitative research purposes is documentation of
loss of osteocyte viability at the microscopic level. In order to delineate the region of tissue
necrosed by the cryoinsult, semi-automated quantitative histologic analysis was applied to the
entire femoral head to obtain a three-dimensional mapping of fractional osteocyte viability.
Prior to excision of the head from the proximal femur, two parallel fiducial holes 1.6 millimeters
in diameter, 10 millimeters apart were drilled through the emu femoral neck in a roughly
anterior-to-posterior direction. To prevent these holes from distorting during subsequent
processing of the specimen and for later three-dimensional reconstruction of serial section
histology, the fiducial holes were filled with cylindrical dowels cut from a partially dehydrated
potato. The femoral head was embedded in a paraffin block and serially sectioned through its
entire thickness. Five-micron-thick sections were selected at 0.5-millimeter intervals, affixed
to microscope slides, and stained with Wiegert’s hematoxylin and eosin.

Stained sections were placed on a stepper-motor-driven microscope stage (StagePro, Prior
Scientific, Rockland, MA) and imaged in 8-bit grayscale through the microscope’s 10x
objective lens using a digital camera (QICAM, Qlmaging, Burnaby, BC, Canada). Each whole-
head cross-sectional scan involved approximately 2200 high-resolution (1040 x 1392 pixels)
images of 0.485 x 0.637 millimeter tissue sub-regions. Each such image was evaluated for
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percentage of viable osteocytes (viability being defined as the presence of a cell nucleus in a
lacuna) using a semi-automated grading program purpose-written in Matlab (Goetz et al.
2005).

Once all sub-images from a given head section were thus evaluated, a 2D osteocyte viability
map was generated. A volumetric dataset of osteocyte viability throughout the femoral head
was then assembled from the sets of 2D viability maps (corresponding to sets of serial histology
sections) by stacking them in 3D, using the dowel-marked fiducial locations for alignment
(Figure 4). The osteonecrotic lesion was defined as the region of the femoral head with less
than 50% osteocyte viability (Koo et al. 1999). The outer boundary of this region was
determined with respect to the axis of the cryoprobe drill tract. Temperature extrema at nodes
corresponding to this boundary were extracted from the FE model output file (Figure 5).

Using FE-derived temperature-dependent values of specific heat and thermal conductivity for
emu cancellous bone (Table 2) resulted in FE-generated temperature curves that were able to
achieve close concordance with experimentally measured temperatures (series-wide whole-
freeze/thaw cycle average error = 0.51°C) (Figure 6).

For each intraoperative cryoinsult, the coldest temperatures attained at the nodes closest to the
edge of the necrotic lesion were averaged, resulting in six independent estimates of the critical
isotherm corresponding to the boundaries of the six respective necrotic lesions (Table 3).
Directly averaging these six individual lesion-boundary isotherms in turn yielded a single
overall critical isotherm value of 0.9°C. However, the particular experimental trial with the
—50°C cryoinsult temperature involved a critical isotherm estimate significantly colder than
those for the other five trials. This —50°C trial unfortunately had a malfunction of the shaft-
insulating heating element, allowing cryogenic temperatures to develop along much of the
length of the cryoprobe shaft. While a seemingly valid FE solution could still be generated for
this case, its temporal/spatial pattern of cryoinsult propagation differed appreciably from those
of the other five more point-concentrated cryoinsults. By disregarding this single aberrant trial,
the variance associated with averaging the trial-specific critical isotherms was substantially
decreased, from 7.0°C to 3.4°C, and the value of the apparent critical isotherm was moderated
to 3.5°C. Using this latter value of 3.5°C as the preferred critical isotherm, series-wide the
lesion boundary was correctly predicted from the FE model (Figure 7) to within a root mean
squared error of less than 1.3 millimeters along the full length of the lesion boundary, and the
total fractional volume of head necrosis was correctly replicated to within 2% (Table 4).

Discussion

Temperature distributions were determined by means of finite element analysis because the
depth of the femoral head within the emu body cavity precluded direct measurement of
cancellous bone temperature without extensive, potentially lethal, surgical exposure.
Comparisons of the extremum temperatures attained at FE nodes corresponding to
histologically defined lesion boundaries allowed estimation of the apparent critical isotherm
necessary for inducing osteonecrosis in the emu femoral head.

Intuitively, temperature is the single cryoinsult parameter most significantly influencing tissue
survival. Studies in a variety of tissues have determined that the critical isotherm for onset of
necrosis in vivo (Table 5) is much warmer than the —40°C to —50°C critical isotherms typically
recommended to assure complete ablation of tumor cells (Baust et al. 1997;Gage and Baust
2002). The explanation for the relatively warm critical isotherm presently estimated for
necrosis of emu cancellous bone (3.5°C) is in large part that the >50% osteocyte death criterion
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conventionally used for osteonecrosis (Ficat 1985;Koo et al. 1999) constitutes a very relaxed
standard relative to a guaranteed 100% loss of cell viability required for therapeutic tumor
cryoablation.

One important limitation of the present study lies in attributing the extent of the necrotic lesion
entirely to the coldest tissue temperature attained, without accounting for other cryoinsult
parameters (e.g. rate of temperature change or time spent at cryogenic temperatures) which
may also impact tissue viability (Gage et al. 1985). Individual biological variation in response
to cryoinsult, slight functional differences in individual cryoprobes, and small histological
processing artifacts may also have affected the results. While backing out effective material
properties specifically for emu bone did account for the composite nature of the emu bone,
these properties were obtained assuming flush contact of the probe tip with the bony bed, a
condition that cannot be known for certain during experimental cryoinsults. The computational
treatment of heat generation due to blood perfusion in bone was formulated somewhat more
simplistically in this work than typically has been necessary in models of cryoinsult to well-
hydrated soft tissue (Zhao et al. 2007) owing to the relatively small role that blood perfusion
heating has been shown to have in bone (Reed et al. 2003). While the accumulation of tissue
damage in cyclic freeze/thaw events can change a tissue’s effective constitutive properties
(Gill etal. 1968), the present cryoinsult model used a single heat generation definition (to model
blood perfusion) with a single set of temperature-dependent material properties. While
necessarily an approximation, this single thermal material property definition was deemed
reasonable in this particular cryoinsult environment because information about “active’ tissue
thermal material property changes immediately following cryoinsult was unavailable.

Despite these several limitations, the present histology-linked FE model of cryoinsult to emu
cancellous bone allowed for good replication of lesion geometric characteristics. The 0.9°C
critical isotherm value allowed the FE model to estimate maximum lesion radii that were always
within 0.7 millimeter of the histologically measured maximum lesion radius, and volumetric
head involvement fractions that were always accurate to within 10%. When the —50°C outlier
case with the heating element malfunction was excluded, yielding an apparent critical isotherm
of 3.5°C, the predictive ability of the model further improved. Using this warmer critical
isotherm, the model was able to estimate maximum lesion radius to within 1.1 millimeters of
the histologically determined maximum radius, and it was able to estimate the head-fractional
volume to within 2%. Root mean squared errors were small, indicating that the critical isotherm
paradigm afforded good prediction of the shape of the lesion boundary along the entire length
of the lesion.

The use of a histology-linked FE model made it possible to investigate temperatures and
temperature changes in a region that could not feasibly be monitored intraoperatively. The use
of fully 3D spatial mapping to histologically evaluate osteocyte viability is a novel method for
quantifying tissue damage following cryoinsult, allowing for confident delineation of the lesion
boundary. Going forward, in the context of the emu model of femoral head osteonecrosis, the
utility of having identified a critical isotherm is that it enables credible prediction of lesion
patterns resulting from specific cryoinsults. Conversely, and perhaps more importantly, it also
allows for identification of the cryoinsult parameters needed to create lesions of a desired size
or shape.
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B Probe-mounted

Thermocouples

_Cryoprobe

Ultem Rods

External
Thermocouples

Femoral Shaft

(Medial)

A.) Two-dimensional (axisymmetric) mesh used for finite element analysis. The geometry of
the probe (see inset for detail) reflects the geometry of the outer portion of the cryoprobe used
intraoperatively. Ultem is a low-thermal-conductivity polymer used to insulate the stainless
steel (SS316) tip from the actively heated shaft. The epoxy and the Teflon tubing seal the
cryoprobe. During intraoperative simulations, the area around the probe marked as air was
modeled as blood. B.) Schematic of thermocouple arrangement during bench top experimental
cryoinsult. Thermocouples glued to Ultem rods were positioned with their junctions near the
tip of the cryoprobe. Following testing, the locations of the external thermocouples were
measured with respect to the tip of the cryoprobe. The Ultem mounting rods were not

represented in the FE model.
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Figure 2.

Illustrative example (for a single thermocouple channel) of the effects of changing emu bone
thermal properties on the agreement between FE generated and experimentally generated
temperature information. Because specific heat is treated as a temperature-dependent property
in the model, the above values for specific heat of emu cancellous bone (cy,) are averages over
the range of temperatures defined in the model. The center image shows the best agreement
between measured and FE generated temperatures. The right and left images show the effects
of a specific heat value that is too low (left) or too high (right).
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Figure 3.

Fluoroscope image of intraoperative cryoprobe positioning (left). The depth of the femoral
head within the emu body required imaging through large amounts of soft tissue, thereby
degrading image clarity. Because it is difficult to discern the outline of the emu femur, it has
been traced on the right.
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Figure 4.

Illustration of the 3D viability mapping assembly. Two-dimensional maps of osteocyte
viability were stacked in 3D to get a volumetric data set of osteocyte viability. The lesion
(shown in dark) edge was determined relative to the drill tract (white space in the center of the
necrotic lesion).
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Radial Distance

Distance

Figure 5.

Identification of FE nodes corresponding to the edge of a necrotic lesion. Prior to identification
of the nodes, the boundary of the necrotic lesion was rotated and translated so as to be aligned
with the distal end of the probe tip.
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Figure 6.

Representative comparisons between four different thermocouple-measured temperatures and
the corresponding FE temperatures. While there was very good agreement for the close-to-
probe site (A), FE estimated temperatures at other more remote thermocouple locations had
some larger disparities (C). Series-wide, the maximum instantaneous error in any one of the
channels in any of the FE runs was 4.3°C. Maximum errors in all of the other FE-thermocouple
pairs (13 pairs) were always less than 4.3°C, and the instantaneous errors over the freeze and
thaw averaged 0.51°C (about 4.5% of the total temperature change).
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Figure 7.

Prediction of lesion boundary in the —30°C trial by identification of the critical isotherm at the
nodes in the FE model. The nodes most closely corresponding to the histological lesion
boundary are circled in black, and the nodes identified by the critical temperature are circled
in gray. The lesion boundary is a 4t order polynomial fit to nodes with the critical isotherm.
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Table 1
Thermal property values assigned to the model for the materials in the cryoprobe and the surrounding structures.

Proierties of bone are described in context in Table 2.

Stainless Steel 316 7.90 12.97 0.46
Ultem 1.28 0.13 2.00
Teflon 2.15 0.25 1.00
Epoxy 1.29 0.30 1.17
Air 0.0013 0.0243 1.0005
Adarose Gel 1.00 0.59 4.18
Blood 1.06 1.60 - Frozen 3.89
1.06 0.51 - Thawed 3.89
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Page 18

Critical isotherms determined for each experimental trial. Standard deviations improved with the omission of the critical
temperature corresponding to the —50°C trial.

Exp Hold Temgeraturgl Average Critical Temgeraturgl

—10°C —1.9°C
—20°C 4.8°C
—20°C 5.4°C
—30°C 2.5°C
—40°C 6.7°C
—50°C -11.9°C
Exd
Average 0.9°C/35°C
Standard Deviation 7.0°C/3.4°C

*:

*
Without outlier at -50°C
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