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Abstract
Investigation of femoral head osteonecrosis would benefit from an animal model whose natural
history includes progression to bony collapse of a segmental necrotic lesion. The bipedal emu
holds attraction for systematic organ-level study of collapse mechanopathology. One established
method of experimentally inducing segmental lesions is liquid nitrogen cryoinsult. Four cryoinsult
parameters – hold temperature, freeze duration, freeze/thaw repetition, and thaw duration - were
investigated to determine their individual and combined effects on resulting necrotic lesion
morphology. 3D distributions of histologically-apparent osteocyte necrosis from 24 emus
receiving varying cryoinsults were used to develop univariate and multivariate linear regression
models relating resulting necrotic lesion morphology to particular cryoinsult input parameters.
These models were then applied to predict lesion size in four additional emus receiving differing
input cryoinsults. The best multivariate regression model predicted lesion volumes that were
accurate to better than 8% of overall emu femoral head volume. The hold temperature during
cryoinsult was by far the most influential cryoinsult input parameter. The utility of this
information is to enhance the consistency and predictability of cryoinsult-induced segmental
lesion size for the purposes of systematic laboratory studies at the whole-organ level.
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Introduction
The watershed clinical event in femoral head osteonecrosis (ON) is bony collapse of the
normally spherical femoral head as a result of structural compromise within a localized bone
infarction. Since clinical presentations vary so widely (e.g., lesion size/location and
etiology), systematic investigation of treatment and prevention strategies is best performed
in animal models in which consistent osteonecrotic lesions are artificially induced. The
bipedal emu appears to be a useful model of ON due to its development of human-like
microscopic ON pathology and its progression to human-like necrotic femoral head
collapse.1 One established method1,2 for creating experimental necrotic lesions is liquid
nitrogen cryoinsult. Although artificial, this insult modality is more effective for creating a
focal lesion than clinically-encountered induction methods, such as systemic steroids.3
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Experimenter-controlled cryoinsult parameters include hold temperature, freeze duration,
thaw duration, and freeze/thaw repetition. Presumably, differing combinations of parameters
would result in cryoinsults of different severities, therefore creating different volumes of
necrotic tissue.

The effects of individual and specific combinations of cryoinsult parameters on soft tissue
ablation have been extensively investigated, both at the cellular and at the tissue levels.
Investigations of breast, renal, and prostate cancer cell lines demonstrated increased cell
death with colder temperatures, with additional freeze cycles, or with longer freeze duration.
4-6 Studies of intact soft tissues (liver, skin, kidney) showed similar results, with the added
finding that slow thaw time increased cell death.7-10 However, reports on the effects of
specific cryoinsult parameters have sometimes been conflicting. For example, Woolley et al.
11 found that thaw rate had a minimal impact on the amount of ablated renal tissue, whereas
Neel and DeSanto12 found that the thaw rate was an important parameter affecting tumor
tissue viability.

Effects of cryoinsult parameter sets on tissue viability vary by tissue type. In a study using
an identical set of cryoinsult parameters in kidney, liver, and lung tissue, the ablation region
extended 21 mm, 8 mm, and 12 mm away from the cryoprobe center, respectively.13

Because the effects of cryoinsult parameters are so tissue specific, cryoinsult-induced
segmental lesion creation in cancellous bone cannot be predicted from soft tissue
experience. To determine the specific effects of cryoinsult parameters on emu cancellous
bone, for the purposes of establishing control over the size of osteonecrotic lesions induced
during a surgical cryoinsult procedure, a parametric series of intraoperative cryoinsults was
performed. The necrotic lesion resulting from each cryoinsult was evaluated using a novel
3D histology method. Univariate and multivariate linear regression models were developed
to explore the effects of individual and specific combinations of cryoinsult parameters on the
morphology of the induced necrotic lesion.

Methods
3D Histological Evaluation

In an IACUC-approved procedure, 28 emus received a cryoinsult to the right femoral head
by means of a cryoprobe14,15 inserted through a lateral surgical approach. The animals were
divided into 5 different cryoinsult groups. 24 animals divided into 4 groups (Groups 1-4)
comprised a teaching set, which was used to determine the effects of individual cryoinsult
input parameters on lesion size (Table 1). The remaining 4 animals comprised a testing set
(Group 5), which was used to evaluate the predictive ability of regression models developed
from the teaching set data, to estimate the effects of cryoinsult input parameters on resulting
necrotic lesion size.

One week after surgical cryoinsult, the animals were euthanized, and the proximal third of
the operated femur was harvested and fixed in formalin. Using a custom alignment fixture,
each femur was potted vertically in PMMA to establish registration. A guide was used to
drill two parallel AP-directed fiducial holes (10 mm apart, 1.6 mm in diameter) through the
femoral neck. The femoral head was then separated from the proximal femur by two
orthogonal saw cuts made lateral and distal to the fiducial drill holes. The fiducial holes
afforded registration of subsequent histology sections. To prevent distortion of the relatively
small fiducial holes in the coarsely trabeculated emu cancellous bone during histological
processing, two dowels of partially dehydrated potato were inserted into the holes after
decalcification to serve as fiducial markers. Specimens were then embedded in paraffin and
serially sectioned through the entire head in the coronal plane, perpendicular to the fiducial
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markers. 5-micron sections selected at 1-mm intervals through the entire head were stained
with Weigert's hematoxylin and eosin.

Slides were digitized in grayscale on a stepper-motor-driven microscope stage (StagePro,
Prior Scientific, Rockland MA), resulting in ∼2200 tif files of tissue sub-regions per section,
each 0.485 × 0.637 mm (Fig. 1). Every tissue sub-region that included mineralized bone was
evaluated for osteocyte viability (percentage of nuclei-filled lacunae) using a custom-written
Matlab (MathWorks, Natick, MA) program.3,15 Sub-regions that were empty of mineralized
bone (e.g. marrow space or drill tract) were marked as vacant. Once all sub-region images
comprising a given histological section were evaluated, the resulting 2D data array mapped
osteocyte viability over the entire histology section. Per the criterion of Koo et al., a sub-
region was defined as necrotic if <50% of its osteocytes were viable.16 Adjacent viability
maps from a given femoral head were rotated and translated so as to align the fiducials on
each section, and thereby register the planar viability data in the 3rd dimension (Fig. 2).

For consistency of subsequent lesion geometry calculations, a drill tract-based coordinate
system was adopted. Within the necrotic region in each 2D histology section, the
coordinates of the largest patch of sub-region images that had been categorized as vacant
indicated the drill tract. The z-axis for the tract-based coordinate system was defined by a
principal component analysis straight-line fit to those drill tract centroids in 3D space. The
lesion was nominally axisymmetric as a result of being induced by a cylindrical probe, so
the other principal axes of the lesion were not readily identifiable. Therefore, the lesion x-
axis was defined by vectorially crossing the lesion z-axis with the global x-axis (horizontal
direction in the plane of histological sectioning), and the lesion y-axis was defined by
crossing the lesion z-axis with the lesion x-axis. This tract-based coordinate system was
centered at the (leading) tip of the drill tract (Fig. 2).

Next, a smoothed lesion surface was defined by fitting a series of circles to the lesion
boundary at 1-mm increments along the z-axis. The volume enclosed by this smoothed
lesion surface was calculated by numerical integration. Lesion volumes were restricted to
include only the necrotic bone distal to the tip of the cryoprobe, plus the necrotic volume
along the distal-most 13 mm of the drill tract. This avoided including bone that had been
collaterally damaged by the drilling operation prior to cryoprobe insertion. The percentage
of the femoral head involved in each lesion was then calculated by dividing lesion volume
by the volume of an average emu head (approximated as a 25-mm diameter sphere).
Maximum lesion radius and the length of lesion extension past the end of the drill tract were
also recorded. These four outcome variables (two volumetric and two linear) were
associated with the particular set of cryoinsult parameters that had been used to create the
lesion.

Regression Analysis of Cryoinsult Parameters
To model the effects of each individual cryoinsult parameter on lesion morphology, linear
regression was performed on the outcome variables from each of the four teaching groups.
Each such univariate linear regression model used as its input either cryoinsult hold
temperature, freeze duration, number of freeze/thaw cycles, or thaw duration, and reported
as its output either histologically-measured lesion volume (in mm3), percent femoral head
involvement, maximum lesion radius (in mm), or lesion extension past the end of the drill
tract (in mm).

To estimate the lesion morphology that would be generated by a given combination of
cryoinsult parameters, multivariate linear regression models using all four cryoinsult input
variables were also fit to the outcome data variables. Additionally, the Best Subsets option in
Minitab 15 (Minitab Inc. State College, PA) was used to screen additional multiple
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regression models that used fewer input parameters in different combinations. This was
intended to eliminate the effects of overfitting17 and identify the simplest feasible model.18

The best one-, two-, and three-input regression models were selected based on the adjusted
R2 value (larger being a better fit), the standard error (smaller being a better fit), and the
Mallow's Cp value (closer to the number of variables in the model being a better fit).19 All
regression models were initially (internally) validated on the teaching set to verify
performance, and then were applied to the data from Group 5 (the testing set) to estimate the
predictive ability of the respective models.

Results
Approximately 20 2D serial histology sections were analyzed per emu femoral head.
Analysis of each head required ∼25-30 hours for scanning and ∼30 hours for osteocyte
viability grading and 3D reconstruction. The osteonecrotic lesions created in the parametric
study occupied 3% to 20% (Fig. 3) of the femoral head volume, and maximum lesion radii
ranged from 3 to 6.9 mm (Fig. 4). The necrotic lesions extended as far as 7.4 mm past the tip
of the drill tract.

Linear regression performed on the individual cryoinsult groups revealed varying effect
sizes. Necrotic lesion volume increased significantly and nearly linearly with a decrease in
cryoinsult hold temperature. Increasing the number of freeze/thaw repetitions slightly
increased lesion volume. However, lesion volumes increased only minimally with longer
freeze or thaw durations. Comparisons of R2 values and the regression equation slopes
across all four groups indicated that the cryoinsult hold temperature was by far the most
dominant cryoinsult parameter affecting lesion size (Figs. 3 & 4). The low R2 values
calculated for cryoinsult freeze/thaw repetition, and especially for freeze duration and thaw
time, indicated minimal association between these cryoinsult parameters and lesion volume
(over the parameter space investigated).

The four-input multivariate linear regression model best describing lesion volume was:
Volume = -292 − 25.3*Temp + 72.9*Cycles + 27.5*TimeFreeze + 7.4*TimeThaw, where
volume is expressed in mm3, temperature is expressed in °C, cycles is expressed as the
number of freeze/thaw repetitions, and time is expressed in minutes. Only the coefficient in
this equation associated with the temperature input variable was significant (p < 0.05). The
lack of significance of the coefficients associated with the other inputs indicated that these
variables did not detectably influence the model's ability to predict lesion volume. The
similarity in temperature coefficients in the four-input (-25.3) and single-input (-25.8)
regression models indicated that the additional cryoinsult input parameters made small
contributions to lesion volume prediction beyond what was predictable by hold temperature
alone.

Because using all of the input parameters did not improve the predictive ability of the
regression model over what was achievable with hold temperature alone, models with fewer
of these non-contributing variables merited exploration. The best one-, two-, and three-
variable models identified using the Best Subsets function in Minitab were:

Volume = 190−25.8* Temp

Volume = 123−24.2* Temp + 23.5*TimeThaw

Volume = −324−25.8*Temp + 86.6*Cycles+28.9*TimeFreeze

These reduced-input regression models and the full four-input regression model were run on
the 24 specimens from the teaching set (Groups 1-4) to determine the quality of each model
in terms of its ability to accurately fit the lesion volumes. The four different lesion volumes
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estimated for each specimen by the different regression models were similar to each other,
typically differing by <10% of the specimen's histologically measured lesion volume.

Agreement between the regression-inferred versus the histologically-determined lesion
volumes was expressed both as a percentage of the histologically measured lesion volume,
and as a percentage of overall emu femoral head volume. All four regression models were
able to predict lesion volumes to within ±25% of the histologically measured lesion volume
in 16 of 24 heads with no specific trend for over- versus under-estimation of lesion size.
Errors in regression-estimated lesion volumes corresponded to 0.1% to 5.9% of the femoral
head volume, a small enough bone fraction to seemingly have little influence on the
propensity for necrotic femoral head collapse.

The multivariate regression models were then used to estimate lesion volumes for the four
femoral heads in Group 5 (Fig. 5). The full four-input model estimated lesion volumes were
accurate to within 25to 35% of the histologically measured lesion volume (average 30%
error), which corresponded to 1 to 7% of total femoral head volume. Again, there was no
specific trend for over- versus under-estimation of lesion size. Because the reduced-input
regression models were not confounded by overfitting experimental noise, they were slightly
more accurate in predicting lesion volumes. Specifically, the regression model using hold
temperature and thaw time performed best in terms of estimating lesion volumes in Group 5.
This particular model estimated lesion volumes accurate to within 8 to 32% of measured
histologically-measured lesion volume (average 20% error), which, depending on the size of
the lesion, corresponded to an error of 1 to 8% of total femoral head volume.

Discussion
For purposes of a well-controlled animal model of femoral head ON, the ability to
systematically modulate segmental lesion morphology is critical. The amount of
osteonecrotic tissue generated by a given cryoinsult was histologically evaluated based on
the cryoinsult parameters of cryoinsult hold temperature, freeze duration, number of freeze/
thaw cycle repetitions, and thaw duration. Effects of changes to these parameters were fit by
linear regression models. Both single and multivariate regression analyses indicated that
cryoinsult hold temperature was by far the most influential input parameter in terms of
altering the morphology of the resulting necrotic lesion.

Hold temperature is a factor that intuitively would have substantial impact on the volume of
the necrotic lesion created. The small changes in lesion volume resulting from changes in
the other three cryoinsult parameters may have been a product of the smaller influence of
these factors on cell death, or of the fairly narrow parameter ranges that were investigated,
or perhaps both. However, the individual insult parameter ranges needed to be restricted to
what was practical experimentally,1 especially in terms of intra-operative time and
anesthesia duration. In the soft tissue cryoablation, additional freeze time or thaw time and
additional cycles of repetition increase the fraction of dead cells within a frozen region,
without appreciably increasing the geometric size of that frozen region.10,11,20 Considering
that evidence, it is plausible that the effects of the freeze and thaw duration on the lesion
volume were not fully apparent in our work because only the region of <50% osteocyte
viability was considered. Had the volumes of 25% or 0% osteocyte viability been studied,
freeze/thaw duration or repetition might have demonstrated more of an effect. However, the
<50% criterion of Koo et al.16 is the most widely accepted histological criterion for
osteonecrosis, and therefore it was the definition used in this work.

The cryoinsult parameter sets used in the testing set (Group 5) included different parameter
combinations than those used in the teaching groups. Applying the same multivariate
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regression models to cryoinsults consisting of different parameter combinations necessarily
assumed identical effects of each input variable, independent of changes to the other
variables. This assumption appeared to be reasonably valid because the multivariate linear
regression models were capable of estimating accurate lesion volumes (mean error of 20%
of histologically-measured volume), even for those specimens with cryoinsult parameter sets
that were not included in any of the teaching groups. The errors involved represented
clinically negligible amounts of bone (1-8% of emu femoral head volume).

Inclusion of more specimens in the teaching set, for purposes of being able to fit the
regression models to more data points, might have helped improve determination of the
contributions from cryoinsult parameters other than the hold temperature. It was clear,
however, that the effects of hold temperature were greatly predominant, so having higher
significance for the “small effect” cryoinsult parameters had to be balanced against animal
usage and analysis time required per specimen. While analysis time could have been
substantially reduced by organ-level MR imaging, correlations between MRI signal and
actual tissue-level pathology remain controversial, even for the well-investigated situation of
human clinical cases.21-23

Another limitation to this work relates to the cryoinsult surgery itself. In a few instances, due
to cryoprobe placement (ideally juxta-articularly within the main weightbearing tract), the
region of necrosis extended slightly outside the bony tissue available for analysis (i.e. into
the cartilage). Because of this factor, some of the volumes measured with the 3D histology
method may have been artifactually low. These instances of volume underestimation would
have had the greatest influence on conclusions made when exploring the cryoinsult
parameters individually, because of a smaller number of data points (5-10) used to develop
the univariate regression models. By developing the multivariate regression models from all
of the lesions, the higher number of data points (24) served to moderate potential bias
associated with these occasional low-volume measurements.

Linear regression models were able to reasonably correlate the histologically measured
lesion volume data with the four cryoinsult input parameters. From these models, the hold
temperature at the cryoprobe tip was the predominant parameter influencing the volume of
necrotic cancellous bone. Similar to existing reports in the cryoablation literature, freeze
duration, number of freeze/thaw cycle repetitions, and thaw duration had a much smaller
influence on tissue viability. Therefore, when choosing a parameter set to produce an
experimental necrotic lesion of a particular size in (emu) cancellous bone, it would be most
effective simply to control the cryoinsult hold temperature, rather than to perform complex
and lengthy cryoinsult procedures involving multiple repetitions of intricately-timed freeze/
thaw cycles.
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Figure 1.
Reconstruction image of a femoral head section scan. Rectangular regions show the
individual tissue sub-region images captured for this particular section. These high-
magnification images (inset) were evaluated for osteocyte viability.
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Figure 2.
Steps in the analysis of a cryoinsult-induced lesion. First, serial histology sections were
evaluated for percentage of osteocyte viability in 2D (Left). Next, the fiducial markers were
used to rotate and align adjacent sections for stacking in 3D (Middle). Finally, the necrotic
lesion was isolated from the femoral head and transformed to a drill tract-based coordinate
system. The fitted boundary was then used for lesion volume calculation (Right). The
osteonecrotic lesion corresponds to the zone of <50% osteocyte viability.
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Figure 3.
Effects of individual cryoinsult input parameters on necrotic lesion volumes. Each plot
corresponds to one of the teaching series groups (Groups 1-4). The labels near each data
point report the volume of the necrotic lesion as a percentage of the femoral head volume.
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Figure 4.
Effects of individual cryoinsult input parameters on maximum necrotic lesion radius. Each
plot corresponds to one of the teaching groups (Groups 1-4). The overall trend in maximum
lesion radius was similar to that of total lesion volume.
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Figure 5.
Errors in prediction of Group 5 lesion volume by regression models using different numbers
of input variables. The one-variable model used temperature only, the two-variable model
used temperature and thaw time, and the three-variable model used temperature, number of
freeze/thaw repetitions, and freeze time.
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