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FOREWORD
Joseph A. Buckwalter, M.D., Chair, Department
of Orthopaedics and Rehabilitation.

The Orthopaedic Research and Education Founda-
tion (OREF) is dedicated to advancing the specialty of
orthopaedics through support of research and education.
In 1995, recognizing the importance of encouraging
clinical research in orthopaedics, the OREF established
the OREF Clinical Research Award. The award is given
annually in recognition of outstanding clinical research
related directly to musculoskeletal disease or injury.

For their efforts to delineate the relationship between
trauma and osteoarthritis, Drs. Donald Anderson, ]J.
Lawrence Marsh and Thomas Brown were awarded
the 2011 OREF Clinical Research Award. Their paper
entitled “The Pathomechanical Etiology of Post-traumatic
Osteoarthritis Following Intra-articular Fractures” was
presented by Dr. Anderson at the 57th Annual Meeting
of the Orthopaedic Research Society in Long Beach,
California on January 15, 2011. He described an exten-
sive series of studies in which the authors developed
and validated a novel method of measuring the sever-
ity of intra-articular fractures; they then applied this
method to the study of patients. These measurements
are based primarily on the energy released at the time of
fracture, and are calculated from digital image analysis
of CT scans. The authors also developed and validated a
method of measuring cumulative articular surface con-
tact stress elevation following intra-articular fractures,
using computational models derived from post-articular
fracture reduction CT scans. They then applied these
methods to study patients who suffered intra-articular
fractures of the distal tibial articular surface. Subsequent
work demonstrated that both of these measures predict
the development of osteoarthritis: That is, fracture ener-
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gies above an identified threshold predictably presaged
osteoarthritis within two years; and cumulative contact
stress due to intra-articular incongruity above a defined
threshold also preceded development of post-traumatic
osteoarthritis within two years. This innovative work has
stimulated investigations by other research groups and
has encouraged new efforts to prevent the development
of osteoarthritis following joint injuries.

This is the third OREF Clinical Research Award
received by University of lowa Department of Orthopae-
dics and Rehabilitation investigators. Stuart Weinstein,
M.D. received the award in 1998 for his work on the
“Natural History and Long Term Outcomes of Treat-
ment of Pediatric Orthopaedic Conditions.” Drs. John
Callaghan, Douglas Pedersen, Richard Johnson and
Thomas Brown received the OREF Clinical Research
Award in 2003 for their study entitled “The Clinical
Biomechanics of Wear in Total Hip Arthroplasty.” These
awards document the commitment of the Department of
Orthopaedics and Rehabilitation to translational research
that will improve patient care.

ABSTRACT

Many intra-articular fracture patients eventually
experience significant functional deficits, pain,
and stiffness from post-traumatic osteoarthritis
(PTOA). Over the last several decades, continued
refinement of surgical reconstruction techniques
has failed to markedly improve patient outcomes.
New treatment paradigms are needed - ideally,
bio/pharmaceutical. Progress in that direction has
been impeded because the pathomechanical etiol-
ogy of PTOA development is poorly understood. In
particular, the relative roles and pathomechanisms
of acute joint injury (from the initial trauma) ver-
sus chronic contact stress elevation (from residual
incongruity) are unknown, primarily because there
have been no objective methods for reliably quan-
tifying either of these insult entities. Over the past
decade, novel enabling technologies have been
developed that provide objective biomechanical
indices of injury severity and of chronic contact
stress challenge to fractured joint surfaces. The
severity of the initial joint injury is indexed primar-
ily on the basis of the energy released in fracture,
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obtained from validated digital image analysis of
CT scans. Chronic contact stress elevations are
indexed by patient-specific finite element stress
analysis, using models derived from post-reduction
CT scans. These new measures, conceived in the
laboratory, have been taken through the stage of
validation, and then have been applied in studies
of intra-articular fracture patients, to relate these
biomechanical indices of cartilage insult to the
incidence and severity of PTOA. This body of work
has provided a novel framework for developing and
testing new approaches to forestall PTOA following
intra-articular fractures.

INTRODUCTION: THE CLINICAL PROBLEM

Post-traumatic osteoarthritis occurs following a variety
of joint injuries.? It ensues most commonly and predict-
ably following injuries that disrupt the articular surface.’
Data from our institution indicate that roughly 12% of
patients presenting with OA of the hip, knee, or ankle
have a history of prior joint trauma.* Despite the best cur-
rent efforts at treatment, OA develops in as many as 25%
of patients after fractures of the acetabulum,>® between
23% and 44% after intra-articular fractures of the knee,”®
and in more than 50% of patients with fractures of the
tibial plafond.*? Clinical experience has been that 30%
of ankles develop radiographic evidence of significant
OA within 24 years after a tibial plafond fracture'® with
an associated reduction in general and ankle-specific
health status.!* By 5-11 years after injury, the incidence
increases to 74%.%

The factors that increase the risk of PTOA after a joint
injury have largely eluded meaningful quantification.
Most data on the subject have been subjective, anecdotal,
and/or based on limited retrospective reviews. PTOA
following an intra-articular fracture has been attributed
to the initial joint injury'®!” and to elevated cartilage
stresses from residual surface incongruity.’*' Neither of
these two plausible factors has been amenable to reliable
quantification. The severity of the articular injury may
well be a primary determinant of outcome, but based
on clinical experience, reduction of displaced articular
surface fragments has been considered the most impor-
tant factor leading to a good outcome. Still, case-specific
prognoses remain largely speculative.

Tibial plafond fractures are an ideal injury in which
to assess the roles of injury severity and chronic contact
stress elevation in the pathogenesis of PTOA. OA very
frequently develops following ankle trauma, but rarely
occurs primarily. Both the amount of articular commi-
nution and the quality of obtained articular reduction
exhibit a wide degree of variability,"! providing ample
opportunity to study how these factors influence out-
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comes. Finally, as stated above, PTOA occurs following
a majority of tibial plafond fractures, often within one or
two years after injury.

Our research group has combined the complemen-
tary expertise and interests of clinical investigators and
laboratory bioengineers to address these challenges.
Enabling technologies that provide objective mechanical
indices of acute cartilage injury and of chronic elevated
contact stress have been developed in the laboratory,
and applied to prospective clinical series, to provide
insight into the mechanical etiology of PTOA following
intra-articular fractures.

Both the fracture severity assessment and the chronic
contact stress assessment originate from firm physical
foundations. Both are implemented using state-of-the-art
computer techniques, both have undergone rigorous
physical validation, and both have been successfully
applied to prospective patient series. The severity of
the initial joint injury is indexed on the basis of the
mechanical energy released in bony fracture, obtained
from digital image analysis of CT scans. Chronic contact
stress elevations are indexed by patient-specific finite
element (FE) stress analysis, using advanced nonlinear
models derived directly from post-reduction CT scans.

PART I: THE ROLE OF ACUTE
FRACTURE SEVERITY

The difficulty of controlling for the influence of in-
jury severity has been a major confounding factor in
clinical studies of intra-articular fracture treatments. It
is a broadly accepted viewpoint within the orthopaedic
trauma community that “the extent of bone, cartilage,
and soft tissue damage is directly related to the energy
imparted to these structures”® (Figure 1). Yet, the en-
ergy involved in producing a given injury has not been
measurable, making assessment of the severity of the
injury inexact, subjective, and largely empirical.

To scientifically assess the effect of treatment of any
condition, an investigator must be able to measure per-
tinent (patho)physiologic variables. The joint injury in
articular trauma is traditionally assessed using categori-
cal fracture classifications.? These classifications at best
allow only crude assessments of injury severity, and
they have been shown to have very poor inter-observer
reliability.?? In the presence of comminution, we* (and
others) have shown that categorical assessments are
virtually useless for clinical research. Thus, the relation-
ship between fracture severity and eventual outcomes
remains very poorly understood.

To address this knowledge gap, in 1998 our group
introduced the concept of relating the degree of bony
comminution to the amount of energy delivered at the
time of injury.?* The basic idea - grounded in principles of
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Figure 1. These radiographs illustrate the tibial plafond fracture
severity spectrum. Simple intra-articular fractures result from low
energy impacts (left). As energy increases, the fractures become
more complex, with greater comminution (right).

engineering fracture mechanics - was that the mechani-
cal energy absorbed in producing a fracture is converted
to de novo surface energy of the fracture fragments. CT
scans, acquired routinely for many articular fractures,
provide the opportunity to directly measure de novo in-
terfragmentary surface area, from which surface energy
can be quantified. For studying PTOA in tibial plafond
fracture cases, the primary utility of fracture energy is as
a metric of the cartilage-injurious energy pulse that must
have crossed the articular surface to create the bony
fracture. Over the ensuing decade, we have pursued this
fracture energy paradigm as a novel means to quantify
injury severity in intra-articular fractures.

Laboratory apparatus for controlled comminution
energy delivery

To first resolve several methodological issues arising
in this new paradigm, studies® were begun to develop
and evaluate a brittle polymer foam material which mim-
ics pertinent aspects of natural bone’s impact behavior:
propensity to shatter into fragments of sizes and shapes
resembling those seen in human comminuted fractures,
tendency to produce more fragments which are smaller
and sharper as energy absorption is increased, order-
of-magnitude similarity of intrinsic material mechanical
properties, and similarity to natural bone’s radiographic
CT appearance. Working with a specialty vendor, the
fracture behavior of various polymer foam compositions
and processes were systematically evaluated, under con-
trolled impact conditions. We settled on a high-density,
closed cell polyurethane foam. Finely sieved BaSO,
doping of the resin was used to replicate the radiopac-
ity of bone.

In the course of this work, specialized experimental
capabilities were developed to physically quantify the
energy of fractures produced under controlled labora-
tory conditions. An instrumented drop tower impact
system was designed and built to study bone (and bone

surrogate) fracture comminution.? Impact tests with
the bone fracture surrogate showed a very close linear
proportionality (R? = 0.94) between de novo fragment
surface area and delivered impact energy, very much
as would be expected on theoretical grounds.?

Digital image analysis for automated
measurement of interfragmentary surface area

Next, special purpose image analysis capabilities were
developed to automate the task of interfragmentary
surface area measurement in CT images.?”” Accurate
segmentation to distinguish bone from its surrounding
tissues within CT images poses significant technical
challenges, due to similar attenuation characteristics be-
tween neighboring tissues. This is especially true where
metaphyseal articular fracture fragments that are not
cleanly bounded by cortex abut one another, producing
barely distinguishable fracture lines.

Our original fracture fragment segmentation efforts?
implemented a seeded region-growing algorithm, which
was highly accurate geometrically, although it later
proved cumbersomely slow for clinical application.?
Subsequently, a semi-automated intensity thresholding
algorithm was developed® which provided comparable
accuracy, but with a nearly 100-fold speed gain. This
analysis routine runs on a desktop personal computer,
and it operates with conventional CT image data encoded
in standard DICOM file format.

Bone margins are identified slice-by-slice in CT da-
tasets (Figure 2). Multiplication of the bone perimeters
(endosteal, periosteal, and subchondral) in a given CT
slice by that slice’s thickness yields the bone surface
area over the slice volume. Summing areas across all
slices provides the total amount of bone free surface
area. Finally, it is necessary to subtract the pre-existing
intact bone surface area from the fractured area to
determine the de novo interfragmentary surface area.
Precisely machined cubes of the polyurethane foam sur-
rogate were used as a gold standard for establishing the
accuracy of these measurements.

Interfragmentary surface area measurement in a
comminuted fracture

Experiments were next performed using bovine corti-
cal bone.?* We hypothesized that fragment sets resulting
from replicate equal-energy impacts would have similar
interfragmentary surface areas, whereas fragment sets
from impactions at different energy levels would have
correspondingly different interfragmentary areas. After
accounting for the through-pass energy, three study
groups (n=12 each) were verified to have received dis-
tinctly different fracture energies. Intact bone specimens
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Figure 2. Bone perimeters (matched intact & fractured), plotted along the length of the distal tibia, show how the fracture energy measure is
calculated. Inset: CT slice from fracture case, with identified tibia bone fragment edges.

were CT-scanned prior to impact. After fracturing, the
fragments were CT-scanned encased in BaSO,-doped
resin (to mimic the CT intensity of soft tissue).

Despite the highly idiosyncratic nature of the in-
dividual fragmentation patterns, the de novo surface
area generated in the specimens that absorbed greater
energy was significantly higher (p<0.0001) than that
in the lower energy groups (Figure 3), with energy-
proportional linearity (R=0.83). Further, consistent with
fracture mechanics theory, fragment size distributions
for the three groups followed the same principles of
comminution observed in other brittle materials: greater
energy absorption produced a greater number of frag-
ments, of correspondingly smaller size.

Incorporation of bone density heterogeneity into
the fracture energy determination

The fracture energy assessment technique was then
extended for use in human clinical cases.®> A key dif-
ference between the surrogate material and human
bone tissue is the latter’s heterogeneity. Since the
energy-absorbing capacity of bone is both density- and
age-dependent,®% bone density-based weighting was in-
tegrated into the algorithm. Formal fracture energy was
calculated by multiplying the interfragmentary surface
area times the energy release rate (G, units of Joules/
m?), a material property that quantifies the energy
required to liberate a given surface area. Theoretical
and experimental work with bone from various animal
species had shown G to be directly proportional to the
first power of apparent density.®
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Figure 3: Controlled fracture experiments performed in bone showed
a highly linear relationship between CT-inferred fracture energy and
the physically measured energy absorbed in fracture. Inset: The data
also showed that fragment sizes correlated with fracture energy,
shifting from predominantly larger fragments at lower energies to
smaller fragments at higher energies. [Adapted with permission
from Anderson DD et al. Quantifying tibial plafond fracture severity:
absorbed energy and fragment displacement agree with clinical rank
ordering. J Orthop Res. 26:1046-52, 2008.4°]

Ideally, bone density would be regressed pixel-by-
pixel, based on CT Hounsfield intensities along fragment
edges. As a practical matter, however, partial volume
effects and high intensity gradients at the edge often pre-
clude reliable scaling using this approach. Therefore, the
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Figure 4. Depiction of the fragment displacement /dispersion met-
ric calculation. [Adapted with permission from Anderson DD et al.
Quantifying tibial plafond fracture severity: absorbed energy and
fragment displacement agree with clinical rank ordering. J Orthop
Res. 26:1046-52, 2008.4°]

fracture energy algorithm was augmented to partition G
according to densities found for the tibial plafond’s three
dominant classes of bone: dense diaphyseal cortical, less
dense metaphyseal cortical, and cancellous. Apparent
densities of these three bone classes are determined
on a patient-specific basis,* by regression from mixed
Gaussian distributions. Finally, energy release rates are
then determined by scaling (previously-measured) im-
pact energy/density data to the (patient-specific) bone
density values.

Measuring fracture displacement and articular
involvement in comminuted fractures

Fragment displacement/dispersion is another factor
influencing the outcome of intra-articular fractures.®” As
with fracture energy, this is amenable to quantification
from CT studies. When fracture fragments are displaced,
the bony regions in given cross-sections are generally
translated away from their intact positions, the bone
structure is disrupted, and fragments are dispersed
relative to one another.

The bone surfaces identified in fracture energy analy-
sis were used to quantify fragment displacement. This
required alignment of the intact proximal portion of the
fractured tibia with a mirrored image of the uninjured
contralateral side (Figure 4). Once aligned, fragment
displacement was indexed by calculating the volume of
tissues through which fracture fragments were collec-

tively dispersed, relative to their pre-fracture position.
To determine dispersal volume, for each CT slice, a
convex hull (the smallest convex polygon circumscribing
a given object) was determined for both the (mirrored)
intact bone, and for a composite of the aligned intact
and fractured tibias (inset, Figure 4). The difference
in these volumes provided a metric of the amount of
fragment dispersion, implicitly incorporating limb axial
malalignment, as well.

The degree of comminution of the articular surface
per se is a key radiographic feature associated with
injury severity and with likelihood of PTOA. This was
quantified in terms of the amount of interfragmentary
surface area located within 1.5 mm of the articular
surface, expressed as a percentage of the pre-existing
(intact/contralateral) surface area of the distal tibia.

Validation: Agreement with experienced surgeon
assessment of fracture patient datasets

Despite inter- and intra-observer variability in classify-
ing comminuted intra-articular fractures, the opinion of
experienced orthopaedic traumatologists is necessarily
the gold standard against which to gage new objective
measures of injury severity. Previous work from our
group®®® had shown that when experienced clinicians
stratify injury severity using simple comparative rank
ordering, the agreement between observers is high. A
study was undertaken to compare CT-based objective
measures of severity versus the gold standard (clinician
rank ordering).* The study group consisted of twenty
tibial plafond fractures (13 in males, patient ages from 20
to 64 years) treated at our institution. Cases were chosen
to span the spectrum of injury, from mild partial articular
fractures to severely comminuted fractures involving the
entire tibial plafond. In independent grading sessions, the
fracture cases were ranked for injury severity by three
experienced academic orthopaedic traumatologists,
based on appearance in plain radiographs. The only
instruction given to the raters was to rank the cases in
order of least to most severely injured.

Concordance rates were calculated to measure the
level of agreement between raters, and between each
rater’s assessment of fracture severity versus the CT-
based severity metrics. A given pair of injury severity
rankings was concordant if the case with the higher
ranking for one rater also had the higher ranking for
a second rater. (This sample-based statistical measure
formally estimates the probability that any two fracture
cases would be ranked with the same ordering.)

Each case’s CT dataset took typically eight to ten
person-hours to image process (Figure 5), using the
above-described image analysis tools then available. The
range of different fractures encountered in the study is
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Figure 5. (a) Standard, unsegmented rendering from radiology workstation: visually informative, but with no active functionality. Following
segmentation, (b) individual fragments (49 of them in this case) may be readily, and independently studied (transparent surface is intact

contralateral, mirrored and aligned proximally).

illustrated via plain radiographs in Figure 1. Fracture
energies ranged from 11 to 53 J, and fragment displace-
ment volumes ranged from 3.4 to 47.4 cm?®, reflecting a
wide variation in severity.

The concordance rate between the three raters
(Figure 6) ranged from 87 to 91%. The rank ordering
of the fracture energy metric also agreed well with the
raters’ judgment, with concordance rates from 73 to
76%. The concordance rate between raters’ assessment
of fracture severity and the aggregate fragment displace-
ment metric ranged from 82 to 89%. Summarizing, the
(objective) CT-derived measures of comminuted fracture
severity agreed with the experienced orthopaedic sur-
geons’ (subjective) rankings. This very important result
convincingly supports the image analysis approach for
objective measurement of fracture severity. This in turn
opens the way to controlling for injury severity in large
multi-center studies.

Refinements in fracture severity assessment,
toward practical clinical use

While agreement with surgeons’ severity ranking was
encouraging, it was obvious that the analysis process was
far too lengthy for application in the clinical setting. For
that reason, an expedited fracture severity assessment
technique was developed, based upon textural image
analysis.*! This new method quantified “disorder” in a
given CT slice, based on a mathematical entity known
as the gray level co-occurrence matrix (GLCM). The
GLCM indexes the spatial homogeneity of pixel intensi-
ties (image texture) within a given image.
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Using the GLCM reduced the time required to obtain
an objective fracture severity assessment from roughly
8-10 hours to about 10 minutes, while maintaining ex-
cellent agreement (linear regression R? = 0.80) with the
area-based energy metric. Importantly, the expedited
technique required absolutely no human analyst inter-
vention or vetting.

A second step toward use of the CT-based methods
in orthopaedic practice is to avoid the need for CT scans
of the intact contralateral limb. As such scans are not
routinely obtained during fracture evaluation, reliance
upon them impedes large multi-center and retrospec-
tive studies that could provide high statistical power for
establishing the relative efficacy of alternative treatment
regimes. To bypass the need for contralateral-side CT,
a study was designed to establish a normative anthro-
pometric model of the intact distal tibia, from which to
derive tare bone surface area data.* It was hypothesized
that an allometrically scaled tibia model could serve as
a surrogate datum capable of accurately measuring in-
terfragmentary surface area. The free bone surface area
along the intact distal tibia of 22 subjects was regressed
from existing CT data. When the regression data were
applied to the above tibial plafond fracture cases, the
concordance between fracture energy for the regressed
versus true tare bone surface areas was 90%. This result
indicated that, when necessary, normative bone surface
area can be substituted for measured intact-contralateral
surface area.
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Figure 6. Agreement between injury severity rankings and CT-based metrics. The graphs compare the rank ordering of rater 1 versus that of
raters 2 and 3, and of the individual CT-based metrics. Concordance values are enclosed in parentheses following the rater/metric. [Adapted
with permission from Anderson DD et al. Quantifying tibial plafond fracture severity: absorbed energy and fragment displacement agree with

clinical rank ordering. J Orthop Res. 26:1046-52, 2008.4°]

PART II: THE ROLE OF CHRONIC
CONTACT STRESS ELEVATION

Previously lacking a means to reliably measure
injury severity, and without any bio/pharmaceutical
treatments proven to enhance cartilage survival, or-
thopaedic management of intra-articular fractures has
largely concentrated upon fracture reduction. Attempts
have been made to measure residual articular surface
incongruity on postreduction radiographs, as a sur-
rogate for elevated contact stress. Unfortunately, the
ability to measure joint incongruity on radiographs has
been shown to be poor.®4 Moreover, the measurement
of geometric steps or gaps seen on radiographs is a
weak surrogate for the actual chronic pathomechanical
stimulus of interest at the cellular and molecular level:
contact stress abnormality.

In the presence of residual surface incongruity, joint
loads that are normally well tolerated generate local ar-
eas of elevated contact stress.**” The degree to which
injured articular joints tolerate elevated contact stress
is unknown, as is the accuracy of articular reduction
required to forestall clinically significant PTOA. Finite
element (FE) stress analysis techniques, suitably applied
and rigorously validated, provide the basis to address
this knowledge gap.

The initial FE analyses by our group to study this is-
sue involved computing the contact stress aberrations

engendered for joints with an idealized fracture step-off,
subjected to a representative static load.*** The great
majority of FE stress analyses performed to date in the
field of orthopaedic biomechanics have involved work-
ing with just such models, derived from the anatomy
of single individuals. This had been necessary because
approaches lending themselves to a high degree of
automation in FE model generation are relatively re-
cent. Seminal work in automated meshing (the process
whereby a continuous material region is represented
by discrete contiguous elements) for orthopaedic stress
analysis was reported in 1990 by Keyak et al., who rec-
ognized that CT voxels could be converted directly into
hexahedral (“brick”) continuum elements.” The attrac-
tion of voxel-based meshing was immediately evident,
and a great many subsequent studies have adopted and
refined that essential idea.

To date, however, voxel-based meshing work for
orthopaedic stress analysis has involved almost exclu-
sively linear (load-proportionate) analyses. Articular joint
contact stress by it nature behaves very nonlinearly.
Stresses are non-proportional to load, because (among
other things) the engaged contact area changes as load
increases. Another consideration is that contact analyses
have lent themselves poorly to voxel-based meshing,
owing to the “stair-step” jaggedness necessarily present
at all external surfaces of voxellated objects.
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Figure 7. (a) The voxellated segmentation of the relaxed posture intact ankle is smoothed into (b) a geometric model of the bone surfaces, suit-
able for manipulation and FE solution. (c¢) The re-orientations required to bring the as-segmented ankle into a neutral apposition are shown,
with the partially translucent image showing the original state of the talus. [Adapted with permission from Anderson DD et al. Intra-articular
contact stress distributions at the ankle throughout stance phase-patient-specific finite element analysis as a metric of degeneration propensity.

Biomech Model Mechanobiol. 5:82-9, 2006.52]

Yet a third relevant issue relates to the choice of load-
ing conditions for an articular joint model. For the case
of the human ankle, level walking gait constitutes the
predominant functional activity responsible for aggregate
cartilage mechano-stimulus. Articular surface apposi-
tion and resultant contact force both vary appreciably
throughout functional activities. Therefore, conventional
“snapshot” contact stress distributions restricted to a
specific instant of the duty cycle provide very limited
information regarding the habitual mechano-stimulus
at any given site.

Patient-specific FE mesh generation from CT
scans

Over the last eight years, we have worked to de-
velop and implement a finite element formulation that
automatically generates patient-specific meshes,” that
overcomes the contact surface stair-stepping difficulty,
and that implements whole-duty-cycle analysis. To mesh
patient-specific articular surfaces (including those with
fracture incongruities), layers of continuum hexahedral
(“brick”) cartilage elements are zoned outwardly from
quadrilateral bone surface meshes (subchondral bone
plate). Successful treatment of this class of incongruous
articular joint contact problems also has required special
attention to initial surface apposition, and to contact
member constraints during initial contact engagement
and subsequent duty cycle simulation.’®> Appropriate at-
tention has also been directed to realistic replication of
whole-duty-cycle joint surface engagement kinematics.

8  The Iowa Orthopaedic Journal

The procedure for patient-specific contact FE model
assembly involves a series of interdependent steps, that
begin with image processing/segmentation, surface
identification, and mesh generation. The source image
dataset is a series of slices obtained from clinical CT
scans (in DICOM format). This volumetric image dataset
is segmented to isolate structures of interest, yielding a
provisional “conventional” voxel-based FE mesh (Figure
7(a)). To eliminate the boundary, or stair-step, artifact
from the potential contact surface, a corresponding
‘smoothed’ surface is generated using isosurface in-
terpolation (Figure 7(b)), which discretizes the initial
surface into a very large array of connected triangular
facets. The accuracy of this pre-processing approach
was verified using precisely known analytic geometries
(spherical and cylindrical), with the FE solutions show-
ing close correspondence to gold standard (Hertzian)
mathematical contact solutions.*!

Next, upon completion of bone isosurface extraction
for both sides of the contact interface, layers of cartilage
are superimposed using a purpose-written mesh genera-
tion algorithm. A key issue here is that most algorithms
for meshing complex 3D objects utilize tetrahedral
meshes. Unfortunately, tetrahedral meshes perform
notoriously poorly in contact stress analyses, since their
contact surface facets (triangles) are mathematically “too
stiff.” For this reason, we developed specialty algorithms
by which external surfaces of epiphyseal regions (sub-
chondral bone surfaces) are meshed into quadrilateral
rather than triangular facets, hence allowing superimpo-
sition of hexahedral rather than tetrahedral cartilage ele-



The Pathomechanical Etiology of Post-traumatic Osteoarthritis Following Intra-articular Fractures

600N

AP + M/L /
Translation\_ - /- /
(free) 2 //

N

Int/External
Rotation
(free)

TEKSCAN |
Pressure |

Figure 8. (A) Schematic of ankle loading, showing an ankle speci-
men, the contact stress sensor, and the fixture. (B) Radiographs, and
virtual representation of the K-wires for registration. (C) Final regis-
tration of FE to experimental results. [Adapted with permission from
Anderson DD et al. Physical validation of a patient-specific contact
finite element model of the ankle. J Biomech. 40:1662-9, 2007.54]

ments. This is done by projecting an externally defined
rectilinear grid onto the isosurface (triangular-facet)
discretization of the subchondral surface, and then mesh-
ing layers of continuum hexahedral (“brick”) cartilage
elements outwardly from the projected grid intersections
with that surface. When data for the thickness variation
in the articular cartilage are available (e.g., from MRI),*
patient-specific cartilage thickness variation is incorpo-
rated. Otherwise, normatively-based cartilage thickness
is used. These techniques are amenable to both intact
and fractured bone surface geometries. Thus, idealized
articular surface incongruity (in terms of simplified
features such as step-offs or gaps) need no longer be
assumed. Rather, the idiosyncratic patient-specific geom-
etry of actual fracture surfaces is directly incorporated.

FE Validation: accurate regional reproduction of
prevailing contact stress distributions

Next, a validation study was conducted to determine
the extent to which thus-computed ankle contact FE
results agreed with experimentally measured tibio-talar
contact stress.” Two cadaver ankles were loaded axially

K-wires

Virtual
Tekscan

Sensor \

to 600 N (Figure 8), during which ankle contact stresses
were measured with a purpose-designed high-resolution
ankle contact stress sensor which our group had devel-
oped® (now marketed commercially as Tekscan Model
#5033). A CT scan of each ankle was acquired to record
the precise loaded joint apposition. Stainless steel marker
K-wires were drilled across the joint in order to precisely
register sensor orientation relative to the joint surfaces.
Bi-planar radiographs were then taken with the K-wires
in place, to register the relative locations of the tibia,
talus, and the contact stress sensor.

Spatial registration of the contact stress sensor
readings with the FE results enabled ideally definitive
comparison of the experimentally measured versus com-
putationally predicted contact stress distributions. Since
PTOA usually initiates focally, it was especially important
that the FE-computed contact stresses be validated lo-
cally, in terms of their spatial distribution, rather than
just by conventional global measures such as peak or
mean contact stress, contact area, etc.

Corresponding contact FE analyses were then per-
formed. The global measures showed very reasonable
agreement between FE-computed and experimentally
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Figure 9. Inferior view of tibia, overlaid with spatially aligned Tekscan pressure results (left) and FE results (right) for each validation ankle.
[Reprinted with permission from Anderson DD et al. Physical validation of a patient-specific contact finite element model of the ankle. J

Biomech. 40:1662-9, 2007.54]

measured mean (3.2% discrepancy for one specimen,
19.3% for the other) and maximum (1.5% and 6.2%) con-
tact stress, as well as for contact area (1.7% and 14.9%).
More importantly, there was good agreement in the
measured versus computed distributions of contact areas
across the contact stress levels (Figure 9), especially so
for the more physiologically challenging higher contact
stress range. Formal site-by-site comparisons between
the computed and measured contact stress distributions
over the articular surface (1472 locations) also showed
strong agreement, with correlations of 90% for one
specimen, and 86% for the other. This strong level of
agreement between physical measurements and the FE
—especially including the spatial distributions—convinc-
ingly established the computational formulation’s validity.

Physiologic apposition, whole-duty-cycle joint
loading, and chronic contact stress exposure
Almost all previous articular contact FE models have
been restricted to a single static pose and loading condi-
tion. Moreover, as a matter of convenience, the apposi-
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tion in which the loading has been applied has often been
the particular orientation in which the source imaging
study (CT or MR) happened to be obtained, despite the
fact that this is generally not a position of ankle loading.
To perform physiologically meaningful whole-duty-cycle
contact stress analysis of articular contact functional
loading histories, it is instead necessary to begin from
appositions of physical relevance for a specific patient.*

For this reason, whole-duty-cycle level walking gait
simulations were based upon a functional neutral weight-
bearing apposition of the tibia and talus. This required
an experienced foot and ankle surgeon to prescribe the
translations and rotations (Figure 7b — 7c) necessary
to achieve this neutral weight-bearing apposition. This
re-positioning was performed working from biplanar
(A-P and lateral) weight-bearing radiographs and from
anatomical landmarks, based on normative data from a
previous study.”’

Apposing cartilage surfaces were defined as deform-
able contact pairs, with a very low friction (u=0.01)
interface. Whole-duty cycle FE simulations (Figure 10)
entailed performing a sequence of thirteen successive
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Figure 10. An antero-superior (subchondral) view showing the con-
tact stress distributions computed for the 13 instants of the stance
phase of gait for an intact ankle. [Reprinted with permission from
Li W et al. Patient-specific finite element analysis of chronic contact
stress exposure after intraarticular fracture of the tibial plafond. J
Orthop Res. 26:1039-45, 2008.%']

ankle loading contact stress analyses (loads from 0.1 to
3.2 x body weight, and rotations from 5° plantar to 9°
dorsiflexion), to simulate the entire stance phase of level
walking gait.”® The tibia was rotated about a provisional
ankle flexion/extension axis, with the talus free to rotate
as required by the tibio-talar articulation, thus not con-
straining the ankle’s rotations to occur about a fixed axis.

Having contact stress data from the 13 incremental
solutions allowed assessment of cumulative elevated
contact stress exposure. Cumulative exposure reflects
a joint’s contact stress history over a specified time
period. Elevations above a presumably deleterious me-
chanical insult threshold were postulated to be injurious
to the joint. This built upon a paradigm of cartilage
degeneration propensity for patients with congenital hip
dislocation that we had previously advanced,>*% where a
strong positive correlation was found between elevated
cumulative contact stress over-exposure and long-term
patient outcome (incidence and progression of OA). Cu-
mulative chronic contact stress exposures for the ankle
were calculated over the tibial articulating surface on a
step-by-step basis using the equation:

13
Pcumulative = i§1 ((Pl - Pd)'Ati)

where P is the spatial distribution of per-gait-

cumulative

cycle cumulative contact stress over-exposure, expressed
in MPa-seconds; I are the FE-computed nodal contact
stress values at given increments in the gait cycle, with i
varying across 13 load increments; P, is a scalar contact
stress damage threshold (remaining to be established,
but provisionally set to 6 MPa, empirically consistent
with minimal over-exposure in the intact ankles); and t,
is the residence time, in seconds, associated with a given
increment in the gait cycle ).

Contact stress differences in fractured versus
intact ankles

Chronic contact stress exposures were then quantified
following intra-articular ankle fractures,® in the same pa-
tient series for which fracture energy analyses had been
performed. FE models were generated from CT scans
of both the fractured (post surgical reduction) and the
intact contralateral ankles. FE solutions were obtained
for 11 intact/fractured ankle pairs. Figure 11 shows the
tibial articular surface geometries of these ankles, and
the corresponding FE-computed per-gait-cycle contact
stress exposure distributions.

The FE results for the intact contralateral ankles were
consistent with the literature. Despite different test set-
ups and applied loads, contact area values reported for
the normal ankle joint have been remarkably consistent,
with average values of 558 +/- 122 mm?.%*6263 The aver-
age intact contact area from these 11 patients (in neutral
apposition) was 578 +/- 83 mm?. The peak contact stress
value and range for the intact cases (in neutral apposi-
tion) agree with values measured by Vrahas et al., who
reported a series-average peak stress value of 6.7 MPa
(range of 2 to 12 MPa) in cadaveric ankles statically
loaded to 1360 N.% The present FE computed series-
average peak contact stress value, at a mean of 1492 N
load, was 6.8 MPa (range of 5 to 9 MPa).

In general, the intact ankles had lower peak contact
stress exposure values and more uniform and centrally
positioned exposure regions, than the (reduced) frac-
tured ankles. The peak contact stress and contact area
values occurred at the instant in the gait cycle with maxi-
mal joint loading, roughly 61% through the stance phase,
in a 7.5° dorsiflexed position. Series-wide, computed
peak contact stress values of intact versus fractured
cases were 10.1+/-1.8 (mean +/- S.D.) versus 13.8+/-1.8
MPa, respectively (significant, p = 0.0015). Interestingly,
the ranges of peak values overlapped substantially: 7.4
to 12.9 MPa for intact cases and 11.0 to 16.5 MPa for
fractured cases.

The fracture cases had several-fold higher amounts of
area with high contact stress-time exposures, and cor-
respondingly lesser amounts of area with low exposure
values, compared to the intact cases (x? test statistic =
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Figure 11: FE-computed contact stress exposure distributions for
the 11 paired intact and fractured (post-reduction) ankles, for a
single gait cycle. [Adapted with permission from Li W et al. Patient-
specific finite element analysis of chronic contact stress exposure
after intraarticular fracture of the tibial plafond. J Orthop Res.
26:1039-45, 2008.5']

26.1, p=0.011). Series-wide, peak per-gait-cycle exposure
values for intact versus fractured ankle cases were 2.7+/-
0.5 MPa-s versus 3.9+/-0.5 MPa-s, respectively (highly
statistically significant, p=0.003). For some patients, the
difference in stress exposure between intact and frac-
tured ankles was relatively minor, while for others, the
difference was dramatic (range from 8% to 91%).
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Refinements in the assessment of chronic contact
stress elevation, toward clinical use

In the course of this work, it became evident that
translating the patient-specific FE analyses methodology
to routine clinical use would require substantial increases
in the speed and robustness with which contact stress
distributions could be calculated. We therefore have
since developed more expeditious and substantially
more robust elastic contact analysis tools that achieve
this objective.®

PART III: CLINICAL INVESTIGATIONS OF THE
PATHOMECHANICAL ETIOLOGY OF PTOA
We have prospectively followed a series of 36 tibial

plafond fracture patients, who have been uniformly
treated provisionally with a spanning external fixator,
and subsequently with definitive fracture reduction and
screw fixation at a time when soft tissue injury had suffi-
ciently resolved. A goal has been to assess whether these
new biomechanical indices of both the acute mechanical
insult (from the initial trauma) and chronic contact stress
elevation (from residual incongruity) are predictive of
OA. The tibial plafond fractures ranged in severity from
minimally to severely comminuted, with idiosyncratic
fragmentation morphologies. Two year follow-ups are
now complete for these patients. Hypotheses tested
have been that functional deficits, symptoms, and the
degree of cartilage degeneration in articular fracture
patients correlate with metrics of the acute injurious
mechanical insult and/or of chronic cartilage contact
stress elevations from residual articular incongruity. A
corollary hypothesis has been that there is a threshold
of acute injury severity and/or of chronic mechanical
insult that is predictive of the onset of PTOA.

PTOA severity was assessed by Kellgren-Lawrence
(KL) grade at two years post-injury. Functional outcomes
were measured using the Ankle Osteoarthritis Scale
(AOS), a reliable and validated self-assessment instru-
ment that measures patient symptoms and disabilities re-
lated to ankle arthritis.% Relationships between fracture
severity (using the CT-based metrics described above),
PTOA severity, and AOS scores were determined by
linear regression.%

At two years post-injury, 13% of the patients had
developed mild PTOA (KL=2), and 31% had developed
moderate to severe PTOA (KL=3). Linear regression
(Figure 12) indicated that fracture energy and articular
comminution, when combined, explained 70% of the
variation in PTOA severity. Fragment displacement/
dispersal correlated much less strongly with joint de-
generation (R?=0.42). A combined fracture energy and
articular comminution metric was a better predictor of
KL scores than was clinician subjective judgment (R? of
0.70 vs. 0.47, respectively).
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Figure 12. A combined severity score including fracture energy and
articular comminution predicted 70% of the variation in KL arthrosis
grade at two-year follow-up. [Adapted with permission from Thomas
TP et al. Objective CT-based metrics of articular fracture severity
to assess risk for posttraumatic osteoarthritis. J Orthop Trauma.
24:764-9, 2010. %]

Patients with little or no evidence of PTOA (KL<2)
had an average AOS score of 21.4+20 and an average
fracture severity score of 43.5+11. Patients with a KL
grade >2 averaged 40.8+18 for AOS and 69.8+20 for
fracture severity. When grouped by KL grade, fracture
severity and AOS scores were well correlated (R?<0.68).
Both the AOS and fracture severity scores were statisti-
cally different (p<0.05) between the groups of patients
with versus without incident PTOA.

The existence of a threshold of injury severity that
predicts whether a joint will develop PTOA has broad
implications for the future treatment of intra-articular
fractures. In fractured joints identified as being most
highly at risk to develop PTOA, the value of accurate
surgical reduction should be especially carefully weighed
against the backdrop of potential surgical complica-
tions. New bio/pharmaceutical interventions aimed
at forestalling PTOA would certainly need to stratify
patients according to their otherwise-expected risk for
joint degeneration. The CT-based methodology suggests
that such a threshold indeed exists. Figure 13 shows
the cases studied, ordered according to the combined
acute fracture severity measure. These data support the
existence of a severity threshold (in the vicinity of 40 for
this severity range-normalized metric) above which joint
degeneration is likely.

% £ 100 .
loARBseRtkI=l|  Severity threshold
OA Mild (KL=2) for PTOA?
-
75

NORMALIZED
(o)
o

CT-based Fracture Severity Metric

25
A 4
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s
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Tibial Plafond Fracture Patients

Figure 13. The CT-based severity metric successfully discriminated between cases that developed PTOA and those that did not, in a threshold-

like manner.

Volume 31 13



D. D. Anderson, J. L. Marsh, T. D. Brown

60
[ ] intact ankles
[] fractured ankles (KL=0)
o B fractured ankles (KL=2) Contact Stress (MPa)
8 EEN CEN  Em
® 0o 3 6 9 12
o
£ 40 {f
p |
o .
o)
o]
©
8
S KL=4
3]
[$)
S0 4| | BTt
(&)
e
N
0 | €L
5 6 7 9 10 11 12

Contact stress threshold (MPa)

Figure 14. The % of contact area engaged above selected contact stress levels shows that in the ankles that went on to develop PTOA, a much
larger percentage of the post-fracture cartilage surface was subject to high levels of contact stress (dark columns). The inset shows contact
stress distributions for a representative pairing of a fractured ankle with its intact contralateral. [Reprinted with permission from Anderson
DD et al. Is elevated contact stress predictive of post-traumatic osteoarthritis for imprecisely reduced tibial plafond fractures? J Orthop Res.

29:33-9, 2011.58]

Fragment displacement/dispersal was not a signifi-
cant predictor of PTOA in this series of intra-articular
tibial plafond fractures. Judging by the high concordance
between displacement/dispersal and clinician rank
ordering, the surgeons’ perceptions of injury severity
were greatly influenced by the degree of fragment dis-
placement. That focus on displacement may reflect an
implicit association with soft tissue damage, and/or with
difficulty in obtaining accurate surgical reduction. Both
factors certainly are important concerns in acute-term
patient management, but they do not appear to be highly
predictive of eventual PTOA.

FE-computed contact stress distributions for these
patients® clearly show that much larger percentages
of the post-fracture cartilage experienced high contact
stress (areas above 7.5 MPa at the instant of peak joint
loading averaged 23.4% of the surface in the fractured vs.
only 12.5% in the intact ankles). Furthermore, there was

14 The Iowa Orthopaedic Journal

a clear distinction between area engagement histograms
from those fractured ankles that developed PTOA within
two years, versus those that did not, with the histograms
of the latter being much more similar to those of the
intact contralateral ankles (Figure 14).

Putative contact stress damage threshold/tolerance
parameters were systematically varied to determine
the values that provided the best agreement between
contact stress exposure metrics and the KL scores for
each ankle. A binary OA status was defined as 1 for each
ankle with a KL score = 2, and 0 for all other ankles.

The predictive performance of five different contact
stress exposure metrics was assessed in the intact
versus fractured ankles, with fractured ankles grouped
according to whether or not they developed PTOA by
two-year follow up. The concordance between the vari-
ous contact stress exposure metrics and KL score were
all excellent, exceeding 88%. The concordance with OA
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Figure 15. The relative proportion of articular surface area experi-
encing supra-threshold contact stress, associated with a stress-time
exposure in excess of 3MPa-s, agreed closely with the two-year KL
score, and was perfectly predictive of OA status. [Reprinted with
permission from Anderson DD et al. Is elevated contact stress pre-
dictive of post-traumatic osteoarthritis for imprecisely reduced tibial
plafond fractures? J Orthop Res. 29:33-9, 2011.58]

status was even higher, with all metrics yielding greater
than 94% agreement.

The best concordance (KL score of 95%, OA status
100% prediction accuracy) was associated with a local
stress-time exposure metric. Figure 15 shows the clear
separation between groups with different OA status at-
tained with the local stress-time exposure metric. For
some patients, the difference in exposure between intact
and fractured ankles was relatively minor (fractured
exposure within 40% of intact), while for others, the dif-
ference was dramatic (fractured exposure 900% of intact).

To investigate the hypothesis that elevated contact
stress exposure results in cartilage thinning, a method
was needed to measure cartilage thickness in patients
with implanted metallic fixation hardware. MRI of car-
tilage provides an obvious means for this assessment.
Unfortunately, the metallic screws and plates normally
placed surgically to maintain fracture reduction introduce
susceptibility artifacts, which locally distort convention-
ally acquired MR images, largely precluding reliable
cartilage assessment. In earlier work, we had established
that double-contrast CT arthrography was able to mea-
sure cartilage thickness in the (cadaveric) ankle with
an accuracy superior to MRL® Based on this work, FE
measures of contact stress exposure were compared with
double-contrast CT images of cartilage thickness in tibial
plafond fracture patients,” to determine if specific areas
of elevated contact stress exposure were associated with
corresponding areas of subsequent cartilage thinning.
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Figure 16. Focal regions of decreased cartilage thickness showed
a correspondence with elevated chronic contact stress at two-years
follow-up.

Double-contrast CTs were obtained at 6 months and 2
years post injury, for 11 patients. [Although high-quality
images were obtained in these patients, double-contrast
MDCT scans were problematic for studying cartilage
degeneration in ankles of plafond fracture patients. Ef-
forts to obtain usable scans in an additional 20 patients
were unsuccessful, with reasons being related either to
the inherent joint pathology (especially arthrofibrosis)
and technical difficulties (failed injection, metal artifact).]
Successful contrast agent injection into the joints enabled
segmentation of the subchondral bone and cartilage
surfaces. Registration of the post-op FE simulations to
the 2 year cartilage thickness maps was performed, to
allow spatial comparison. Cartilage thickness data were
then linearly interpolated (spatially) to coincide with the
locations of FE-computed chronic contact stress expo-
sure values, and the two quantities were then compared
at sites across the articular surface.

Localized areas of cartilage thinning generally cor-
responded to areas exposed to elevated contact stresses
(Figure 16). Contact stress exposures of 2.0 MPa-s or
greater were associated with a focal loss of cartilage.
The relative reduction in cartilage volumes from the
pre-fractured state ranged from 11 to 81%. The most
severely comminuted fractures experienced the great-
est loss of cartilage, in addition to having the greatest
contact stress exposures as predicted by FE. The area of
total cartilage loss ranged from 0 to 241 mm?, the latter
being about 25% of the articular surface.
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Figure 17. (A) A tibial plafond fracture case is first segmented from CT data. (B) The intact template is registered to the fractured limb’s
proximal base, and the fragment native surfaces are aligned to the template, starting with the articular block.

PATH FORWARD

Olson and Guilak ™ recently described the void in
knowledge regarding the etiology, pathogenesis, and
mechanisms of PTOA as a “black box,” that needs to
be opened in order to develop therapies to improve
the outcomes of patients with intra-articular fractures.
The studies summarized in this paper provide a novel
framework for statistically robust multi-center clinical/
translational studies of methods to reduce the risk of
PTOA following an intra-articular fracture.

Enabling technologies that provide objective me-
chanical indices of acute cartilage injury and of chronic
increased contact stress have been developed in the
laboratory, and applied to prospective clinical series, to
provide insight into the mechanical etiology of PTOA.
The clinical outcomes indicate that acute fracture se-
verity is a primary predictor of the incidence of post-
traumatic arthritis and functional outcomes following
fractures of the tibial plafond, with chronic contact stress

16  The Iowa Orthopaedic Journal

elevation also correlating (secondarily) with outcome.
A recent case report of three distinct plafond fractures
has served to illustrate the utility of these new objective
biomechanical measures to identify clinically significant
distinctions among individual patients.”

Given the relationship between elevated contact
stress and cartilage degeneration identified in this work,
continued efforts at improving surgical fracture reduc-
tion are warranted. One of these is a new technology
utilizing “three-dimensional puzzle solving” methods™ to
facilitate pre-operative fracture reconstruction planning
(Figure 17), so that more optimally congruous surgical
fracture reductions can be more consistently achieved,
to reduce contact stress elevations. This puzzle solving
technology informs the surgeon of the original anatomic
sites of origin of each of the fragments.

Given the experience of the past several decades,
further mechanical refinements of fracture stabilization
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techniques alone seem unlikely to advance the treatment
of patients with articular fractures. Future investigation
probably needs to focus on bio/pharmaceutical interven-
tions designed to preserve the damaged articular surfac-
es. Although the basic cellular mechanisms responsible
for progressive articular surface degeneration following
joint injury are not yet well understood, there is increas-
ing evidence that biologic interventions can decrease
chondrocyte damage induced by mechanical stress,’*"
suggesting that it may be possible to limit progressive
chondrocyte damage after joint injury. To develop such
agents, reductionist laboratory studies (e.g., cell/tissue
culture) need to work with realistic impact energy and
chronic contact stress levels. The development of a large
animal model of intra-articular fracture that replicates the
important mechanical features of the insult is another
area where progress is being made.” Moreover, to ratio-
nally apply and evaluate these advances, such interven-
tions must eventually be assessed in patient cohorts that
are reasonably stratified in terms of the severity of the
initial joint injury and that involve large enough numbers
of patients to yield statistically robust findings.

Finally, computer-based measures of injury severity,
coupled with multi-center electronic pooling of case
experiences, offer unprecedented opportunities to ac-
complish these goals. We are currently conducting a
multi-center study of plafond fractures using expedited
CT-based fracture severity measurements, with novel
capabilities for case-by-case comparisons within a large
patient population. This will set the stage for broader
clinical use to objectively index injury severity, as an aid
to discerning patient prognosis and choosing treatment.
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