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Introduction

While it is known that osteoarthritis (OA) develops as a result

Multiscale Strain as a Predictor
of Impact-Induced Fissuring in
Articular Cartilage

Mechanical damage is central to both initiation and progression of osteoarthritis (OA).
However, specific causal links between mechanics and cartilage damage are incom-
pletely understood, which results in an inability to predict failure. The lack of under-
standing is primarily due to the difficulty in simultaneously resolving the high rates and
small length scales relevant to the problem and in correlating such measurements to the
resulting fissures. This study leveraged microscopy and high-speed imaging to resolve
mechanics on the previously unexamined time and length scales of interest in cartilage
damage, and used those mechanics to develop predictive models. The specific objectives
of this study were to: first, quantify bulk and local mechanics during impact-induced fis-
suring, second, develop predictive models of fissuring based on bulk mechanics and local
strain; and third, evaluate the accuracy of these models in predicting fissures. To achieve
these three objectives, bovine tibial cartilage was impacted using a custom spring-loaded
device mounted on an inverted microscope. The occurrence of fissures was modulated by
varying impact energy. For the first objective, during impact, deformation was captured
at 10,000 frames per second and bulk and local mechanics were analyzed. For the second
objective, data from samples impacted with a 1.2 mm diameter rod were fit to logistic
regression functions, creating models of fissure probability based on bulk and local
mechanics. Finally, for the third objective, data from samples impacted with a 0.8 mm
diameter rod were used to test the accuracy of model predictions. This study provides a
direct comparison between bulk and local mechanical thresholds for the prediction of fis-
sures in cartilage samples, and demonstrates that local mechanics provide more accurate
predictions of local failure than bulk mechanics provide. Bulk mechanics were accurate
predictors of fissure for the entire sample cohort, but poor predictors of fissure for indi-
vidual samples. Local strain fields were highly heterogeneous and significant differences
were determined between fissured and intact samples, indicating the presence of damage
thresholds. In particular, first principal strain rate and maximum shear strain were the
best predictors of local failure, as determined by concordance statistics. These data pro-
vide an important step in establishing causal links between local mechanics and cartilage
damage; ultimately, data such as these can be used to link macro- and micro-scale
mechanics and thereby predict mechanically mediated disease on a subject-specific basis.
[DOI: 10.1115/1.4034994]

properties. Cartilage stiffness varies by up to an order of magni-
tude through the depth, with a compliant layer in the most superfi-

of mechanical loading, specific causal links between mechanics
and cartilage damage are incompletely understood. Because it can
be triggered by a single mechanical event, post-traumatic OA
(PTOA) provides a well-defined lens through which to determine
mechanical causes of cartilage damage. PTOA causes structural
damage and chondrocyte injury, among other changes [1,2]. Rapid
impact injury, an ex vivo model of cartilage damage, can create
fissures that extend approximately 100-300 um from the articular
surface [3,4]. Such fissures are thought to predispose cartilage and
chondrocytes to further damage in the pathway to PTOA. Thus,
rapid impact injury provides a scenario through which causal links
between mechanics and OA can be studied.

Linking mechanics and cartilage damage using impact injury
requires experimental measurements over short time scales and
small length scales. Specifically, impact injuries of the type that
cause PTOA only last a few milliseconds [5]. Additionally, impact
injury causes spatially heterogeneous strain fields, which are fur-
ther confounded by spatial heterogeneity in cartilage material
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cial 100-300 um [6—-10]. Thus, local strain fields, with resolution
at or below 100 um, are necessary to capture length scales perti-
nent to both fissures and material heterogeneity in cartilage.

Due to technical challenges, most previous research has focused
on bulk mechanics, wherein values are averaged over the entire
1-3mm cartilage thickness (e.g., Refs. [11-30]). Results from
such measurements, however, often propose inexact thresholds
based on limited groups of mechanical parameters, preventing the
extraction of specific thresholds (e.g., Refs. [12,20,22], and
[31-35]). When such thresholds are reported, they are often incon-
sistent between studies. For example, one set of studies showed
fissures at impact energies as low as 1J [22,23], while another
study did not report fissures at that energy level [33]. In terms of
peak stress, fissures have been reported in samples loaded to
~15-30MPa in some studies [13,16], with other studies not
reporting fissures in the same stress range [12,34]. Moreover,
when thresholds have been proposed, they are seldom validated.
For example, a 5.45 MPa shear stress threshold has been proposed
for 50% probability of fissure by fitting experimental data [36],
but its predictive ability has not been tested. Therefore, to address
these challenges, the objectives of this study were three-fold: first,
to quantify bulk mechanics and local strains during impact-
induced fissuring; second, to develop predictive models of fissur-
ing based on bulk mechanics and local strain; and third, to
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evaluate the accuracy of those models in predicting fissures in a
second set of samples using a distinct impact geometry.

Methods

Sample Preparation. Articular cartilage was dissected from
immature bovine stifle joints (nine animals, 1-3 days old, sex
unknown and assumed random; Gold Medal Packing, Oriskany,
NY). Cylindrical cartilage explants were removed from the
peripheral medial and lateral tibial plateau using a 6 mm diameter
biopsy punch and scalpel. This location was selected due to its
lack of preferred collagen orientation at the articular surface [6].
Samples were stored at —20 °C between dissection and testing.

For testing, cylinders were cut in half to make hemicylinders and
trimmed to approximately 1 mm thick, creating impact samples; a
total of 35 hemicylindrical samples were impacted. Samples were
trimmed to provide consistent bulk behavior, with 1 mm thickness
selected to be able to view both the impact tip and the backplate dur-
ing impact. Two staining protocols were used, one to visualize fis-
sures and one to visualize cartilage deformations during impact. To
visualize cartilage structure and determine the presence of fissures,
samples were stained in 28 uM 5-dichlorotriazinylaminofluorescein
(DTAF) (Invitrogen, Waltham, MA) for 30-120 min. Five-DTAF is
a general-purpose amine-reactive dye that stains the entire cartilage
matrix, thus enabling matrix structure and integrity to be viewed via
fluorescence microscopy. Following staining in 5-DTAF, samples
were rinsed briefly in phosphate-buffered saline (PBS) to remove
any unbound dye. Next, to create visual texture for the evaluation of
local deformations, approximately 1yl of polystyrene microspheres
(2 pm carboxylate particles in 2.5% aqueous solution; Polysciences,
Inc., Warrington, PA) were placed on the cut surface of the cylinder
and the spheres were allowed to adhere to the sample for 10 min at
room temperature and humidity. Samples were then attached to the
impact device backplate using cyanoacrylate [37] and rehydrated in
PBS for at least 10 min prior to impact. Pilot studies confirmed that
this staining protocol had no effect on sample wet weight or depth-
dependent shear properties following rehydration.

Impact Injury. Cartilage samples were impacted using a cus-
tom spring-loaded device [37] (Fig. 1(a)). A cylindrical impact rod,
oriented longitudinally, contacted the articular surface of cartilage
samples submerged in PBS. Impact energy was controlled by vary-
ing the amount of spring compression, which set an upper bound on
the energy. During impact, samples were mounted to a backplate
that acted as a cantilevered spring. The backplate’s deformation
was calibrated and then imaged during impact to measure the time-
dependent impact force [37]. The impact device was mounted on
an inverted confocal microscope (LSM 5 LIVE, Carl Zeiss, Inc.,
Jena, Germany). During impact, high-speed images of sample
deformation and backplate deformation were captured using a cam-
era (v7.1, Vision Research, Wayne, NJ) and a mercury arc lamp
(HBO 100, Carl Zeiss, Inc., Jena, Germany) transmitted through
the microscope in epifluorescence mode. Images were captured at
10,000 frames per second using a 5x objective, resulting in a spa-
tial resolution of 4.5 um per pixel. Before and after impact, samples
were imaged in confocal mode to visualize the matrix integrity. A
range of spring impact energies were used (0.43-0.56J) such that
some samples fissured and others remained intact. Each sample
was impacted only once, using high-speed images to extract strains
and force. Over all samples, the average time to maximum indenta-
tion was 1.83 = 0.63 ms, with samples in the impact test fixture for
approximately 10 min per test.

Two rods of different diameters were used to create distinct
loading scenarios. Twenty-three hemicylindrical samples were
impacted with a 1.2mm diameter rod. These data were used to
quantify bulk and local mechanics, and to develop predictive
models. A second series of 12 samples were impacted with a
0.8 mm diameter rod and these data were used to test how well the
models predicted failure. All samples were categorized as either
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intact or fissured, using confocal images captured with 5x and
10x objectives. The two rods created distinct fissure geometries
(Figs. 1(b) and 1(c)). The 1.2 mm diameter rod created longer fis-
sures with smaller open areas compared to the 0.8 mm diameter
rod. These differences between fissures created by the two rods
underscored their ability to create distinct local strain fields, and
thus test the predictive models.

Bulk Strain and Force. Bulk compressive strain, strain rate,
force, and force rate were calculated under the impact rod for 11
samples. Articular surface displacement (dss) and backplate dis-
placement (dg) were determined using custom code with
intensity-based image registration in MaTLAB (Mathworks, Natick,
MA). The undeformed sample depth (L,) was manually measured
using the reference image taken prior to impact. Bulk compressive
strain during impact (&(f)) was calculated as a function of time
using the following equation:

_ Lo =+ (dB (Z) — dAS(’))
Lo

&(1) (1)

Bulk force during impact (F(¢)) was calculated using Eq. (2) via
a predetermined force—displacement backplate calibration con-
stant (k) [37]
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Fig. 1 Impact device and resulting fissures. Impact was
applied via a custom spring-loaded impact device, which sat on
an inverted microscope (a). The amount of spring compression
controlled the upper bound on the impact energy and the
microscope could be used either in epifluorescence mode with
a high-speed camera or in confocal mode. Images taken during
impact were used to calculate force from the backplate deflec-
tion, and to calculate strain ((a), inset). To produce a wide array
of fissures, two different diameter rods were used: 1.2mm
diameter (b) and 0.8 mm diameter (c). Rods were oriented longi-
tudinally such that a circular impact was visible through the
objective and the impact geometry was as consistent as possi-
ble along the third dimension (optical axis). Both rods created
some small angular fissures (filled arrow heads) and delamina-
tion near the articular surface (open arrow heads). Overall, the
1.2mm rod created fissures with smaller open area postimpact
((b), arrows) compared to open fissures postimpact in the
0.8 mm rod group ((c), box). The variation in fissures between
the two rod diameters suggested that local mechanics were
important in the creation of fissures because the local impact
mechanics are more distinct between the two scenarios than
the bulk mechanics.
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F(t) =k-dp(t) 2)

Bulk strain rate as a function of time was calculated as the dif-
ference between subsequent time points using the following
equation:

(1) = W 3)

To calculate bulk force rate as a function of time (F()), & is
replaced with F in Eq. (3).

The temporal peak of each bulk quantity was extracted for sub-
sequent analysis. Fissured samples were only analyzed up to the
fissure event to avoid artifact from material rupture.

Local Strain. To evaluate mechanics on the length scale of fis-
sures and cartilage material heterogeneities, Green—Lagrange
strain tensor fields were calculated during impact using verified
digital image correlation (DIC) code for the same 11 samples that
were analyzed in bulk [38,39]. DIC was performed using visual
texture created by polystyrene microspheres to determine two-
dimensional strain fields with 10 pixel grid spacing (45 um resolu-
tion). Local deformations were large; thus, DIC was performed
relative to the previous time point, rather than the initial (r=0)
image. Strain error was less than 5%, as evaluated using generated
data with known deformation of the real visual texture.

Three strain invariants and their respective rates and gradients
were calculated from Green—Lagrange strain tensors: first and sec-
ond principal strains and maximum shear strain. First principal
strain is the most tensile strain and was selected due to its pro-
posed importance in collagen fiber/fibril failure [40,41]. In two
dimensions, second principal strain is the most compressive strain
and was evaluated for comparison against bulk compressive
strain. Finally, maximum shear strain was evaluated because of its
relationship to maximum shear stress, which is the primary mode
under which ductile materials fail [42] and because it has previ-
ously been proposed as a damage predictor in cartilage [36,43].
Strain rates were evaluated because cartilage is poroelastic with
strongly rate-dependent material and failure behavior [44—46].
Local strain rates were calculated using second-order
Savitzky—Golay filtering with a five-point window. Spatial gra-
dients have also been proposed as important for cartilage damage.
In particular, contact pressure gradients distinguish between intact
and damaged cartilage more effectively than either peak or aver-
age contact pressure [47]. The spatial gradient of each local strain
metric was calculated using linear finite-element shape functions.
The magnitude of the strain gradient was reported. For compari-
sons between fissured and intact groups, the spatiotemporal peak
of each strain variable was utilized.

Logistic Regression for Predicting Damage. Predictive mod-
els of cartilage fissuring were developed by fitting experimental
data from samples impacted with the 1.2mm diameter rod to
logistic regression models (Fig. 2(a)). Each logistic regression
model fits binary outcome data with a continuous sigmoidal curve
based on continuous predictors [43,48]. The logistic regression
fits (Eq. (4)) provided an equation for probability of fissure, given
a specific value for any predictor variable (x) [48]

B 1
)
l+e b
In Eq. (4), a is the value of the predictor variable at 50% probabil-
ity of fissure, b controls the transition width from low probability

to high probability and the ratio of a to b controls the offset proba-
bility when the predictor variable is zero. The binary outcome was

“)
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fissure state: intact (zero) or fissured (one). The continuous predic-
tors were the four bulk and nine local mechanical variables: bulk
strain, bulk strain rate, bulk force, bulk force rate, local first prin-
cipal strain, local second principal strain, local maximum shear
strain, local first principal strain rate, local second principal strain
rate, local maximum shear strain rate, local gradient of first princi-
pal strain, local gradient of second principal strain, and local
gradient of maximum shear strain.

To develop predictions based on bulk mechanics, each sample
impacted with the 1.2mm diameter rod was noted as either fis-
sured or intact (17 fissured and six intact samples, n=23 data
points). The four individual bulk mechanical variables were used
individually as predictor variables.

To develop predictions based on local strain, data from a subset
of six samples impacted with the 1.2 mm diameter rod were fit to
logistic regression models (three fissured and three intact samples,
n=~615 data points). The temporal peak from each grid point was
used for local logistic regression analyses. A relatively small num-
ber of samples could be used since each sample provides a large
number of data points, reducing experimental burden.

All fissures occurred in the most superficial 300 pum, thus analy-
sis focused on this region. Many fissures closed postimpact,
resulting in a fissure line that could lie between grid points. To
account for this, strain grid points less than 45 um (one grid spac-
ing) from a fissure were marked as fissured data points. To ensure
that nonfissured points were sufficiently far from the fissure, grid
points at least 90 um (two grid spacings) away from the fissure

(@ Development of predictive model
1.2 mm diameter impact rod

mFissured ointact —Regressiol
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(b)) Assessment of predictive model
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ol 600s
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Fig. 2 Development and assessment of logistic regression
models for predicting failure in cartilage. Models were devel-
oped using data from samples impacted with the 1.2 mm diame-
ter rod (a). For local mechanics, the temporal peak of each
mechanical variable was determined at each grid point. Regions
near the articular surface that were fissured and intact were
used to develop logistic regression models, providing multiple
data points from each sample. For bulk mechanics, a single
data point was used for each sample. Models were assessed
using samples impacted with the 0.8 mm diameter rod (b). The
predictor variable of interest (maximum shear strain rate in this
example) was fed into the logistic regression model in order to
yield the probability of fissure at each location on the sample.
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Fig. 3 In general, bulk (a) and local (b) mechanics were larger
in fissured samples than in intact samples when averaged
across impact energies in each group. Large differences in
maghnitude between bulk and local mechanics reflect heteroge-
neity in the local strain fields that is averaged out in bulk strain.
These differences are highlighted by the shading, which shows
the average bulk results for the intact and fissured samples on
the local plots. Local peak strain and strain rate were about two
and five times larger, respectively, than their bulk measures. In
particular, peak local second principal strain (most compres-
sive strain) was 3.5+ 2.4 times larger than peak bulk strain
(also compressive). Further, peak local second principal strain
rate was 4.4 = 1.8 times larger than peak bulk strain rate. Within
bulk mechanics, strain and strain rate were significantly larger
in fissured than intact samples, but there were no significant
differences in force or force rate (a). Within local mechanics,
first principal strain and maximum shear strain, all three strain
rates, and the gradients of first principal strain and maximum
shear strain were significantly larger in fissured than intact
samples (b). In contrast to bulk results, wherein bulk strain is
analogous to local second principal strain, local second princi-
pal strain was not significantly different between groups. Error
bars = standard deviation. Symbol indicates p < 0.05 for select
variable.
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were marked as intact data points. Each local strain metric was
used as an individual predictor variable.

Assessment of Fissure Prediction. Predictive models of dam-
age were evaluated using the 12 samples impacted with the
0.8mm diameter rod (nine intact, three fissured). For bulk
mechanics, a single prediction (fissured or intact) was made on
each sample (12 data points). Additionally, data from all 12 sam-
ples were averaged to obtain cohort predictions using bulk
mechanics. For local strain, sample-specific, spatially variant pre-
dictions were made on a subset of six samples from the 0.8 mm
diameter rod cohort (three intact, three fissured; 582 data points
total). Local strain fields were computed using DIC and then used
to predict the probability of fissure for each sample at each strain
grid point, producing a probability-of-fissure field (Fig. 2(b)).
Comparisons were made between predicted and actual fissure.

Statistical Analysis. Differences between fissured and intact
samples were tested using two-tailed, unequal variance t-tests.
Logistic regression was completed using Stata, with significance
tested using a two-tailed t-test versus the null hypothesis of each
coefficient being zero (StataCorp LP, College Station, TX). All p-
values were corrected with Finner’s step down procedure [49];
corrected values are reported. Receiver operating characteristics
(ROCs) curves were obtained by determining true and false posi-
tives at all fissure probabilities, from 0.001 to 1.000 in 0.001
increments. The area under the ROC curve, which is the concord-
ance statistic (c-statistic) for binary data [50], was calculated
using a Riemann sum.

Results

Bulk Strain and Force. A series of 11 samples impacted with
the 1.2mm diameter rod were used to compare mechanics
between fissured and intact samples (seven fissured and four intact
samples). Videos of sample deformation were analyzed, excluding
frames after fissure occurred, and mechanical results were pooled
across impact energies. Peak bulk strain and strain rate were sig-
nificantly larger in fissured samples than in intact samples (Fig.
3(a)). On average, strain in fissured samples was 2.5 times larger
than in intact samples, while strain rate was 2.6 times larger.
There were no significant differences in force or force rate
between the two groups (Fig. 3(a)). These differences in strain
with consistent force suggest nonlinear material behavior prior to
fissure.

Local Strain. Local strains were compared for the same sam-
ples used to compare bulk mechanics. Spatiotemporal peaks of all
local strain variables, with the notable exceptions of second prin-
cipal strain and gradient of second principal strain, were larger in
fissured than in intact samples (Fig. 3(b)). On average, first princi-
pal strain was 2.8 times larger and maximum shear strain was 1.6
times larger in fissured than intact samples. First principal strain
rate, second principal strain rate, and maximum shear strain rate
were 2.3-7.6 times larger in fissured than in intact samples. The
gradient of first principal strain and the gradient of maximum
shear strain were 3.1 and 2.0 times larger in fissured than in intact
samples, respectively. In contrast to bulk mechanics, where com-
pressive strain was larger in fissured than in intact samples, there
was no significant difference in local second principal strain
between the two groups. Similarly, there was no significant differ-
ence in the gradient of second principal strain between the two
groups.

Local strain patterns in both intact and fissured samples were
highly heterogeneous (Fig. 4 and Supplemental Figs. S1-S9 are
available under the “Supplemental Materials” tab for this paper on
the ASME Digital Collection). In both cases, peak values were
localized in a relatively shallow zone under the impact location.
The ratio of peak local second principal strain to peak bulk
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Fig. 4 First principal strain for a subset of time points during impact in representative intact
(a) and fissured (b) samples. In both samples, large strains were concentrated under the
impact location in the most superficial 500 um of the sample (rod shaded for clarity). Peak
magnitudes were larger in the fissured sample than in the intact sample. Following impact,
the intact sample had an unchanged articular surface relative to the image before impact,

while a fissure was visible in the fissured sample.

compressive strain was 3.5 = 2.4, and the ratio of peak local sec-
ond principal strain rate to peak bulk strain rate was 4.4 * 1.8.
Both of these ratios reflect heterogeneity in the local strain fields
that is inherently averaged out in bulk strain measures.

Logistic Regression for Predicting Damage. Logistic regres-
sion fits (Fig. 2(a)) were statistically significant for all local pre-
dictor variables (three intact and three fissured samples, totaling
615 data points). Logistic regression fits approached statistical sig-
nificance for all bulk predictors (0.05 <p < 0.20) (17 fissured and
six intact samples). Having only a single data point for each sam-
ple resulted in fewer measurements overall and thus less statistical
power for bulk variables than for local variables. Coefficients for
each predictor variable, which can be used to predict probability
of fissure using Eq. (4), are provided in Table 1.

Assessment of Fissure Prediction. Bulk mechanics were accu-
rate predictors of fissure for the entire sample cohort, but poor pre-
dictors of fissure for individual samples (12 samples total, nine
fissured, and three intact) (Fig. 5). For example, bulk strain pre-
dicted the probability of fissure as low as 0.10 in fissured samples
and as high as 0.90 for intact samples. However, when bulk strain
was averaged across all 12 samples and used to predict the

probability of fissure for the entire cohort, the prediction was
0.68, less than 10% different than the actual fissure rate of 0.75.

Local strain and strain rate predictions discriminated well
between fissured and intact locations on impacted samples, with
all c-statistics > 0.75, when evaluated across six samples (three
fissured and three intact samples, totaling 582 data points)
(Fig. 6). Conversely, all c-statistics were less than 0.75 for strain
gradient measures. First principal strain rate had the largest c-
statistic (0.86), with a 0.50 fissure threshold of 324 s~!. Gradient
of second principal strain had the smallest c-statistic (0.68). Quali-
tatively, local strain predicted spatially heterogeneous patterns of
fissure (Supplemental Fig. S10 is available under the
“Supplemental Materials” tab for this paper on the ASME Digital
Collection), with the quality of these predicted fissure patterns
reflected in the quantitative c-statistic.

Discussion

Bulk Versus Local Mechanics. The first objective of this
study was to quantify bulk and local mechanics in cartilage; this
quantification demonstrated differences between the two length
scales in both magnitude and trend. Bulk strain under-reported
local peak compressive strain and strain rate by a factor of ~3—4.
This highlights the fact that bulk measures inherently average

Table1 Regression coefficients for bulk and local predictors (95% confidence interval) to use with Eq. (4)

Predictor (x)

50% threshold (a)

Transition width (b)

Bulk compressive strain

Bulk compressive strain rate s™H

Bulk force (N)

Bulk force rate (kN s~ 1)

Local first principal strain

Local second principal strain

Local maximum shear strain

Local first principal strain rate (s~ ')

Local second principal strain rate (s~ ')
Local maximum shear strain rate (s™")
Local grad of first principal strain (um™")
Local grad of second principal strain (um ")
Local grad of maximum shear strain (um ")

—0.0946 (—0.220, —0.0303)
—102 (=230, 269) s
14.2 (-=33.5,62.1) N
22.0 (—15.2,59.2) kN-s !
0.165 (0.128, 0.203)
—0.237 (=0.326, —0.149)
0.170 (0.131, 0.209)
324 (250, 398) s !
—309 (—397, —220) s~
283 (222,344) s !
1.77 (1.27,2.27) x 10~* um ™!
1.24 (0.851,1.64) x 10~ * pim ™"
1.33 (0.982, 1.69) x 10+ yim "

—0.0153 (—0.00164, —0. 0290)
—26.2 (=473, —5.09) s~ !
15.1 (—=6.50,36.7) N
8.29 (—0.0975, 16.7) kN-s !
0.0390 (0.0324, 0.0456)
—0.156 (—=0.205, —0.108)
0.0500 (0.0411, 0.0587)
115 (94.7, 136) s !
—115(—143, —87) s !
87.8 (73.6,102.1) s !
5.41(4.20,6.62) x 10~ ym ™!
4.92(3.70,6.14) x 10~ um ™!
477 (3.80,5.74) x 10> ym !
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local data, smoothing spatial heterogeneities in the strain field.
Because strain field heterogeneities correspond spatially with
local damage phenomena such as fissuring, this smoothing hides
relevant information. Further, the overall bulk strain needed to
cause fissure varies between samples and studies (e.g., due to sam-
ple thickness), whereas local strain can be expected to remain
more consistent. Interestingly, the local strain that is conceptually
most similar to the bulk strain, namely the second principal strain,
was not statistically different between groups. This discrepancy
suggests that bulk compressive strain is a proxy for other local
strain variables, which cannot be evaluated effectively in the bulk
paradigm.

Predictive Models. The second objective of this study was to
develop predictive models of fissuring based on bulk and local
mechanics. Logistic regression fits were used to achieve this
objective. While this idea is consistent with the ability of previous
studies to fit logistic regression models to experimental data with
continuous mechanical predictor variables [36,43], the data pre-
sented here include the first experimentally measured local
mechanics to provide these fits.

Prediction Assessment. The third objective was to evaluate
the accuracy of logistic regression models in predicting fissures in
a second set of samples impacted with a different size rod. This
tested the utility of local and bulk mechanics in predicting damage
across loading conditions. The best local predictor was first princi-
pal strain rate, which suggests that the poroelastic nature of carti-
lage is important in the occurrence of fissures, in agreement with
previous literature [44]. Further, principal strain as a failure crite-
rion is consistent with brittle failure in collagen fibrils [51,52],
and with previous observation of brittle failure in impact-induced
cartilage injury as a result of high strain rates [30,53]. The second
best local predictor was maximum shear strain. Maximum shear
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Fig. 5 Predictions of fissures from bulk mechanics. For indi-
vidual samples, many of the predictions were inaccurate,
including predictions of high probability of fissure for intact
samples and low probability of fissure for fissured samples.
Conversely, cohort average predictions were accurate for the
entire cohort as can be seen by comparing with the experimen-
tally observed fissure rate (dashed line). Cohort average predic-
tions were calculated by averaging each predictor for the
cohort, and then predicting the probability of fissure from the
average value. For example, bulk force data were first averaged
across all 12 intact and fissured samples. This average force
was then used as input to the regression model (Eq. (4)), which
resulted in the cohort average prediction. Error bars were cal-
culated from the average of each predictor for the cohort plus
or minus one standard deviation. Predictions were developed
using data from samples impacted with the 1.2mm diameter
rod and evaluated on data from samples impacted with the
0.8 mm diameter rod. (For color in this figure legend, the reader
is referred to the web version of this article.)
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stress is the primary failure mode in ductile materials [42], poten-
tially indicating a ductile failure mechanism in cartilage. Maxi-
mum shear stress has also been previously proposed as an
accurate predictor of cartilage fissuring [36,43]. Microscopic
imaging of fissures can provide additional insight into potential
failure mechanisms: visualization using scanning electron micros-
copy demonstrated visual features consistent with wedging fol-
lowed by fibrillation and brittle failure with ductile pulling of
fibers (Supplemental Fig. S11 is available under the
“Supplemental Materials” tab for this paper on the ASME Digital
Collection). These mechanisms are also seen in failure of polyeth-
ylene and polypropylene [54].

While bulk mechanics were poor predictors of failure on indi-
vidual samples, they predicted the cohort-average failure rate
well. This suggests that the selection of bulk or local mechanics
for predicting damage is dependent upon the intended use of the
resulting prediction. The selection of bulk mechanics is further
dependent on the match between boundary and loading conditions
used in developing predictive models, and boundary and loading
conditions in the intended use of the predictions. For subject- or
location-specific predictions, local mechanics would be preferred,
as this would provide a link between macrolevel mechanics (e.g.,
those predicted using subject-specific finite-element analysis) and
local, microlevel cartilage failure. However, for population-
averaged predictions, bulk mechanics would be appropriate if the
boundary and loading conditions are sufficiently similar to those
used in developing predictive models.

Biological Implications. Although the present study did not
evaluate the cellular response to impact, cell death is likely an
important aspect in initiation of PTOA. In subfissure impact,
chondrocyte death is concentrated near the articular surface
[15,37]; in impact-induced fissuring, chondrocyte death is focused
near fissures [55-57]. Thresholds for fissures are larger than for
cell death, as can be demonstrated by comparison to previously
measured local strain and cell death in subfissure impact [37]. Par-
allel to the articular surface, ~9% tensile strain produced ~50%
probability of cell death, but only produced 12% probability of fis-
sure. Perpendicular to the articular surface, ~10% compressive
strain produced ~50% probability of cell death, but only produced
29% probability of fissure. In terms of progression of PTOA, the
relative importance of chondrocyte death and structural damage
are unknown, but it is likely that both act synergistically in the ini-
tiation and progression of cartilage degradation [58,59].

Considerations. Values and thresholds presented in this study
should be compared with previously published data on bulk
mechanics with caution since bulk mechanics are sensitive to
sample geometry, boundary conditions, and loading conditions.
Additionally, most previous studies have tested groups at discrete
levels (e.g., two discrete peak stresses), thus an exact threshold
cannot be determined. In adult human cartilage, the compressive
strain at failure was 20-30% at strain rates of 1000s~' and
500s~" [27]. In the current study, a local compressive strain of
24% corresponded to 50% probability of fissure, which is consist-
ent with the threshold in human cartilage. However, in this study,
the threshold in bulk compressive strain was dramatically lower,
with the 95% probability of fissure at 14% bulk compressive
strain. This discrepancy may be due to differences in tissue source
and boundary conditions, and thus underscores the value of evalu-
ating local strain fields to circumvent interstudy variation.

Tissue source, boundary conditions, loading history, and the
focus on strain rather than stress are all considerations in interpret-
ing these data. The tissue source in this study was immature
bovine. While there are concerns regarding the applicability of
immature bovine tissue, there is evidence that its material behav-
ior is qualitatively consistent with mature tissue, and with tissue
from other species [60]. Therefore, the trends found here could be
expected to be qualitatively similar in mature human tissue but
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with different threshold parameters such that the present results
cannot be directly translated to mature human cartilage. While the
boundary and loading conditions used in this study do not repli-
cate a loading environment seen in vivo, local mechanics provides
information that is relatively independent of boundary and loading
conditions. The insensitivity of local mechanics to sample bound-
ary and loading conditions is actually one of the strengths of using
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Fig. 6 Concordance statistics (c-statistics) for local predic-
tors. Grid points near the articular surface were analyzed (a):
for each predictor variable, the probability of fissure was calcu-
lated (/). Grid points above a probability threshold were
selected and categorized as either true positives (locations that
did fissure) or false positives (locations that did not fissure) (ii).
Normalized true positives were plotted against normalized false
positives for all samples (iii). Steps (i) and (iii) were repeated
for all probabilities from 0.001 to 1.000 in increments of 0.001.
The result from this process was the ROC curve for each predic-
tor variable (b). The area under the ROC curve was calculated
using a Riemann sum. The area under the curve is the
c-statistic, and was compared between predictor variables (c).
Strain and strain rate c-statistics were all >0.75, while strain
gradient c-statistics were all <0.75. The maximum c-statistic
was for first principal strain rate, while the minimum was for the
gradient of second principal strain.
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local mechanics for failure prediction. Conversely, the bulk
mechanics evaluated in this study are limited to this particular
loading scenario. Similarly, sectioning cartilage to approximately
1 mm thick would be expected to affect bulk mechanics, but have
a minimal effect on local mechanics, because they were evaluated
far from that boundary. A previous study demonstrated the impor-
tance of the superficial zone to cartilage resilience to cellular
injury under impact load [37]; thus, the intact articular surface
enabled realistic failure thresholds in the present study. This study
focused on strain and did not evaluate stress. The advantage of
using strain is that it can be directly measured, while estimating or
predicting stress in heterogeneous, nonlinear materials such as
cartilage requires detailed information about the spatial variation
of material properties. However, because stress is important in the
failure of many materials, extensions of this research should
include the evaluation of stresses for their ability to predict fis-
sures. Finally, temporal and spatial peak values were selected for
analysis. While maximum values are inherently less stable than
mean values, the data in this study were relatively smooth (Fig.
1). Further, failure would be expected to occur at peak values,
thus making them appropriate for establishing failure thresholds.

Conclusions. Overall, this study provides the first quantifica-
tion of local strain fields during impact-induced fissuring. Further,
this study demonstrates the ability of local strain to predict fis-
sures, an important step in the goal of establishing causal links
between mechanics and cartilage damage. In particular, these data
suggest that rate-dependent phenomena are important in cartilage
failure, and cartilage failure exhibits ductile and brittle features.
These techniques can be expanded to include other failure criteria,
and can be applied to other biological tissues. Ultimately, these
data and other data collected using this framework can be used to
link finite element-predicted mechanics to local tissue failure, and
thereby accurately predict mechanically mediated diseases on a
patient-specific basis.
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