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Achieving lateral integration of articular cartilage repair tissue with surrounding native cartilage remains
a clinical challenge. Histological and bulk mechanical studies have identified extracellular matrix compo-
nents that correlate with superior failure strength, but it is unclear how local changes in geometry and
composition at the repair interface affect tissue strains under physiologic loading. Here, we investigated
the effects of local compositional and interface geometry on lateral cartilage repair integration by cou-
pling microscale Raman spectroscopy and confocal elastography to measure tissue strains under com-
pressive and shear loading. Histological integration assessments did not have significant relationships
with interface strains under compressive loading (p > 0.083) and only the perimeter attachment score
was trending towards statistical significance with the |Exy| strain tensor under shear loading
(p = 0.050). Interface slope had a stronger correlation with local tissue strains under compressive and
shear loading compared to compositional measures of GAG, collagen, or proteins (compressive loading
|Eyy| tensor: R2 = 0.400 (interface slope), 0.005 (GAG), 0.024 (collagen), and 0.012 (protein); shear loading
|Exy| tensor: R

2 = 0.457 (interface slope), 0.003 (GAG), 0.006 (collagen), and 0.000 (total protein)). These
data support surgical publications detailing the need for vertical walls when debriding chondral defects.
Current histological integration assessments and local compositional measures were insufficient for iden-
tifying the variation in interface strains under compressive and shear loading. Thus, our data points to the
importance of controlling interface geometry at the time of surgery, which has implications for cartilage
repair integration and long-term healing.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Despite the numerous treatment options for focal chondral
defects (Hinckel et al., 2020; Orth et al., 2020), a remaining chal-
lenge is achieving lateral integration of the repair tissue with
native tissue. Clinical assessments of lateral integration are per-
formed via histological grading where lateral integration is defined
as contact or apposition of the native and repair tissue. Lateral inte-
gration is required to prevent continued tissue degeneration as fis-
suring and vertical cracks in cartilage are hallmarks of
osteoarthritis (Pritzker et al., 2006) and cracks negatively affect
cartilage mechanobiology and its load-bearing capacity (Komeili
et al., 2020, 2019b). Histological assessments are the gold standard
for determining the success of integrative repair where dramatic
differences in both composition and interface geometry have been
identified at the repair interface (Nixon et al., 2017; Roberts et al.,
2003). While histological scoring systems identify gaps or fissuring
at the interface (Mainil-Varlet et al., 2010; Ortved et al., 2015), this
provides little information about the mechanical competence of
the interface. As such, it is unclear the extent to which these histo-
logical assessments correlate with micromotion at the interface
under loading.

The mechanical environment resulting from joint loading likely
affects integrative repair as mechanical cues have been implicated
in cartilage biological processes. Finite element analyses have iden-
tified displacement gradients at the repair interface under com-
pressive loading (Ahsan and Sah, 1999; Wayne et al., 1991),
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which can lead to graft detachment. Local strain assessments in
cartilage explants have provided detailed understanding of healthy
and damaged tissue mechanical properties (Buckley et al., 2010;
Griffin et al., 2015, 2014; Komeili et al., 2020, 2019a; Moo et al.,
2018; Silverberg et al., 2014). Additionally, high strains in articular
cartilage have been linked to negative biological consequences
including cell death, apoptosis, and mitochondrial dysfunction
(Bonnevie et al., 2018; Delco et al., 2018).

Prior investigations of cartilage repair integration have focused
on elucidating which extracellular matrix (ECM) components con-
tribute to integration strength. Collagen deposition and cellular
activity at the interface has been linked to increased integration
strength from in vitro investigations (DiMicco et al., 2002; Maher
et al., 2010; Van De Breevaart Bravenboer et al., 2004). An in vivo
equine cartilage repair study found that IGF-I did not improve ten-
sile integration strength despite enhancing matrix composition
and histological integration scores (Gratz et al., 2006). This study,
and prior in vitro investigations, used bulk failure properties to
measure mechanical integration, but these bulk failure measures
are limited in spatial resolution and do not capture local tissue
strains under physiologic loading.

To determine the role of ECM components in integration
strength, previous studies utilized idealized geometries such as
right cylinders, which do not capture the range of interface geome-
tries observed in both human and animal in vivo studies (Nixon
et al., 2017; Roberts et al., 2003). A canine in vivo study identified
that beveled edges resulted in larger lesions after repair compared
to vertical edges (Rudd et al., 1987). Debridement at the time of
surgery results in a variety of angles at the interface of healthy tis-
sue, however it is unclear what effect interface geometry has on
interface mechanics and success of repair.

Recent investigations have coupled microscale mechanical test-
ing with vibrational microspectroscopy to understand the relation-
ship between composition and mechanical function in articular
cartilage and meniscal entheses (Boys et al., 2019; DiDomenico
et al., 2019; Silverberg et al., 2014). Additionally, microscale strain
mapping has recently been utilized on cartilage repair interfaces
in vitro (Irwin et al., 2019). Measuring local composition and strain
fields of interfaces obtained from in vivo repair studies would elu-
cidate how both ECM composition and interface geometry con-
tribute to local mechanics. As such, the aim of this study was to
spatially correlate local compositional data and interface slope to
microscale tissue strains under compressive and shear loading
from a clinically relevant in vivo equine cartilage repair model.
2. Methods

2.1. Cartilage repair model

Osteochondral samples from an 8 month in vivo equine carti-
lage repair model were obtained from 9 horses from a previous
study (Ortved et al., 2015). Briefly, horses between 2 and 4 years
old underwent surgery where full-thickness, 15 mm diameter
osteochondral defects were created bilaterally in the lateral tro-
chlear ridge of the femur and randomly treated with either: (1) fib-
rin only, (2) naïve chondrocytes in fibrin, or (3) AAAV5-IGF-I
transduced chondrocytes in fibrin (n = 3/group).
2.2. Histological scoring and bulk biochemical analyses

Histological scores and bulk biochemical data (GAG, DNA, and
collagen type II) were obtained from a previously published study
using these samples (see supplementary methods) (Ortved et al.,
2015).
2

2.3. Tissue sample preparation

A block of articular cartilage roughly 3 � 3 � 1.4 mm (Widthx-
LengthxDepth) was dissected across the repair interface to contain
both native and repair tissue (n = 9, Fig. 1). Samples remained sub-
merged in PBS for subsequent imaging and mechanical testing
(further details found in supplemental methods).

As a control, native equine articular cartilage with no repair tis-
sue was also sectioned from the talar osteochondral block at least
5 mm from the defect site (n = 2) and prepared as repair samples.

2.4. Interface slope quantification

A common goal in cartilage repair surgery is to create ‘‘vertical
walls” when debriding the chondral defect. We quantified the
extent to which this was true using confocal images. Interface
slope is the extent of change in the orientation of the repair line
between the native and repair tissue relative to the axis of the
underlying bone. In this coordinate system, vertical walls would
have a slope of 0, and an interface that was parallel to the bone
would have an infinite slope. Interface slope was calculated using
confocal images throughout the tissue depth at a resolution of
25 mm by manually drawing a line at the repair interface using
MATLAB software (Fig. 2A-D). Interface regions were identified
from confocal images by a veterinary surgeon (K.O.). The curve
was fit to a third-degree polynomial and the slope was calculated
as the absolute value of the change in x over the change in y.

2.5. Raman spectroscopy

Raman imaging was performed to obtain compositional maps
across the repair interface (Boys et al., 2019) (Renishaw InVia Con-
focal Raman microscope, n = 3; WITec Alpha300R Confocal Raman
microscope, n = 8). Spectra were obtained using a 785 nm laser
through a 20X water immersion objective lens that was submerged
in PBS. A map approximately 2 mm by 1 mmwas obtained for each
sample across the repair interface at 25 mm resolution. Laser power
was set to 70 mW and spectra were collected with an 8 s integra-
tion time.

Compositional maps for glycosaminoglycans (GAG, 1017–
1127 cm�1), collagen (835–905 cm�1), and proteins (1217.5–
1293.5 cm�1) were quantified using the peak area for the ranges
listed (Fig. 2E,F). Peak areas were normalized to values in the deep
zone of the native region of each sample (see supplemental meth-
ods). This normalization was performed in order to compare
between samples as tissue composition of adult equine cartilage
is comparable between individual animals (Brama et al., 1999;
MacDonald et al., 2002).

2.6. Strain quantification

Microscale strains at the interface were obtained using a mod-
ified version of previously established protocols (Buckley et al.,
2008; Irwin et al., 2019; Middendorf et al., 2017) involving fluores-
cent staining, mounting to a custom stage, and imaging with a con-
focal microscope (see supplemental methods). Samples were first
axially compressed manually 5–12% by a glass plate with images
taken to track tissue deformations (Fig. 1). Samples were allowed
30 min to fully relax, with final compressive strains of 7.3–11.0%.
Oscillatory shear was then applied at an amplitude of 1% and a fre-
quency of 1 Hz with images captured at 60 fps.

Confocal image sequences were analyzed using Ncorr, an open
source 2D-digital image correlation software implemented in
MATLAB, to obtain local tissue deformations under compression
and shear (window radius: 100–165 mm; grid spacing: 12.5–20.7
mm) (Blaber et al., 2015). Local Green-Lagrange strains were calcu-



Fig. 1. Study design. Cartilage tissue was sectioned across the repair interface and imaged using Raman spectroscopy to obtain local tissue composition. Samples were first
axially compressed (1) with images captured in real time to calculate tissue strains. After allowing the tissue to fully stress relax, an oscillatory shear was applied (2). Native
tissue shown in blue, and repair tissue shown in orange. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 2. Pixel-level registration of interface slope, composition, and strain. Interface slope was calculated through the tissue depth by fitting a polynomial to a manually drawn
curve (A-D). Representative confocal images are shown for each treatment group with interface denoted by a dashed line (IGF-1: green; Naïve Chondrocyte: blue; Fibrin: red).
Interface slopes as a function of tissue depth are shown for all samples (D). Composition maps of GAG and collagen were obtained from Raman spectroscopy (E,F). Microscale
strains were spatially quantified under compressive and shear loading (G-I). Interface slope, strain maps, and compositional maps were all overlaid at matching resolutions of
25 mm. Scale bar = 250 mm.
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lated by fitting a least squares plane on a subset of displacement
data (window radius: 25.0–41.4 mm, Fig. 2G-I). Due to manual
compression, there was variation in compressive strains (5–12%).
To account for this, individual microscale strain observations were
normalized to the bulk compressive strain applied for analyses of
compressive loading.
2.7. Pixel-level spatial registration of interface slope, composition, and
strain

To identify if local composition and interface slope correlated
with strain behavior at the repair interface, data obtained from
Raman mapping, slope calculation, and strain mapping were over-
laid using a custom code in MATLAB. The white light image from
Raman spectroscopy and the undeformed confocal image from
compressive testing were uploaded into Inkscape for each sample.
Features were manually matched optically in the two images
(Middendorf et al., 2020). Raman data was recorded at a resolution
of 25 mm, and the strain data was calculated at a resolution of 14.8–
24.6 mm. In order to align the data sets, the strain data was binned
3

and averaged to align with the Raman data at a resolution of
25 mm.
2.8. Statistical analyses

Linear regression analyses were performed in PRISM software
to compare bulk biochemical parameters by region to averaged
interface strains. Kruskal-Wallis non-parametric tests were per-
formed to compare histological scores to average interface strains
using the R software package. The standard deviation of strains
at the repair interface for control samples and all repair samples
were compared to assess the variance in strain magnitudes using
a one-way ANOVA and the data was log-transformed to achieve
a normal distribution. A mixed linear model followed by an ANOVA
was used to compare strain magnitudes at the repair interface
between treatments where treatment was a fixed effect and horse
was a random effect. Spatial Raman data and strain data in the
native region was compared to the repair region for Naïve Chon-
drocyte and IGF-I treated groups using a mixed linear model fol-
lowed by an ANOVA where region (native or repair) was a fixed
effect and horse was a random effect. Data was log transformed.
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Fibrin samples were not included in this analysis because data was
taken from the perilesional region. A p-value < 0.05 was considered
statistically significant.
3. Results

3.1. Average interface strains correlate with bulk GAG content but not
histological integration scores

Bulk GAG, collagen, and DNA content were quantified in the
perilesional, lesion, and remote sites of the defect and compared
to average strains in a 250 mm wide region at the interface. Bulk
GAG content in the perilesional region had a very strong correla-
tion with average |Eyy| under compressive loading (R2 = 0.834,
p < 0.0001) and both average |Exy| and average |Exx| under shear
loading (R2 = 0.961, p < 0.0001 and R2 = 0.830, p < 0.01, respec-
tively). Additionally, DNA content in the remote region from the
defect site had moderate correlations with average |Exy| and aver-
age |Exx| strains (p < 0.05, R2 = 0.481 and R2 = 0.473, respectively).
There were no other significant relationships between strain ten-
sors and bulk biochemical content for compressive or shear loading
(Table 1).

Histological scores are the gold standard for assessing integra-
tive repair, with the perimeter attachment score being used to
Table 1
Bulk GAG and DNA content correlate with average
regression analysis of bulk biochemical paramete
reported. Bold text denotes statistical significant (p

Table 2
Histological scores evaluating cartilage repair do
Kruskal-Wallis analysis of histology scores with com
and shear loading. P-values reported. The only par
perimeter attachment score with |Exy| under shear
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grade sections with no gaps (0), a gap at 1 side of the defect (1),
or a gap at both sides of the defect (2) (Ortved et al., 2015). The
perimeter attachment score did not have a significant relationship
with |Eyy| under compressive loading (p = 0.083) and was trending
towards significance with |Exy| under shear loading (p = 0.050). No
other histological score or strain tensor component for compres-
sive or shear loading was significant with p-values greater than
0.1 (Table 2).
3.2. Compositional distributions show decreased GAG and collagen
across repair interface

Similar to the strain distributions, the compositional distribu-
tions of GAG and collagen were constant across the x position for
control samples (Fig. 3A-D). Collagen and protein data from Raman
spectroscopy were highly correlated with each other (R2 = 0.834,
p < 0.0001, Supplemental Fig. 1), so only collagen data is displayed.
The fibrin repair samples had decreased GAG content up to 1 mm
away from the interface with normalized values ranging from 0.62
to 1.00 (Fig. 3E,F). In contrast, the collagen concentration remained
constant ranging from normalized values of 0.79 to 1.14 up to
1 mm from the interface (Fig. 3G,H). In contrast to control samples,
naïve chondrocyte and IGF-I repair treatments showed a decrease
in GAG and collagen in the repair tissue compared to native tissue
strains at the repair interface. Multiple linear
rs with average interface strains. R2 values
< 0.05).

not capture local strains at repair interface.
ponents of the strain tensor under compressive
ameter trending towards significance was the
loading (outlined in table).



Fig. 3. Compositional distributions show decreased GAG and collagen across repair interface. Small variations in strains along the x position indicate consistency through the
tissue depth. Dashed line at an x-position of 0 mm for repair samples denotes the location of the interface with native tissue on the left and repair tissue on the right. Each
shade of color is an individual sample. The average interface slope values are provided for each sample in the corresponding treatment group panel. Control samples have
constant GAG and collagen distribution across the repair interface (A-D). In the perilesional region, fibrin repair samples have decreased GAG starting up 1.5 mm from the
repair interface while collagen remains constant (E-H). Naïve and IGF-I repair samples have decreased GAG and collagen across the interface and into repair tissue (I-P).
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reaching minimum normalized values of 0.01 and 0.34 respectively
(Fig. 3I-P, p < 0.0001).
3.3. Mapping of interface shows elevated strains in repair tissue

Control samples had constant strain values across the x position
under compressive loading, ranging from 0.42 to 0.71 for |Eyy|
(Fig. 4A,F). In contrast, repaired samples had elevated strains up
to 1.74 for |Eyy| (Fig. 4B-D,G-I). Strain magnitudes in the repair
region were elevated compared to the native region for naïve chon-
drocyte and IGF-I treatment groups for all strain tensor compo-
nents (p < 0.05) except for the |Eyy| tensor in the naïve
chondrocyte treatment group (p = 0.31).

Similar to the compressive loading data, under shear loading
tissue strains in the control samples did not vary with x position.
Shear strains (|Exy|) had a large range from 0.001 to 0.017 across
the y position for control samples (Fig. 5A,B). This is expected for
intact cartilage as shear strains are highest in the surface region
of the tissue and then decrease with tissue depth along the y-
axis (Supplemental Fig. 5). Repair tissue |Exy| strains varied with
x position where the shear strain described a sliding motion
between the repair and intact tissue (Fig. 5E,F,I,J,M,N). Peak lateral
strains along the x-axis (|Exx|) reached 0.004 in control samples,
but ranged up to 0.026 for repair samples (Fig. 5G,H,K,L,O,P).

Tissue strains located in a 250 mm wide region at the repair
interface described local movement under compressive and shear
5

loading. Repair samples had larger standard deviations in |Eyy|
compared to control samples under compressive loading (Fig. 4E,
p < 0.05). There was large variance in strain magnitudes between
horses in each treatment group, and as such no treatment was sig-
nificantly different from controls (Fig. 4E, Fig. 5Q,R, p < 0.30).
3.4. Interface slope correlates with local strains better than
compositional measures

For all three treatment groups, interface slope had a stronger
correlation with local interface strains than compositional mea-
sures of GAG and collagen (Fig. 6). Under compressive loading,
interface slope had a moderate correlation with the normalized
axial compressive strains |Eyy| in the 250 mm wide interface region
(R2 = 0.400, p < 0.0001, Fig. 6A). In contrast, both compositional
measures of GAG and collagen had very weak correlations with |
Eyy| interface strains (GAG: R2 = 0.005, p = 0.0001; collagen:
R2 = 0.024, p < 0.0001, Fig. 6B,C). Under shear loading, interface
slope had a moderate correlation with |Exy| and a weak relationship
with |Exx| under shear loading (Fig. 6D,G, R2 = 0.457, p < 0.0001 and
R2 = 0.323, p < 0.0001 respectively). Measures of GAG and collagen
had very weak correlations with |Exy| and |Exx| at the interface
(Fig. 6E,F,H,I, GAG: R2 = 0.002, p < 0.01 and R2 = 0.002, p = 0.01; col-
lagen: R2 = 0.006, p < 0.0001 and R2 = 0.014, p < 0.0001
respectively).



Fig. 4. Strain spatial distributions differ from controls for all treatment groups under compressive loading. Normalized tissue strains plotted across the x position of the tissue
(A-D). Representative spatial maps of tissue strains for each treatment group are shown (F-I). Small variations in strains along the x position indicate consistency through the
tissue depth. Dashed line at an x-position of 0 mm for repair samples denotes the location of the interface with native tissue on the left and repair tissue on the right. Each
shade of color is an individual sample. The average interface slope values are provided for each sample in the corresponding treatment group panel. Range in strain
magnitudes at a 250 mm wide region across the repair interface reveal high variability within samples (E).
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4. Discussion

This study investigated the effects of local composition and
interface geometry on lateral integration during articular cartilage
repair in an eight month equine repair model. Microscale vibra-
tional spectroscopy was coupled with confocal elastography to
measure local collagen and GAG content and local strain fields dur-
ing loading, respectively. Spatial variations in both composition
and strain magnitudes were found across the x position of all
repair samples regardless of treatment. Our results identified that
interface slope was the predominant correlate with interface
strains under compressive and shear loading, while GAG, collagen,
and total protein content were only weakly correlated. Current his-
tological integration assessments were insufficient for identifying
the variation in interface strains under compressive loading. Col-
6

lectively, we identified interface slope as the primary driver of
the mechanics at the repair interface under loading.

Quantifying local tissue strains provides a measure of motion at
the interface of repair. Our experiments used physiologic levels of
compressive strains (5–12%) and shear strain (1%) to characterize
local strains similar to those experienced in vivo (Chan et al.,
2016; Sanchez-Adams et al., 2014). Under the applied compressive
strains, the Poisson’s ration was ~0.35 as expected for normal car-
tilage and was generally slightly lower for repaired tissues (pre-
sented as the lateral strain |Exx| as it was normalized to the axial
strain |Eyy|, Supplemental Fig. 3). While physical detachment did
not occur, repair treatments contained samples with elevated
strains across the interface compared to intact controls. These dif-
ferences in strain magnitudes and distributions have implications
for integrative healing, as biological responses have been linked



Fig. 5. Strain spatial distributions differ from controls for all treatment groups under shear loading. Normalized tissue strains plotted across the x position of the tissue (A,C,E,
G,I,K,M,O). Small variations in strains along the x position indicate consistency through the tissue depth. Dashed line at an x-position of 0 mm for repair samples denotes the
location of the interface with native tissue on the left and repair tissue on the right. Each shade of color is an individual sample. The average interface slope values are
provided for each sample in the corresponding treatment group panel. Representative strain maps are shown for each treatment group (B,D,F,H,J,L,N,P). Range in strain
magnitudes at a 250 mm wide region across the repair interface reveal high variability within samples (Q,R).
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to impact and shear loading magnitudes (Bartell et al., 2015;
Bonnevie et al., 2018). Therefore, altered biological responses at
the interface are expected due to the varied strain magnitudes
and spatial distributions.

Current integration assessments rely on histological scoring
(Mainil-Varlet et al., 2010; Ortved et al., 2015; Wang et al., 2016)
and bulk biochemical measurements of composition at the repair
interface (Fortier et al., 2002; Ortved et al., 2015). Histological scor-
ing systems assess only whether the interface is intact and thus
give no insight into qualities of the interface that may affect
mechanics. As such, our observation that histological assessments
of integration were not correlated with local tissue strains was not
surprising. Based on our results, we suggest that histological scor-
ing systems could be altered to include a measurement of interface
slope. Including such an assessment in a histological score would
provide a relatively straightforward method for more accurately
assessing lateral integration and could be characterized using stan-
dard staining.

Local GAG measurements from Raman spectroscopy had a very
weak correlation with microscale tissue strains (length scale of
25 mm) while bulk GAG concentrations had a very strong correla-
tion with average tissue strains (length scale 1 mm). GAG content
is notoriously difficult to measure using Raman spectroscopy as
the peak used for analysis has overlap with the B-type carbonate
peak of collagen (Gamsjaeger et al., 2014). It is known that GAG
content correlates with bulk mechanical properties in cartilage
(Pfeiffer et al., 2008) and our results of average GAG and strain fol-
7

low this same trend. However, at the microscale, local variations in
GAG do not appear to have a strong effect on the strain magni-
tudes. As such, bulk GAG assessments enable a prediction of aver-
age strain behavior at the repair interfaces whereas local GAG
content is not predictive of local strains.

Previous in vitro and subcutaneous in vivo work has identified
compositional features that correlate with improved integration.
Collagen deposition (DiMicco et al., 2002), collagen cross-linking
(Athens et al., 2013), and cellularity (Maher et al., 2010; Van De
Breevaart Bravenboer et al., 2004) at the interface have all been
implicated in integrative cartilage repair. These studies have iden-
tified useful models for elucidating the contributions of matrix
deposition on integrative cartilage repair. A limitation of these
models is the use of ideal geometries (i.e. vertical edges), which
eliminate geometry as a variable and thus highlight correlations
between bulk failure strength and compositional features. Our
results show that the range of interface geometries present after
cartilage repair surgery in vivo can outweigh the contributions of
varying composition in determining local mechanics.

Many strategies have been employed to improve matrix deposi-
tion in articular cartilage defects including transfection of chondro-
cytes with growth factors such as IGF-I (Cucchiarini et al., 2005;
Kaul et al., 2006; Madry et al., 2010; Ortved et al., 2015). As in pre-
vious studies using IGF-I transfection, there were notable differ-
ences between GAG levels across the interface between naïve
chondrocyte- and IGF-I-treated samples. Despite significant
enhancement in matrix deposition in IGF-I samples, there was no



Fig. 6. Interface slope correlates with local strains better than compositional measures. Each data point is an individual observation within the 250 mm wide interface region.
Color denotes treatment group (red: fibrin, blue: naïve chondrocytes, green: IGF-I). Shade denotes individual samples.
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difference in repair integration between the three treatment
groups evaluated in this study. This lack of difference arises from
the variations in interface geometry present across the study. For
example, the IGF-I sample #2 had elevated GAG deposition paired
with a high slope resulting in high strain magnitudes at the inter-
face. In contrast, the naïve chondrocyte sample #2 had decreased
GAG content at the interface paired with a low slope corresponding
to lower strains. Thus while enhancing matrix deposition is an
important goal in cartilage repair, maintaining a vertical interface
between the defect and native cartilage remains the predominant
influence on interface mechanics. Notably, the primary importance
of surgical factors in controlling interface mechanics is not true for
other mechanical properties, such as bulk compressive, shear, and
frictional properties, where treatment group is the dominant factor
(Griffin et al., 2015). Collectively, these data suggest that different
factors control bulk mechanics and tissue integration.

Previously published data on these samples found differences in
the quality of the defect repair between the treatments, where the
IGF-I samples had increased GAG content and bulk mechanical
properties (Ortved et al., 2015). However, this enhancement of
matrix deposition and bulk mechanics did not translate to any ben-
efit in terms of tissue strains at the interface. An in vivo study of
cartilage repair in equines evaluated injections of free IGF-I and
found that while the IGF-I injection improved tissue repair quality
and histological scoring (Fortier et al., 2002), there was no differ-
8

ence in tensile integration strength (Gratz et al., 2006). This was
attributed to the fact that IGF-I stimulates GAG production and ele-
vated GAGs are not likely to affect tensile cartilage properties.
Here, we would expect increased GAG concentration to enhance
tissue compressive properties, yet our findings show that the local
increases in GAG content contributed minorly to local tissue
strains as compared to interface slope.

Surgical publications detailing articular cartilage repair treat-
ments stress the importance of creating vertical walls when
debriding the defect (Alford and Cole, 2005; Bedi et al., 2010). A
canine in vivo study also found that beveling the edges during
debridement resulted in larger lesions and increased surface fibril-
lation (Rudd et al., 1987). The effect of defect angles of 100�or 80�
were evaluated for intratissue strains during compression and
stress relaxation in vitro, but both angles showed similar results
(Gratz et al., 2009). Analogously, we found that similar deviations
from a vertical wall yield comparable tissue strains near the inter-
face. Collectively, our data and these previous studies strongly
point to the necessity of creating vertical walls at debridement
regardless of the cartilage repair treatment.

Prior finite element analyses have identified displacement gra-
dients and increased fluid efflux caused by the differences in mate-
rial properties across the interface (Ahsan and Sah, 1999; Wayne
et al., 1991). Here, we also found strains in the repair region were
significantly greater than in the native tissue. Our data are consis-
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tent with these previous finite element studies and point to the
need for continued simulations that examine the influence of inter-
face geometry on the mechanics of cartilage repair.

There are several limitations to consider when interpreting
these data. All strain data for the fibrin treated samples were
obtained in the perilesional region, and therefore the fibrin treat-
ment is confounded with the perilesional location for all interpre-
tations and statistical measures. Comparing this fibrin repair data
to controls, we identified changes in strain distributions and GAG
composition up to 1 mm away from the interface that were not vis-
ible in the interface analyses. Tissue sections were obtained along
one portion of the defect perimeter that grossly was identified as
being intact. As such, alternative locations along the circumference
of that defect for each horse could have altered geometries, compo-
sitions, and strains. However, our results identified correlations
that were supported across all treatment groups, suggesting that
these relationships would be true regardless of the site from which
tissue was obtained. There were low samples sizes for each of the
treatment groups (n = 3/group) and controls (n = 2). This limited
our statistical power for comparing between horses and treat-
ments. However, an advantage to our analytical method was the
large data sets at the microscale level to compare tissue geometric
and compositional features to mechanical behavior (n = 402–2252
observations per horse). Additionally, each repair sample included
a native tissue region that served as an embedded control that
behaved similarly to the virgin control cartilage and previous stud-
ies of equine cartilage (Griffin et al., 2016, 2015).

In this study, microscale spatial mapping was performed to
identify if local tissue geometry and composition correlated with
tissue strains under physiologic levels of compressive and shear
loading. Local strains at the interface of cartilage repair were corre-
lated with interface slope and bulk GAG content in the perilesional
region. These data support surgical publications detailing the need
for vertical walls when debriding chondral defects, and offer met-
rics that can be obtained using altered histological scoring and
common biochemical measures to assess repair tissue integration.
Thus, our data points to the importance of controlling interface
geometry at the time of surgery, which has implications for carti-
lage repair integration and long-term healing.
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