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Propagation of microcracks in collagen networks of cartilage under
mechanical loads
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Objective: We recently demonstrated that low-energy mechanical impact to articular cartilage, usually
considered non-injurious, can in fact cause microscale cracks (widths < 30 mm) in the collagen network
of visually pristine human cartilage. While research on macro-scale cracks in cartilage and microcracks in
bone abounds, how microcracks within cartilage initiate and propagate remains unknown. We quantified
the extent to which microcracks initiate and propagate in the collagen network during mechanical
loading representative of normal activities.
Design: We tested 76 full-thickness, cylindrical osteochondral plugs. We imaged untreated specimens
(pristine phase) via second harmonic generation and assigned specimens to three low-energy impact
groups (none, low, high), and thereafter to three cyclic compression groups (none, low, high) which
simulate walking. We re-imaged specimens in the post-impact and post-cyclic compression phases to
identify and track microcracks.
Results: Microcracks in the network of collagen did not present in untreated controls but did initiate and
propagate under mechanical treatments. We found that the length and width of microcracks increased
from post-impact to post-cyclic compression in tracked microcracks, but neither depth nor angle pre-
sented statistically significant differences.
Conclusions: The microcracks we initiated under low-energy impact loading increased in length and
width during subsequent cyclic compression that simulated walking. The extent of this propagation
depended on the combination of impact and cyclic compression. More broadly, the initiation and
propagation of microcracks may characterize pathogenesis of osteoarthritis, and may suggest therapeutic
targets for future studies.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Low-energy impacts to articular cartilage may initiate micro-
cracks in the network of collagen,1 which may be one of the earliest
(i.e., pre-clinical) detrimental changes to cartilage. Such changes
may contribute to osteoarthritis (OA), a leading cause of disability
in adults. Clinical OA, characterized by the weakening and loss of
cartilage, afflicts over 26.9 million people in the US alone,2 leading
to pain, disability, and total joint replacement. Following initiation
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of microcracks, repetitive mechanical loads to cartilage during
normal daily activities may propagate these microcracks (within
the extracellular matrix) and initiate the cascade of degeneration
leading to OA. The extent of microcrack propagation during re-
petitivemechanical loads to cartilage during normal daily activities,
however, is unknown.

The human knee is the largest joint in the body, and one of the
most susceptible to injury.3 Within the knee, acute or chronic
damage may occur in the ligaments and tendons, as well as in the
cartilage and bone, possibly resulting in post-traumatic osteoar-
thritis (OA).4,5 While microcracks in bone have been characterized
extensively,6e10 and sub-millimeter-scale surface fissures in carti-
lage are well known for early to advanced osteoarthritis (OA), 11e14

we recently demonstrated that low-energy impact usually
td. All rights reserved.
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considered non-injurious can in fact cause micrometer-scale cracks
(microcracks) in the collagen network of human cartilage.1 In pre-
vious work we defined collagen-network microcracks as fractures
in the collagen network that are no wider than the diameter of
chondrocyte lacunae (<30 mm). 15,16 Furthermore, we probed the
diminished functional response of cartilage under progressive cy-
clic loading17 and found statistically significant microcracking un-
der some loading conditions.

Using second harmonic generation imaging (SHG) via confocal
microscopy, we previously visualized micro-scale mechanical
damage to the network of collagen that we initiated from low-
energy impact. Other researchers applied compression,18 ten-
sion,19 or surgically induced injury20 and used 2-D or 3-D SHG
visualize (but never quantify) microcracks in the network of
collagen (referred to as microcracks, micro-splits, and micro-
wrinkles). Microcracks also present in vivo, as seen by us and
others, e.g., in micewith surgically induced OA20 and in ICRS Grade-
I human femoral cartilage.21

In this study, we aimed to determine: (1) what combinations
of impact and cyclic compression initiate microcracks in the
network of collagen; and (2) whether and how cartilage micro-
cracks propagate during cyclic, mechanical loading which simu-
lates walking. Understanding these aims contributes
understanding to the initial mechanisms of microscale damage in
the network of collagen that may be a precursor to degradation
characteristic of OA.

To these ends, we initiated microcracks in the network of
collagen in cartilage explants using low-energy mechanical im-
pacts, and tracked the propagation of microcracks after cyclic
compression simulating 12,000 walking strides, approximately
equivalent to completing a half marathon paced at 13e15 min per
mile.22 Using SHG microscopy, we measured microcrack area
density before and after impact and after cyclic loading, and
quantified changes in microcrack morphology (length, width, and
depth) and orientation.
Materials and methods

In total we tested 76 full-thickness, cylindrical osteochondral
plugs (specimens). We separated specimens from the lateral and
medial femoral condyles, and assigned them to one of three
different impact groups (none, low, high), with impact energy
density as the independent variable, and thereafter one of three
different cyclic compression groups (none, low, high) which
simulate 12,000 walking strides. We also performed SHG imaging
(Carl Zeiss LSM 510 or Nikon FN1) at three experimental phases
(pristine, post-impact, and post-cyclic compression). In Fig. 1 we
show a summary of the treatment groups. In total, we had seven
different treatment groups, where one control group received
neither impact nor cyclic compression, two control groups received
only cyclic compression, and the remaining four groups received
both impact and cyclic compression.
Fig. 1. Summary of 76 specimens separated into treatment groups, with specimens from th
impacteLI (1.5e2.5 mJ/mm3), high impacteHI (2.6e4.0 mJ/mm3). Cyclic Compression: no c
Preparation of specimens

We received full bovine knees from five skeletally mature ani-
mals (18e30 months) packed on ice (Animal Technologies, Inc.,
Tyler, TX). We carefully exposed and identified load-bearing and
visibly pristine regions on both the lateral and medial femoral
condyles, and determined the local split-line direction along these
surfaces.23,24 We then extracted cylindrical specimens (3 mm
diameter, full thickness) using a circular punch while keeping track
of the local split-line direction. Using a scalpel, we removed a
majority of the subchondral bone while ensuring that the
remaining subchondral bone surface was visibly parallel to the
articular surface. Using a digital camera (EOS 70D DSLR; Canon,
Tokyo, JP), we imaged each cylindrical specimen and used standard
image processing to determine the thickness of cartilage.25 To store
specimens not immediately tested, we immersed them in Phos-
phate Buffered Saline (PBS, pH 7.4) and stored them at �80�C.23,26

On the day of testing we thawed the specimens and mounted them
to custom, ultra-wear-resistant nylon platens using cyanoacrylate
adhesive for subsequent imaging and mechanical testing.
Mechanical tests

Low-energy impact
We impacted the articular surface of unconfined pristine spec-

imens using a custom drop tower with a polished, flat metal
impactor (diameter much greater than 3 mm). We separated
specimens from the lateral and medial femoral condyles and
randomly assigned those specimens to three different impact
groups (no impact-NI, low impact-LI, high impact-HI). Based on
preliminary studies, we selected LI ¼ 1.5e2.5 mJ/mm3 and
HI ¼ 2.5e4.0 mJ/mm3. Based on our previous work,1 we selected
the intended impact velocity v�imp ¼ 0:5 m/s. We calculated the
required drop height h ¼ ðv�impÞ2=2g, with g as gravitational ac-
celeration. We then calculated the required total drop mass m to
achieve the intended impact energy density E�imp using

E�imp ¼ mgh
V

; (1)

where V is the volume of the specimen.
During the test we measured the acceleration (±49,000 m/s2;

350A14, PCB Piezotronics, Depew, NY) and the force (22.24 kN;
200B05, PCB Piezotronics) at 100,000Hz sampling rate. After the test,
we integrated the acceleration once to determine the actual velocity
at themomentof impact vimp, and used this to calculate the actual the
impact energy density (Eimp) applied to each specimen using

Eimp ¼
mv2imp

2V
: (2)

For the control group (NI in Fig. 1), specimens rested in PBS for
the duration of the test. Post-impact, we submerged the specimens
e medial and lateral condyles pooled together. Low-Energy Impact: no impacteNI, low
ompressioneNC, low compressioneLC (10%), high compressioneHC (15%).
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in PBS at 37�C for at least 1 h to equilibrate prior to subsequent
imaging and mechanical testing.1

Cyclic, unconfined compression
Post-impact, we conducted unconfined cyclic compression tests,

a technique well-established in the literature,27e29 using a Bose
LM1 Electroforce linear motor withWinTest 7 soft,ware (Bose, Eden
Praire, MN). First, we submerged the tissue in PBS solution at 37�C
and maintained force-controlled 0.2 N compression for 3,000 s. We
then applied a pattern of cyclic compression including
0.69 s sinusoidal compression followed by 0.67 s recovery (total
cycle time equals 1.36 s or 0.74 hz), cf. Zhang et al.30 The amplitude
of cyclic compression was either low compression e LC ¼ 10% or
high compression e HC ¼ 15% of the cartilage thickness measured
prior to impact testing, cf. Liu et al.,31 Harkey et al..32 For the control
group (high compressioneNC in Fig.1), specimens rested in PBS for
the duration of the test. Post-cyclic compression, we submerged the
specimens in PBS at 37�C for at least 1 h prior to subsequent
imaging.1

Images via second harmonic generation (SHG)

We performed SHG imaging (Zeiss LSM 510, Oberkochen, DE or
Nikon FN1, Tokyo, JP) at three separate experimental phases
(pristineeP, post-impactePI, and post-cyclic compressionePC). We
used tunable Ti: Sapphire lasers (Zeiss: Coherent Chameleon, Santa
Clara, CA or Nikon: Spectra Physics, Santa Clara, CA) at 850 nm for
excitation of the nonlinear signal. We acquired the signals in non-
descanned detection using a specialized filter (Zeiss: 425 ± 13 nm
bandpass filter; FF01-425/26-25, Semrock, Rochester, NY or Nikon:
492 blocking edge short pass filter; FF01-492/SP-25, Semrock). For
all images from the Zeiss, we used a water-immersion objective (W
Plan-Apochromat 20�/1.0) and a 600� 600 mm (512� 512 pixel)
field of view. For all images from the Nikon, we used a water-
immersion objective (CFI75 Apochromat LWD 25� MP) and a
516� 516 mm (1024� 1024 pixel) field of view. For each specimen,
we acquired a 7� 7 tile grid (100 mm tile overlap) of the entire
articular surface at three separate experimental phases (pristine (P),
post impact (PI), and post-cyclic compression (PC)). Additionally, both
PI and PC we acquired through-thickness image stacks (slice
increment of 2.5 mm) from a 3� 3 tile grid centered on the articular
surface (to avoid edge effects). We acquired image stacks 50 mm
into the specimenmeasured from the articular surface and scanned
for microcracks. We stopped imaging if we found no microcracks. If
we identifiedmicrocracks, we continued imaging up to 200 mm into
the specimen (the approximate focal length of the microscopes).
We also mounted each specimen to keep the placement, and thus
orientation of the images with respect to the split-line direction,
consistent.

Analyses of images

We stitched together our SHG images using Fiji's Grid/Collec-
tion Stitching Plugin33 for ImageJ (National Institutes of Health,
Bethesda, MD) to generate images of the full circular cross section
at a resolution of 1.2 mm/pixel (Zeiss) or 0.50 mm/pixel (Nikon). In
SHG, collagen fibers/fibrils create the strongest SHG signals.34 The
collagen signal was white (Zeiss) or blue (Nikon), and we identi-
fied microcracks as absence of SHG signal (black).1,34 Using only
the 3� 3 tile grid centered on the articular surface (Zeiss:
3618:8� 3618:8 mm, 3093� 3093 pixels; Nikon: 3092:5�
3092:5 mm, 6185� 6185 pixels), independent observers measured
the length, width, and principal angle (relative to the split-line
direction) of each microcrack in each image (parallel to the
articular surface) manually, using the measurement tools in Fiji. To
determine the microcrack depth, each observer first determined
the height of the articular surface (defined as the axial position
when 50% of surface was visible/non-black in each individual
image, and then followed each microcrack axially through the
image stacks (slice interval of 2.5 mm) until each disappeared. We
recorded these data overall in the pristine, post-impact, and post-
cyclic compression phases of the experiment. Additionally, where
we could positively track individual microcracks by feature
matching from the post-impact to the post-cyclic compression
phases of the experiments, we recorded the specific morphology
and orientation of each tracked microcrack as a subset of the
overall data.

To validate inter-observer agreement in our measured data, we
calculated the Cohen's kappa coefficient k, a 95% confidence in-
terval, and the inter-rater reliability using SAS 9.4 (SAS Institute,
Inc., Cary, NC). We also verified inter-observer reliability by
comparing the means using a t-test with p<0:05 to determine
significant differences among observers. If we found agreements
greater than 75% from two independent observers, we averaged
these results.35,36 If we found practically significant differences
between observers, we included a third independent observer and
averaged the two sets of results with the best inter-observer
agreement (always greater than 75%).

We calculated the length, width, depth, and orientation (angle
from the split-line direction) of all microcracks from both post-
impact and post-cyclic compression phases. For each specimen,
we also calculated the overall microcrack area density using the
total number of microcracks in the 3� 3 tile grid centered on the
articular surface.

Statistical analyses

We used separate mixed-model ANOVAs to evaluate the ef-
fects of impact and cyclic compression on microcrack density,
and on the length, width, depth, and angle of microcracks. We
included condyle (medial or lateral), impact level (low or high),
cyclic compression level (10% or 15%), and phase (PI or PC) as
fixed effects, specimen as a random effect, and the thickness of
each cartilage specimen as a covariate. We also included all two-
way interactions between impact, cyclic compression, and phase,
as well as the interaction between sample thickness and impact
level. Prior to analysis, we logðxþ 1Þ transformed mean micro-
crack density, width, and depth, and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðxþ 1Þp
transformed mean

microcrack length, to meet the assumptions of ANOVA. Even after
transformation, the data for mean microcrack length failed to
meet the assumption of normality of residuals due to two out-
liers. We tested if the outliers were driving our results for mean
microcrack length by running the model with and without the
outliers included. Removing the outliers did not alter the sig-
nificance of any variables in the model; for brevity, we present
only the results of the analysis using the full data set (including
the outliers). We used post-hoc tests to evaluate differences
among treatment combinations for any statistically significant
interactions between fixed effects. Finally, we used separate
simple regressions to investigate interactions that we identified
as statistically significant between specimen thickness and each
impact level for mean microcrack width. This involved gener-
ating the residuals from a reduced, mixed-model ANOVA that did
not include thickness or the thickness� impact level interaction,
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and then testing for a statistically significant relationship be-
tween specimen thickness and the residual mean microcrack
thickness for each impact level.

We analyzed the subset of our data wherewe tracked individual
cartilage microcracks over the course of the experiment using the
same mixed-model ANOVA, but with specimen and microcrack
included as additional random factors (to account for non-
independence at those scales), and the three-way interaction
among impact, cyclic compression, and phase. Prior to analysis, we
logðxþ 1Þ transformed mean length, width, and depth of the
tracked microcracks to meet the assumptions of ANOVA. Data for
the orientation of the tracked microcracks met the assumptions of
ANOVA without transformation.
Results

We completed mechanical treatments and imaging on a total of
76 specimens including controls (NI, NC in Fig. 1). We did not find
anymicrocracks in the untreated controls. We found no statistically
significant differences between lateral and medial condyles, so we
pooled data from these two groups to increase our statistical power.
We successfully initiated microcracks in verified, visibly pristine
cartilage, and propagated the microcracks under cyclic compres-
sion (Fig. 2).

We found statistically significant differences in the density,
length, width, depth, and angle of microcracks depending on the
combinations of mechanical treatments (Table I, Appendix (A) and
Table II, Appendix (B)). We found no microcracks in any of our
Fig. 2. Representative second harmonic generation imaging (SHG) images of a control spe
chanically treated specimens (dei) presenting microcracks: (d, g) pristine (P); (e, h) post i
respectively. We co-registered images for each specimen using relative coordinate mapping
control specimens (column NI in Table I), nor any microcracks in
our pristine specimens prior to impact treatments (row P).

Under our loading combinations, we found that when
microcracks form, they most likely present with the following
morphologies: lengths <40 mm, widths <20 mm, depths
<30 mm, and angles either 0� or 45� to the split-line direction
(Fig. 6, Appendix (C)).
Microcrack initiation

We initiated microcracks during low-energy impacts, and both
initiated and propagated microcracks during unconfined cyclic
compressions. We found no statistically significant differences in
medianmicrocrack densities, lengths, or depths in our controls, and
under our combinations of impact and cyclic-compression treat-
ments (Fig. 3). We did find statistically significant larger median
angles (from split-line direction) of microcracks in specimens from
the high-impact compared to the low-impact treatment group at
15% cyclic compression (P ¼ 0:0252).

Median microcrack widths were: (1) larger for those initiated at
high impacts than for those initiated at low impacts overall (P ¼
0:0213).

(2) larger for those initiated at high impacts than for those
initiated at low impacts and subsequently undergoing 10% cyclic
compression (P ¼ 0:0252), and (3) smaller for those undergoing
10% as compared to 15% cyclic compression after high impacts (P ¼
0:0398) (Fig. 4). We found that log microcrack width correlated
with cartilage thickness under high (logðW þ 1Þ ¼ 0:983T þ 1:23,
P ¼ 0:0025) but not low impacts.
cimen (aec) resting in PBS for the duration of the mechanical tests, and of two me-
mpact (PI) at 2.5e4.0 mJ/mm3; and (f, i) post-cyclic compression (PC) at 10% and 15%
and feature matching.



Fig. 3. There are no statistically significant differences in densities, lengths, or depths of cartilage microcracks under different combinations of impact and cyclic compression
treatments. Plot shows distributions in (a) density, (b) length, (c) depth, and (d) angle (from the split-line direction) of cartilage microcracks observed after no impact (left column),
low impact (middle column), or high impact (right column) and one of two cyclic compression treatments. Control specimens (no impact/no cyclic compression) presented no
microcracks in any specimens (not shown). Here we show raw data. We determined statistical significance using mixed-model ANOVAs for each response variable. We transformed
these data prior to analyses as described in Section Statistical analyses.
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Fig. 4. We found statistically significant, large differences in widths of cartilage microcracks under different combinations of impact and cyclic compression treatments (see Table II
for statistical results). Plot (a) shows distributions in width of cartilage microcracks observed after no impact (left column), low impact (middle column), or high impact (right
column) and one of two cyclic compression treatments. Control specimens (no impact/no cyclic compression) presented no microcracks in any specimens (not shown). Plot (b)
shows log microcrack width vs cartilage thickness for both low and high impact treatments. Here we show raw data unless indicated otherwise. We determined statistical sig-
nificance using mixed-model ANOVAs with 47 degrees of freedom for each response variable. We transformed these data prior to analyses as described in Section Statistical
analyses.
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Microcrack propagation

In tracked microcracks, the main effect of phase (post-impact vs
post-cyclic compression) showed microcrack lengths and widths
measured post cyclic compression were statistically significantly
greater than those measured post impact (P <0:0001). Regarding
length specifically, the interaction between level of cyclic-
compression and level of impact was also statistically significant
(P ¼ 0:018), but we did not pursue this with post-hoc tests.
Regarding the width of tracked microcracks, two interactions with
impact level were significantly different in our post-hoc tests:
impact � cyclic compression (P ¼ 0:025) and impact � phase (P ¼
0:043). To further probe these interactions, we ran separate models
for each impact (thus dropping terms or interactions containing
impact). These analyses found that after high impact, widths grew
from the post-impact phase to the post-cyclic compression phase.
Additionally, we found statistically significantly larger widths after
10% cyclic compression than after 15%, but only in the low-impact
treatment group (Fig. 5).

We found no statistically significant differences in the depth of
tracked cartilage microcracks between post impact and post-cyclic
compression, but did find different combinations of impact and
cyclic compression influenced the microcrack depth (P ¼ 0:014).
Similarly, we did not see statistically significant changes in micro-
crack angle (with respect to the split-line direction) from post
impact to post-cyclic compression, but did find different combi-
nations of impact and cyclic compression influenced the angle of
microcracks (P ¼ 0:020).

Discussion

Regular mechanical loading is one of the most important
environmental factors in maintaining cartilage and joint health,
but severe loading can also have degradative effects that



Fig. 5. Cartilage microcracks propagate from post-impact to post-cyclic compression phases of mechanical treatments. Plot shows distributions of widths of tracked cartilage
microcracks under four combinations of impact and cyclic compression treatments. Control specimens (cyclic compression with no impact) presented no tracked microcracks in any
specimens (not shown). Here we show raw data. We transformed these data prior to analyses as described in Section Statistical analyses.
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influence the development of OA.4 Because cartilage undergoes
various combinations of mechanical loading in vivo, mechanical
analyses of cartilage should employ similarly complex loading
treatments.

We were the first to successfully identify and track progression
of individual microcracks in the collagen networks of cartilage
under in vitro mechanical loading while maintaining the full
thickness of cartilage. In this study we determined combinations of
impact and cyclic compression that affect the propagation of
microcracks.

In articular cartilage, covalent cross-links among fibrils and fi-
bers stabilize the network of collagen.37 These cross-links pre-
dominantly connect telopeptides of adjacent molecules.38 There
are several damage mechanisms within articular cartilage that may
contribute to OA, including breaking39,40 and peeling of collagen
fibrils.41 Bonitsky et al.42 found they could not repair (macro-scale)
fissures with cross-linking treatments. Given the significance of
damage to the collagen network within cartilage, understanding
the initiation and propagation of microcracks could provide
essential insight into the initiation of OA.
Microcrack initiation

We initiated microcracks using relatively low impact energy
densities of 1:5� 4 mJ/mm3 (approximately 0:042� 0:11 J) given
the average dimensions of our specimens. Rapid impact loading
leads to tensile stresses within the collagen fibers and renders them
susceptible to rupture.43 Larger impact energies yielded micro-
cracks with overall greater initial microcrack widths. Duda et al.14

impacted fully intact porcine patella with comparably low impact
energies (0:06� 0:2 J) and did not find fissures using electron mi-
croscopy, but did find damage to chondrocytes. Using SHG, wewere
able to see microcracks in the network of collagen at comparable
(or lower) impact energies. These differences may be due to dif-
ferences in experimental design, species and/or location of tissue,
and/or imaging modality. In some cases, we also initiated micro-
cracks during cyclic compression. Larger tensile stresses within the
compromised collagen network may then cause the formation of
new microcracks.5

Based on preliminary studies, we initiated our microcracks at
an impact velocity of 0.5 m/s. Kaleem et al.1 initiated cartilage
microcracks with impact velocities ranging from 0.75 m/s to
1.0 m/s and impact energies in the range of 0:05� 0:09 J, but did
not include cyclic compression among their mechanical treat-
ments. With these impact treatments, they determined that
impact energy densities of approximately 1:5� 3 mJ/mm3

initiate microcracks in human cartilage, and that increasing
impact velocity did not correlate with increasing occurrence of
microcracks.

We found that cartilage microcracks can form at various
angles ranging from parallel to perpendicular to the split-line
direction; however the majority of microcracks tended to form
either parallel to the split-line direction or at 45� to it. Micro-
cracks forming parallel to the split-line direction may indicate
voids between aligned collagen fibers forming as cross-links
rupture.37 Cartilage microcracks forming at 45� to the split-
line direction may indicate rupture of both cross-links and
collagen fibers.

We found that cartilage thickness significantly correlated with
median width of initiated microcracks for high (1:5� 2:5 mJ/mm3)
but not low (2:5� 4:0 mJ/mm3) impacts [Fig. 4(b)], i.e., specimens
with greater thicknesses generate microcracks with greater initial
widths. In previous research we found that other mechanical re-
sponses of cartilage correlate with thickness, e.g., energy dissipa-
tion under shear deformations decreased with increased cartilage
thickness.44
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Microcrack propagation

In several instances while tracking microcracks, we identified
microcracks in the post-impact phase but could no longer find
them in the same locations in the post-cyclic compression phase.
Post high impact, we also found that microcrack widths grew less
after subsequent 15% cyclic compression than after 10% cyclic
compression. Since we did not use living cartilage for these ex-
periments, these microcracks likely closed or fused by readjust-
ment of the extra-cellular matrix under cyclic compression. Many
studies demonstrate that the collagen network within cartilage
realigns during cyclic loading.14,45 Brown et al.46 suggest that
collagen fibers bundle near the cartilage surface after damage to the
Fig. 6. Normalized probability of finding microcracks at given lengths (aed), widths (eeh), d
in each figure represents data PI, while the black dashed line represents data post-cyclic co
network of collagen, and that such bundles are visible via SHG as
brighter white lines. We did see bright white lines near the carti-
lage surface, perhaps resulting from fiber realignment to create fi-
ber bundles. Such realignment within the extra-cellular matrixmay
account for our disappearing microcracks.

Limitations and outlook

We used 3 mm diameter plugs, which may not represent in vivo
conditions11. This study serves as a first investigation into the
propagation of microcracking, and correlations to conditions in vivo
require further experiments. We found small cartilage microcracks
near the edges of the cut cylindrical surfaces in several pristine
epths (iel), and angles with respect to the split-line direction (mep). The solid red line
mpression.
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specimens, these resulting from extraction of our specimens. Some
of thesemicrocracks propagated towards the center of the explants,
likely influencing the integrity of the collagen network during our
mechanical treatments. During imaging we considered only the
center region of our explants to (largely) avoid including these
microcracks in our analyses, but they may have influenced propa-
gation of surrounding microcracks initiated during our mechanical
treatments.

Post-traumatic osteoarthritis (PTOA) involves mechanical insult
and an inflammatory cascade. In previous studies using SHG, we
screened cartilage from total knee arthroplasties (TKAs) and found
microcracks occurring naturally in human cartilagewith very early-
stage OA. Similarly, Kumar et al.21 identified, via SHG imaging,
cartilage microcracks (which they called microsplits and wrinkles)
in very early-stage OA (ICRS Grade-I) femoral cartilage from TKAs.
OA involves biomechanical, biochemical, metabolic, and genetic
changes often triggered by injury and inflammation pathways.47,48

Future studies aimed at understanding the interplay of mechanical
and cellular mechanisms in cartilage microcracks, e.g., connecting
microcrack propagation in vivo and marathon running,49 may
enable new treatment targets and detection of pre-clinical/early
OA.50

In summary, our results show: (1) changes in overall microcrack
width significantly depend on loading conditions where greater
propagation occurs after low impacts; and (2) microcracks propa-
gate by increasing in both length and width, but not depth. The
microcracks we initiated under low-energy impact loading
increased in length and width during subsequent cyclic compres-
sion that simulated walking. The extent of this propagation
depended on the combination of impact and cyclic compression.
More broadly, the initiation and propagation of microcracks may
characterize pathogenesis of osteoarthritis, and may suggest ther-
apeutic targets for future studies.
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�
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Angle (

�
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Appendix A

In Table I we present themedians and interquartile ranges of the
lengths, widths, depths, and angles of microcracks in the pristine,
PI, and post-cyclic compression phases of our experiment under
one of three different impact treatments (none, low, high), and
thereafter one of three different cyclic compression treatments
(none, low, high).
hs, and angles of microcracks in the pristine (P), post impact (PI), and post-cyclic
tments (no impacteNI, low impacteLI (1.5e2.5 mJ/mm3), and high impacteHI
compressioneNC, low compressioneLC (10%), and high compressioneHC (15%)).

HI

HC LC HC

0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0

[1.6,5.4] 0.78 [0.39,2.2] 4.0 [2.0,4.9] 2.5 [1.5,3.8]
.7 [26.9,109.3] 126.7 [37.2,351.5] 87.2 [51.2,206.7] 62.5 [29.2,141.1]
[2.7,10.8] 11.1 [4.2,50.1] 11.5 [4.8,25.5] 6.7 [3.7,12.2]

.0 [7.5,40.0] 25.0 [16.9,60.6] 25.0 [12.5,63.8] 17.5 [10.0,35.0]

.0 [29.0,52.0] 35.0 [0.0,45.0] 40.0 [2.5,55.5] 44.0 [0.0,60.0]
[2.0,7.9] 2.0 [1.1,3.5] 2.7 [2.6,4.4] 2.6 [1.6,5.3]

.4 [37.1,216.5] 140.0 [68.8,417.0] 88.2 [45.7,299.4] 64.1 [24.5,160.6]
[3.8,31.7] 18.6 [4.8,63.0] 17.7 [7.1,59.3] 4.1 [2.1,16.2]

.5 [10.0,45.0] 32.5 [12.5,95.6] 17.6 [12.5,55.0] 12.5 [7.5,27.5]

.0 [28.0,46.5] 30.0 [0.0,45.0] 37.5 [2.0,52.0] 42.0 [24.0,50.0]
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Appendix B

In Table II we summarize our statistical findings (P-values and F-
values).
Table II
Summary of statistical p-values and F-values via ANOVA with significant differences (P <0:05) in bold and highlighted. Init. ¼ Initiation; Prop. ¼ Propagation; Cycl.
Comp. ¼ Cyclic Compression. Degrees of freedom (df ): initiation columns df ¼ 83; propagation columns df ¼ 234.

Fixed Effect Density (#/mm2) Length (mm) Width (mm) Depth (mm) Angle (
�
)

Init. Prop. Init. Prop. Init. Prop. Init. Prop. Init. Prop.

Condyle P 0.782 e 0.733 0.490 0.729 0.680 0.274 0.976 0.864 0.907
F 0.08 e 0.12 0.48 0.12 0.17 1.21 0.00 0.03 0.01

Impact P 0.877 e 0.365 0.930 0.021 0.478 0.153 0.818 0.737 0.718
F 0.02 e 0.83 0.01 5.51 0.51 2.08 0.05 0.11 0.13

Cycl. Comp. P 0.053 e 0.570 0.886 0.745 0.754 0.916 0.415 0.871 0.559
F 3.84 e 0.33 0.02 0.11 0.10 0.01 0.67 0.03 0.34

Impact� Cycl. Comp. P 0.151 e 0.086 0.018 0.031 0.025 0.105 0.498 0.012 0.020
F 2.1 e 3.03 5.64 4.83 5.13 2.69 0.46 6.67 5.50

Phase P 0.596 e 0.620 < .0001 0.137 < .0001 0.533 0.745 0.965 0.444
F 0.28 e 0.25 16.5 2.25 173.1 0.39 0.11 0.00 0.59

Phase� Impact P 0.396 e 0.641 0.205 0.236 0.047 0.705 0.666 0.937 0.780
F 0.73 e 0.22 1.61 1.43 4.16 0.14 0.19 0.01 0.08

Phase� Cycl. Comp. P 0.474 e 0.947 0.234 0.695 0.239 0.078 0.014 0.304 0.258
F 0.52 e 0.00 1.20 0.15 1.39 3.20 6.10 1.07 1.28

Thickness P 0.257 e 0.198 0.467 0.035 0.189 0.506 0.958 0.147 0.361
F 1.3 e 1.68 0.53 4.59 1.74 0.45 0.00 2.14 0.84

Thickness� Impact P 0.8175 e 0.180 0.782 0.007 0.551 0.067 0.854 0.972 0.736
F 0.05 e 1.83 0.08 7.73 0.36 3.44 0.06 0.00 0.11
Appendix C

In Fig. 6 we show the normalized probability of finding micro-
cracks at given lengths, widths, depths, and angles relative to the
local split-line direction in the PI and post-cyclic compression
phases of our experiment under the three different impact treat-
ments (none, low, high), and thereafter the three different cyclic
compression treatments (none, low, high).
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