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Background: Management of glenohumeral arthrosis in young patients is a considerable challenge, with a
growing need for non-arthroplasty alternatives. The objectives of this study were to develop an animal
model to study glenoid cartilage repair and to compare surgical repair strategies to promote glenoid chon-
dral healing.
Methods: Forty-five rabbits underwent unilateral removal of the entire glenoid articular surface and were
divided into 3 groupsduntreated defect (UD), microfracture (MFx), and MFx plus type I/III collagen
scaffold (autologous matrix-induced chondrogenesis [AMIC])dfor the evaluation of healing at 8 weeks
(12 rabbits) and 32 weeks (33 rabbits) after injury. Contralateral shoulders served as unoperated controls.
Tissue assessments included 11.7-T magnetic resonance imaging (long-term healing group only), equilib-
rium partitioning of an ionic contrast agent via micro–computed tomography (EPIC-mCT), and histologic
investigation (grades on International Cartilage Repair Society II scoring system).
Results: At 8 weeks, x-ray attenuation, thickness, and volume did not differ by treatment group. At
32 weeks, the T2 index (ratio of T2 values of healing to intact glenoids) was significantly lower for the
MFx group relative to the AMIC group (P ¼ .01) whereas the T1r index was significantly lower for
AMIC relative to MFx (P ¼ .01). The micro–computed tomography–derived repair tissue volume was
significantly higher for MFx than for UD. Histologic investigation generally suggested inferior healing
in the AMIC and UD groups relative to the MFx group, which exhibited improvements in both integration
of repair tissue with subchondral bone and tidemark formation over time.
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Discussion: Improvements conferred by AMIC were limited to magnetic resonance imaging outcomes,
whereas MFx appeared to promote increased fibrous tissue deposition via micro–computed tomography
and more hyaline-like repair histologically. The findings from this novel model suggest that MFx promotes
biologic resurfacing of full-thickness glenoid articular injury.
Level of evidence: Basic Science Study, In Vivo Animal Model.
� 2015 Journal of Shoulder and Elbow Surgery Board of Trustees.
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animal model
Management of glenohumeral arthrosis in a young patient
population is a considerable challenge. In active patients
with increased longevity, there is a need for non-arthroplasty
alternatives to reliably reduce pain and improve function,10

primarily because of concerns related to glenoid implant
loosening.41,47 Unfortunately, alternative strategies such as
biologic resurfacing procedures (eg, using lateral meniscus
or dermal allografts) and glenoid osteochondral grafting
result in unacceptably high rates of failure.22,49 However,
bone marrow–stimulating procedures such as microfracture
(MFx)12,36 and concentric reaming of the glenoid7 have
shown promising short-term and midterm results.

A variety of reparative treatment strategies have been
developed for the management of focal articular cartilage
defects, with most investigations to date focusing on the
knee. Although MFx remains a commonly performed pro-
cedure,48 more recent techniques incorporate synthetic and
biologic scaffolds (with or without implanted cells) to
facilitate the organized adhesion, migration, and differenti-
ation of mesenchymal stem cells to chondrocytes, thereby
facilitating cartilage regeneration.9,14 One such approach,
autologous matrix-induced chondrogenesis (AMIC), is a
single-step procedure combining MFx and a type I/III
(bilayer) collagen patch, and it has yielded promising results
in both preclinical and retrospective clinical studies.11,16,17,51

Presently, very little is known regarding the reparative
capacity of injured glenohumeral joint (GHJ) articular
cartilage. Although numerous animal models across mul-
tiple species have been developed for detailed investigation
of knee cartilage repair strategies,6 very few models exist
for reliable assessment of glenohumeral chondral injuries
(eg, defect models). Therefore, the objectives of this study
were to develop an in vivo rabbit model and to compare
surgical repair strategies to promote glenoid chondral
healing. We hypothesized that both the MFx- and AMIC-
treated glenoids would exhibit a superior repair response
when compared with untreated defects (UDs).
Materials and methods

Experimental design

A total of 45 male New Zealand white rabbits (weighing 4-5 kg at
the time of surgery) were randomized into 3 experimental groups
and underwent unilateral shoulder surgery. Full-thickness cartilage
defects of the entire glenoid were created on the left shoulder and
immediately treated with MFx alone, treated with MFx augmented
with a collagen scaffold (AMIC), or left as UDs. Contralateral
shoulders served as intact controls. Twelve rabbits (4 rabbits per
group) were euthanatized 8 weeks after surgery for equilibrium
partitioning of an ionic contrast agent via micro–computed to-
mography (EPIC-mCT) followed by histologic analyses, whereas
the remaining 33 rabbits (11 rabbits per group) were euthanatized
at a mean of 32 weeks after surgery for magnetic resonance im-
aging (MRI), micro–computed tomography (EPIC-mCT), and
histologic investigation (Fig. 1). Because of the need for prepa-
ration of cored, cylindrical specimens for EPIC-mCT assessment,
which rendered the peripheral glenoid tissue unusable, the initial
15 rabbits (5 rabbits per group) in the long-term study were
assigned to the histologic study only, thus allowing us to examine
the morphology of the entire glenoid articular surface.
Surgical injury model

The reader is referred to prior studies detailing the anatomy of the
rabbit rotator cuff and GHJ.21,27,54 Under isoflurane anesthesia and
by use of a posterolateral approach, a 6-cm craniolateral incision
was made on the dorsum of the left shoulder, superior and medial
to the GHJ (Fig. 2, A and B). Skin and soft tissue were dissected
down to the junction of the cervical and thoracic trapezius, whose
fibers ran perpendicular to the initial incision. The trapezius was
reflected along its fibers. The deltoid was then split longitudinally
and tagged on both ends to expose the rotator cuff tendons (Fig. 2,
C and D). Next, the supraspinatus tendon was transected trans-
versely at the midline between its musculotendinous junction and
its insertion on the humeral head. The supraspinatus was then
reflected medially and tagged with a suture. The infraspinatus
tendon was similarly incised and reflected medially to expose the
joint capsule, which was incised anteriorly. A custom-designed
Fukuda-type retractor (Fig. 2, E) was used to retract the humer-
al head posteriorly, providing adequate access to the glenoid in
addition to protecting the humeral head cartilage. To create the
cartilage defect, a 4-mm arthroscopic burr was used to ream the
entire glenoid cartilage surface down to the calcified cartilage
layer (Fig. 3, A). To avoid mechanically or thermally compro-
mising the humeral cartilage or the surrounding soft-tissue enve-
lope, we performed burring at low speeds and under copious saline
solution irrigation. These steps constituted creation of the UD.

Subsequently, in animals assigned to the MFx or AMIC group,
10 MFx holes were created in the subchondral bone with a high-
speed 0.7-mm drill to promote bleeding and ingress of bone
marrow products (Fig. 3, B). The lesion was then irrigated with



Figure 1 Experimental design featuring 3 experimental groups:
untreated defect (UD), microfracture (MFx), and microfracture
with autologous matrix-induced chondrogenesis (AMIC). Left
glenoids underwent surgery, whereas right glenoids served as
unoperated controls. EPIC-mCT, equilibrium partitioning of an
ionic contrast agent via micro–computed tomography; MRI,
magnetic resonance imaging.

Figure 2 Surgical approach to rabbit glenohumeral joint. (A)
Intraoperative preparation of rabbit shoulder. (B) Initial incision
over the dorsum of a left shoulder through the skin and subcu-
taneous tissue to the level of the trapezius. (C) Dissection through
the fibers of the trapezius (T) (reflected by forceps) for exposure of
the deltoid (D). (D) After a longitudinal split of the deltoid (D)
along its fibers, the supraspinatus tendon (S) is identified and
transected transversely. The supraspinatus is shown held with
forceps. (E) After supraspinatus (S) and infraspinatus (I) tran-
section, a custom-designed Fukuda-type retractor is used to retract
the humeral head inferiorly and posteriorly to gain access to the
glenoid articular surface (G). The coracoid (C) is a useful intra-
operative bony landmark. D, deltoid.
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saline solution, clearing all debris from the joint. For animals
assigned to the AMIC group, a type I/III collagen patch (porcine
matrix, Bio-Gide; Geistlich Pharma AG, Wolhusen, Switzerland)
was then cut to the appropriate size to cover the entirety of the
glenoid surface (ie, approximately 7 mm in diameter). As previ-
ously described,2 the bilayer patch (featuring 1 occlusive and 1
porous surface) was oriented such that its porous layer faced the
bone. By use of 3 No. 6-0 Vicryl sutures (Ethicon, Somerville, NJ,
USA) passed through the scaffold periphery, the patch was
secured to the glenoid (Fig. 3, C); 2 mattress suture limbs were
passed through 2 transosseous tunnels superoanteriorly and
superoposteriorly, whereas a third suture limb was secured to the
soft tissue inferiorly. The joint space was then irrigated with saline
solution, and the humeral head was reduced; the capsule was left
unrepaired. The severed ends of the infraspinatus and supra-
spinatus tendons were reapproximated with No. 4-0 Vicryl
sutures. The deltoid and trapezius were also reapproximated and
closed with No. 4-0 Vicryl. The skin was then closed with No. 4-0
Monocryl (Ethicon) in a subcuticular fashion.

Postoperatively, the surgical forelimb was immobilized against
the body in adduction in neutral flexion using a Velpeau sling for a
duration of 1 week to facilitate soft-tissue healing and confer
additional stability to the shoulder. The rabbits were housed in
individual cages with no further limitations on their motion.
Before the fourth postoperative week, all rabbits were able to
ambulate without a noticeable limp and none exhibited discernible
gait abnormalities.

Tissue assessments

For the 8-week healing study, glenoid specimens were immersed
in 10% neutral buffered formalin (Sigma, St Louis, MO, USA) for
72 hours and stored at room temperature before mCT scanning.
For the 32-week healing study, specimens were placed in
phosphate-buffered saline solution with protease inhibitors for
approximately 1 hour prior to MRI.
High-field MRI (long-term healing rabbits only)

T2 and T1r relaxation times were analyzed in this study because
these parameters reflect tissue water content and viscosity and
hence characterize, respectively, collagen organization and pro-
teoglycan content of both articular cartilage and chondral repair
tissue.43 Specifically, both free water and water molecules bound
to collagen fibers contribute to T2 relaxation,35,38 whereas proton
exchange between water molecules and NH and OH groups in
proteoglycans has been suggested as an important contributor to
T1r relaxation.1,8,35,38

From both operated and contralateral intact joints, glenoid
plugs (6 mm in diameter) including subchondral bone were har-
vested immediately after death. In each imaging session, contra-
lateral plugs from 2 rabbits were scanned. Tissue samples were
placed in a 10–mm–outer diameter glass nuclear magnetic reso-
nance (NMR) tube filled with Fluorinert (FC-43; 3M, St Paul,
MN, USA) to prevent dehydration and to reduce magnetic sus-
ceptibility artifacts. Left and right plugs from each animal were



Figure 3 (A) Creation of surgical glenoid defect. (B) Creation of microfracture holes (0.7 mm in diameter) after surgical defect creation.
(C) Autologous matrix-induced chondrogenesis treatment consisting of placement of type I/III bilayer collagen matrix over defect after
microfracture.
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positioned such that their articular surfaces opposed one another
and with the articular surfaces oriented parallel to the main
magnetic field (B0). The imaging plane was oriented perpendicular
to the static magnetic field to maximize T2 contrast due to the
magic angle effect.4 Experiments were performed using a Bruker
DRX 11.7-T Avance spectrometer (54-mm-diameter vertical bore
magnet) with a micro-imaging gradient insert (maximum gradient
strength of 2,000 mT/m [millitesla per meter]) and a 10-mm
radiofrequency (RF) saddle coil (Bruker BioSpin, Billerica, MA,
USA).39,42 High-resolution (62.5 mm � 62.5 mm � 200 mm)
proton density–weighted images were acquired using a fast spin-
echo pulse sequence with the following imaging parameters:
repetition time (TR), 4,000 milliseconds; echo time (TE), 8 mil-
liseconds; matrix size, 128 � 128; field of view, 8 mm � 8 mm;
20 slices; slice thickness, 200 mm; and number of averages, 6.
T1r relaxation time was measured using a preparatory self-
compensation pulse cluster followed by a fast spin-echo
sequence5 with the following acquisition parameters: TE/TR,
8 milliseconds/3,000 milliseconds; spin-lock duration, 10, 20, 40,
80, and 160 milliseconds; spin-lock strength, 100 mT (microtesla);
1 slice; and slice thickness, 500 mm. T2 relaxation time was ac-
quired using a modified CPMG (Carr-Purcell-Meiboom-Gill)
sequence25 with the following acquisition parameters: TR,
10,000 milliseconds; TE, 6.2 to 100 milliseconds; 16 echoes
evenly spaced; 6 slices; and slice thickness, 500 mm.

By use of a custom-written MATLAB (The MathWorks, MA,
USA) code, the subchondral bone was distinguished from carti-
laginous or fibrocartilaginous tissue by adjusting the contrast
threshold of proton density–weighted images on the basis of the
histogram distribution of signal intensities; contours were then
drawn semiautomatically to identify the full-thickness repair or
native tissue (or both) in each slice. Tissue volume was computed
as the product of the total number of voxels, in-plane X-resolution
(62.5 mm), in-plane Y-resolution (62.5 mm), and slice thickness
(200 mm). The volume fill ratio was calculated for each sample as
the volume of repair tissue (left glenoid) divided by that of the
contralateral glenoid.

T1r and T2 maps were created using a non-negative least-
squares monoexponential fit on a pixel-by-pixel basis. The mean
T2 and T1r values for each sample were obtained directly from
the calculated parametric maps based on a voxel-wise average
over the available slice or slices. For each rabbit, a T1r index and
a T2 index (defined as the ratio of the mean values of the left and
right glenoids) were then calculated to standardize the relative
T1r and T2 changes.24,45
The native cartilage (right glenoid) or repair tissue (left
glenoid) was further divided into superficial and deep regions
(of approximately equal thickness) using a semiautomated
approach similar to that described by Theologis et al.50 In the UD
group, reliable quantification of relaxation times was not possible
because of the minimal amount of repair tissue consistently
observed. The full-thickness T2 and T1r values, as well as the T2
and T1r indexes, were statistically compared between the MFx
and AMIC groups. Deep and superficial T1r and T2 values from
each sample were compared using a paired comparison. The
appropriate statistical test (eg, 2-tailed, paired t test or Wilcoxon
signed rank test) was selected after assessment of data normality
(SPSS software, version 22; IBM, Armonk, NY, USA). Signifi-
cance was assumed for P < .05.
EPIC-mCT

By use of a previously described technique based on x-ray
attenuation properties,28,40 repair tissue or native cartilage atten-
uation, thickness, and volume were computed for each glenoid.
The EPIC-mCT technique has been shown to be an effective, high-
resolution assay for morphologic analysis of cartilage injury
in vivo28 and in vitro.40,55,56 In this approach, x-ray attenuation
patterns can be reliably quantified and mapped spatially as an
index of sulfated glycosaminoglycan content within the tissue.40

Following the methodology previously developed at our institu-
tion,28 formalin-fixed glenoids were incubated in a solution of
Ioxaglate (Hexabrix; Mallinckrodt, St Louis, MO, USA) with
phosphate-buffered saline solution plus protease inhibitors (Iox-
aglate concentration of 40%) in a covered glass centrifuge tube
sealed with Parafilm at 37�C for 2 hours and then scanned using a
SCANCO mCT 40 scanner (SCANCO Medical AG, Br€uttisellen,
Switzerland) with a 20-mm resolution in all 3 spatial planes. Pilot
studies in our laboratory showed no significant difference in
attenuation, average thickness, and average volume between fresh
and fixed cartilage samples.

Glenoid specimens were positioned within a 20-mm-diameter
plexiglas mCT holder, and scans were carried out at 45 kV (peak),
177 mA, and 300 milliseconds’ integration time. After scanning
(mean, 412 slices), the specimens were placed in formalin to
desorb Hexabrix from the cartilage, after which the formalin was
freshly replaced before histologic processing. Image processing
and determination of attenuation values were carried out as
described by Kotwal et al.28 In brief, images were manually



Figure 4 Representative EPIC-mCT (equilibrium partitioning of an ionic contrast agent via micro–computed tomography)–derived
thickness maps for (A) intact, (B) untreated defect, (C) microfracture, and (D) autologous matrix-induced chondrogenesis groups 8 weeks
after injury.
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contoured every 8 to 10 slices to isolate a 5-mm-diameter region
of interest containing subchondral bone, cartilage, and air. Inter-
vening slices were contoured using the morphing function of the
scanner software, and histograms of the attenuation values were
obtained across all slices of the region of interest. Global upper
and lower thresholds were selected for cartilage segmentation to
measure thickness and volume using the distance transformation
function of the scanner software.23 To assess reproducibility,
repeated scans of 8 individual samples were performed, including
2 each from the intact, UD, MFx, and AMIC groups. The co-
efficients of variation for attenuation, thickness, and volume
across groups ranged from 2.0% to 13.4%, which was similar to
that obtained for mouse knee joints in our laboratory.28 Repair-site
filling was quantified as the volumetric ratio of repair tissue (left
glenoid) to unoperated cartilage (right glenoid). Data were
analyzed statistically for comparison of treatment groups and
contralateral glenoids within each group following the approach
described earlier for MRI results.

Histologic investigation

Samples were decalcified in EDTA (Bio-Rad Laboratories,
Hercules, CA, USA) and embedded in paraffin, and 6-mm sections
were generated and stained with either hematoxylin-eosin or
safranin O/fast green. Safranin O–stained sections were graded by
2 blinded, independent observers (S.C. and Lev Rappoport, MD),
using the International Cartilage Repair Society (ICRS) II
guidelines.33 The ICRS II scoring system includes 14 parameters
for the assessment of cellularity, regional cartilage/fibrocartilage
and bone tissue structure, inflammation, vascularity, and miner-
alization; each parameter is scored on a 0 to 100 scale (where
100 indicates normal cartilage features), and the summation of
subscores yields a total score per sample. The total ICRS score
was averaged from the 2 observers for each sample and statisti-
cally compared across groups, as well as between the 2 post-
operative time points for each treatment group.
Results

No significant differences (P > .45) in the percentage of
weight gain were observed among groups at the time of
death of the animals at either time point. On tissue harvest
after euthanasia, all GHJs were noted to have stable artic-
ulations with no evidence of infection. Collagen scaffold
remnants were rarely distinguishable on dissection,
implying that the scaffold was successfully integrated into
the repair tissue or was completely resorbed by 8 weeks.
8-Week healing

EPIC-mCT

Representative thickness maps are provided in Figure 4. No
significant differences in attenuation (P ¼ .46), thickness



Table I EPIC-mCT results for rabbits 8 weeks and 32 weeks after injury

Attenuation Thickness, mm Volume, mm3

Left Right Left Right Left Right

8 wk
Untreated 190 � 11 180 � 12 0.13 � 0.04 0.39 � 0.01) 2.82 � 0.91 8.11 � 0.21)

MFx 190 � 8) 181 � 6 0.22 � 0.08 0.34 � 0.06 6.02 � 2.16 7.02 � 1.18
AMIC 198 � 4) 187 � 9 0.19 � 0.06 0.36 � 0.05) 5.12 � 1.99 7.68 � 0.72

P value for 8 wk .46 .28 .11
32 wk
Untreated 214 � 20) 178 � 45 0.10 � 0.13 0.23 � 0.06) 1.41 � 1.40 6.44 � 2.31)

MFx 206 � 15) 180 � 8 0.16 � 0.06 0.27 � 0.04) 5.55 � 2.12 8.40 � 2.70
AMIC 237 � 27) 183 � 13 0.20 � 0.15 0.23 � 0.07 4.38 � 2.41 6.92 � 1.95)

P value for 32 wk .13 .14 .01

AMIC, autologous matrix-induced chondrogenesis; EPIC-mCT, equilibrium partitioning of ionic contrast agent via micro–computed tomography; MFx,

microfracture.

The left glenoids underwent surgery, whereas the right glenoids served as unoperated controls. For each time point, the P values reflect comparisons of

the operated limbs across the 3 treatment groups.
) Significantly (P < .05) greater than contralateral limb.
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(P ¼ .28), or volume (P ¼ .11) were detected among the
surgical groups (Table I). However, relative to the injured
glenoids, the contralateral unoperated joints exhibited
significantly higher tissue thickness in both the UD and
AMIC groups, significantly larger volume within the UD
group, and significantly lower attenuation in the MFx and
AMIC groups. The mean repair tissue volume ratios were
0.35 � 0.10 for the UD group, 0.91 � 0.43 for MFx, and
0.68 � 0.28 for AMIC (P ¼ .11).

Histologic investigation

The total ICRS II scores (mean � SD) for the UD, MFx,
and AMIC groups were 460 � 85, 767 � 302, and
527 � 244, respectively (P ¼ .52). All groups showed
minimal inflammation and vascular responses with no
abnormal calcification. Surgical control specimens exhibi-
ted minimal repair tissue formation. In 3 of the 4 MFx
samples, immature yet hyaline-like cartilage was evident
from safranin O staining of proteoglycans and moderate
restoration of collagen birefringence. AMIC samples
exhibited primarily fibrous tissue formation with less zonal
organization than was evident in the MFx group.
32-Week healing

Magnetic resonance imaging

Representative T2 and T1r maps of intact and repaired
cartilage tissue after MFx and AMIC are shown in Figure 5.
The AMIC group exhibited higher T2 values relative to the
MFx group (22.9 � 1.4 milliseconds vs 19.3 � 0.5 milli-
seconds, P ¼ .01), whereas T1r was lower for the AMIC
group (53.0 � 4.0 milliseconds vs 59.6 � 3.7 milliseconds,
P ¼ .06). The MFx repair tissue showed lower T2 values
(P ¼ .043) and higher T1r values (P ¼ .043) compared with
the contralateral control glenoids (Table II).

For both the T2 and T1r indexes, the ratio was closer to
1 for the AMIC group in comparison with the MFx group;
specifically, the T2 index was significantly lower for the
MFx group, whereas the T1r index was significantly higher
for the MFx group (P ¼ .01). The mean repair tissue vol-
ume ratios for the groups were 0.14 � 0.14 for the UD
group, 0.81 � 0.37 for MFx, and 0.69 � 0.20 for AMIC.
The UD volume ratio (P ¼ .01) was significantly lower than
that of the MFx group.

For the unoperated glenoids of both the MFx and AMIC
groups, the T2 of the superficial cartilage layer exceeded
(P < .01) that of the deep layer, whereas no statistical
differences in T2 were observed by depth for either the
MFx (P ¼ .19) or AMIC (P ¼ .7) group. Conversely, for the
unoperated glenoids of the MFx and AMIC treatment
groups, T1r was similar (P > .6) for the superficial and
deep regions, but T1r of the superficial layer of the repair
tissue was higher (P < .04) than that of the deep layer in
both groups (Table II).

EPIC-mCT

The repair tissue volume was significantly (P ¼ .007)
higher for MFx relative to UD (Table I). Neither thickness
nor attenuation varied by treatment group (P � .13).
Attenuation was significantly (P � .04) higher for operated
joints in comparison with contralateral glenoids in each
experimental group. The contralateral glenoids exhibited
greater thickness than the operated glenoids in both the UD
(P ¼ .02) and MFx (P ¼ .03) groups, as well as increased
volume in the UD (P ¼ .01) and AMIC (P ¼ .047) groups.
The mean repair tissue volume ratios (treatment/control)
were 0.42 � 0.45 for the UD group, 0.75 � 0.43 for MFx,
and 0.84 � 0.54 for AMIC (P ¼ .17). No differences in the



Table II High-field MRI results for MFx and AMIC groups

T2: full
thickness, ms

T1r: full
thickness, ms

T2: superficial, ms T2: deep, ms T1r: superficial, ms T1r: deep, ms

MFx
Left 19.3 � 0.5 59.6 � 3.7 20.7 � 0.2 20.0 � 0.8 62.2 � 6.1) 52.7 � 3.4
Right 23.0 � 0.8 51.2 � 1.9 24.3 � 0.7) 21.0 � 1.3 51.5 � 1.8 51.0 � 2.7

AMIC
Left 22.9 � 1.4 53.0 � 4.0 21.6 � 0.7 21.3 � 1.3 52.4 � 4.9) 49.8 � 3.5
Right 23.7 � 1.3 51.7 � 1.8 24.8 � 2.0) 21.7 � 2.2 50.1 � 3.7 50.5 � 5.1

P value .01 .06 .04 .25 .06 .31

AMIC, autologous matrix-induced chondrogenesis; MFx, microfracture; MRI, magnetic resonance imaging.

Minimal repair tissue formation in the untreated defect group precluded the reliable calculation of outcomes for this group. The left glenoids underwent

surgery, whereas the right glenoids served as unoperated controls. The P values reflect comparisons of the operated limbs between the 2 treatment

groups.
) Significantly (P < .05) greater in superficial layer than deep layer.

Figure 5 Representative (A) T2 maps and (B) T1r maps for microfracture (MFx) and autologous matrix-induced chondrogenesis
(AMIC) groups.
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volume ratio were observed at 32 weeks relative to 8 weeks
after injury (P > .6 for all groups).

Histologic investigation

Representative histologic images are provided in Figure 6.
Total ICRS II scores were similar (P ¼ .28) among the UD,
MFx, and AMIC groups (676 � 140, 716 � 173, and
592 � 51, respectively). For the UD group, 32-week scores
showed a significant (P ¼ .03) increase relative to those of
the 8-week group, primarily attributable to fewer chon-
drocyte clusters and improved basal integration with sub-
chondral bone. No improvements were observed with time
for rabbits treated with either MFx (P ¼ .71) or AMIC
(P ¼ .32). Qualitatively, the results indicated inferior healing
in the AMIC and UD groups relative to the MFx group, for



Figure 6 Safranin O–stained histologic images of representative samples from each treatment group at 32 weeks after injury. (A) In the
untreated defect group, fibrous repair tissue was evident, with poor integration with subchondral bone. (B) In the microfracture group, a
robust fibrous tissue response was observed, with the structural organization of the matrix similar to that of normal cartilage. (C) In the
autologous matrix-induced chondrogenesis group, a variable amount of fibrous repair tissue was observed along the joint, with sparse
presence of chondrocytes. (Original magnification x16.)

1796 V.M. Wang et al.
which basal integration and tidemark formation improved
over time whereas overall cartilage structure did not.
Discussion

Although treatment of glenohumeral arthrosis with arthro-
plasty or hemiarthroplasty is highly effective in patients of
advanced age,26 a younger, more active population of pa-
tients requires alternative strategies to preserve the joint in
addition to improving symptoms and function.10 Regarding
alternatives to arthroplasty, the glenoid remains particularly
challenging to manage in relatively young patients.37

Although there have been several reports indicating that
MFx provides symptomatic pain relief of glenohumeral
arthritis,12,36 very little is known regarding tissue-level
responses to such treatments. Therefore, in this study, we
developed a novel rabbit model of glenoid chondral injury
to investigate the intrinsic healing potential of glenoid
cartilage as well as repair responses after MFx alone or
MFx with collagen scaffold. Our research group has
extensive experience with the rabbit GHJ for investigating
cartilage responses to anesthetic agents,13,19,20 and in the
present study, we sought to adapt this animal model for
in vivo studies of healing of surgically created articular
defects. The rabbit appears to be a clinically relevant
in vivo model for glenohumeral cartilage repair because, in
contrast to other large animal models (eg, sheep, horse,
dog) whose forelimbs are continuously under load, the
rabbit shows increased reliance on its hind legs for weight
bearing and frequently unloads its forelimbs (and thus the
GHJ) while at rest.

Although EPIC-mCT and histologic results of the early
repair response (8 weeks) appeared to support the premise
that healing was least effective in the UD group, few sta-
tistically significant outcomes were observed in this regard
(Table I). The mean ratios of tissue volume of the repair to
the contralateral glenoid were 0.35 � 0.10, 0.91 � 0.43,
and 0.68 � 0.28 for the UD, MFx, and AMIC groups,
respectively, but this comparison did not reach significance
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(P ¼ .11), likely attributable to one perceived MFx outlier
whose volume ratio was 0.35. Comparisons between
contralateral shoulders within each group, however, showed
that repair tissue in the UD group had lower (P ¼ .01)
thickness and volume than the intact glenoid. The volume
ratio did not improve with time for any of the groups.
Histologic analyses indicated that improvements over time
were only evident regarding basal integration of repair
tissue with the subchondral bone (UD and MFX groups), as
well as with development of the tidemark (MFx group); no
improvements in overall cartilage structure or cellular
features were noted for any of the treatment groups.

MRI mapping of the T1r and T2 relaxation times is
increasingly being used as a noninvasive tool to supplement
clinical assessment of articular cartilage injuries of the
knee, hip, and ankle.5,15,24,44,50 In our study, at 32 weeks
after injury, high-field MRI showed a lower (P ¼ .01) T1r
index (ie, ratio of T1r of repair tissue to that of contra-
lateral intact joint) for the AMIC group relative to the MFx
group. As T1r exhibits a linear, negative correlation with
proteoglycan content,1,8 increased T1r values in MFx-
treated glenoids relative to contralateral intact cartilage
indicate repair tissue with decreased proteoglycan content.
Meanwhile, the lower T2 index of the MFx group (P ¼ .01)
indicates a higher fibrous tissue composition with lower
free water content relative to AMIC treatment. These
results are consistent with longer-term follow-up studies
(eg, >2 years postoperatively) in humans that reported that
repair tissue after MFx exhibits lower T2 values52,53 and
higher T1r values50 relative to regions of normal cartilage.
Repair tissue volume (expressed as a percentage of the
contralateral glenoid) was similar for the AMIC and MFx
groups (P ¼ .8), each of which exhibited a higher volume
ratio than the untreated controls (P ¼ .03 and P ¼ .01,
respectively). Furthermore, the T2 and T1r indexes for the
AMIC group were closer to 1.0 than was observed in the
MFX group, which indicates that AMIC treatment may
promote regeneration of extracellular matrix more closely
resembling that of the native joint. Analysis of T2 and T1r
through the tissue depth provides further insight into the
microstructural organization of the repair tissue in our
model. Whereas T2 decreased significantly with depth in
the unoperated glenoid cartilage (consistent with prior
reports31,50), no regional variation was observed in MFx-
and AMIC-treated tissues (Table II), implying a lack of
organization in the regenerated fibrous matrix at 8 months
after injury.

Whereas our T1r results suggest that the proteoglycan
content of AMIC repair tissue (in comparison with MFx)
was more similar to that of normal hyaline cartilage,
interestingly, this observation was not confirmed with mCT
or histologic investigation. The lack of consistent results
between mCT and MRI assays may be attributable to the
considerably smaller voxels available for the former. Of
note, 32-week histologic results were obtained from a
separate group of rabbits from those analyzed for MRI and
mCT (Fig. 1), and although the same surgeon performed all
of the procedures, it is possible that healing responses
differed among animals within the separate treatment
group.

Several characterizations of cartilage healing with a type
I/III collagen matrix have shown cellular architecture that
more closely resembles that of native tissue.3,46 Sheep
articular chondrocytes grown on a type I/III collagen
scaffold adhered firmly to the scaffold and exhibited a
chondrocyte-like morphology.9 Type I/III collagen matrices
used with the AMIC procedure in animals and in retro-
spective clinical studies have indicated promising
results.16,18,30 However, to our knowledge, no prior studies
have assessed AMIC treatment for glenohumeral chondral
injury. Given that MRI outcomes represented the only
significantly improved metrics of healing conferred by
AMIC, the results of our investigation do not strongly
support the use of a bilayer collagen patch to augment the
glenoid chondral healing response elicited by MFx treat-
ment alone. A potential reason for this is that patch dura-
bility may not be adequate to stabilize the healing clot
within the entire glenoid surface, particularly because the
glenoid experiences a high duty cycle of loading attribut-
able to its small surface area relative to that of the humeral
head. In contrast, the beneficial effects of MFx were
observed with both mCT (repair tissue thickness and vol-
ume at 8 and 32 weeks, respectively) and histologic
investigation (evidence of hyaline-like cartilage features at
both time points), although significant differences were
noted in comparison with the UD group only.

In contrast to widely used models of focal defects (eg, in
rabbit knees), our model uses a complete removal of the
glenoid articular surface; this is clinically relevant to the
‘‘ream and run’’ technique, which helps to preserve joint
space (likely via deposition of fibrocartilage) and improve
function clinically.7,32 Unlike the method in our study, in
which the glenoid articular surface was reamed to the
calcified layer, Matsen et al34 assessed healing following
reaming of the glenoid into the subchondral and bleeding
cancellous bone after performing hemiarthroplasty in ca-
nines. At 10 weeks after injury, granulation tissue partially
replaced the reamed surface, and a robust fibrocartilaginous
tissue repair response was observed at 24 weeks. Lee et al29

regenerated the entire articular surface and subchondral
bone in rabbits in which the native humeral head was
excised at the metaphyseal junction. Four months after
injury, in their UD group, chondrocytes were scarcely
observed amidst fibrous tissue in the synovial space. The
results of our study suggesting limited intrinsic healing
capacity of the rabbit glenoid cartilage are therefore similar
to those of the canine glenoid and rabbit humeral head
investigations.

Limitations of this study include the variability of re-
sults within each treatment group, whichdthough not
uncommon for in vivo animal studiesdmay have
contributed to the lack of significant differences in mCT
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and histologic results. Furthermore, the surgical approach
to the GHJ required transection and repair of the supra-
spinatus and infraspinatus tendons. These tendon defects
likely induced a localized inflammatory environment in
the initial postoperative period, although the effect of this
concurrent healing process on glenoid chondral healing is
unknown.
Conclusion
The purpose of this study was to develop a novel rabbit
model of glenoid cartilage healing that is amenable to
detailed, quantitative investigation of repair tissue
structure and composition using clinically relevant sur-
gical approaches. Neither MFx nor AMIC uniformly
enhanced the amount or quality of repair tissue relative
to untreated glenoid chondral defects. However, im-
provements conferred by AMIC were limited to MRI
outcomes, whereas MFx appeared to promote increased
fibrous tissue deposition via mCT and more hyaline-like
repair histologically. Therefore, the results from this
study suggest that the addition of a MFx procedure
promotes biologic resurfacing of the glenoid. Future
studies examining strategies to further augment the
efficacy of MFx treatment are needed to improve our
understanding of the healing process.
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