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Comparison of Small-diameter-hole and Traditional
Microfracture in Cartilage Repair and the Effect of Adding a

Hyaluronic Acid-based Acellular Matrix Scaffold: An Animal Study

Kikirdak Doku Onariminda Kiclik Capli Delik Yonteminin Geleneksel Mikro
Kirik Yontemi ile Karsilastirilmasi ve Hyalironik Asit Temelli Hlcresiz Matriks
Skafold Eklemenin Etkisi: Bir Hayvan Calismasi
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ABSTRACT

Objective: Since, there is no standardized technique for the
treatment of focal cartilage defects that can recreate original cartilage
tissue; researchers continue to explore and evaluate various treatment
modalities. This study compared post-operative healing of cartilage
defects after treatment with small-diameter-hole microfracture
(SDHM) technique with that of traditional microfracture
technique. The effects of the hole density and augmentation with
hyaluronic acid-based acellular matrix (HA-based AM) on cartilage
healing were also investigated.

Methods: Articular cartilage defects measuring 5 mm in diameter
and 3 mm in depth were created in each femoral trochlear groove
of 21 New Zealand rabbits. Rabbits were assigned to seven groups
comprising six knees each. The rabbits were sacrificed 12 weeks
later, and the regenerated cartilage was harvested for histological
evaluation using the Wakitani scoring system.

Results: All defects were filled with regenerated tissue

macroscopically. Group I (14; range 10-14 points) had significantly
higher Wakitani score than in groups VI (6; range 1-11 points) and

oz

Amag: Fokal kikirdak defektlerinin tedavisinde hala orijinal
kikirdak dokusu saglayan miikemmel bir ydntem yoktur, bu
nedenle en iyi tedavi seceneklerini bulmak icin aragtirmalar devam
etmektedir. Bu ¢alismada amag, kikirdak defektlerinde kiigiik capli
delik (SDHM) ve geleneksel mikro kirik tedavilerinin iyilestirme
kalitesini kargilasgmaktir. Bununla beraber delik yogunlugunun
ve defekti hyaliironik asit bazli aseliiler matriks (HA bazli AM)
ile desteklemenin kikirdak iyilesmesi iizerindeki etkileri de

incelenmistir.

Yéntemler: Yirmi bir Yeni Zelanda tavsaninin her iki femur
trochlear olugunda 5 mm ¢apinda ve 3 mm derinliginde artikiiler
kikirdak defekti olusturuldu. Her biri 6 dizden olusan yedi grup
olusturuldu. Tavsanlar 12 hafta sonra sakrifiye edildi ve rejenere
kikirdak Wakitani = skorlama sistemi kullanilarak  histolojik
degerlendirme icin toplandi.

Bulgular: Tiim defekder rejenere doku ile makroskopik olarak

dolduruldu. 1. Grup [14 (10-14) puan], VI [6 (1-11) puan] ve VII.
[5 (3-10) puan] gruplara gore anlamli derecede yiiksek Wakitani
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VII (5; range 3-10 points) (p=0.043 and p=0.016, respectively).
No significant differences were observed among the other groups.
Augmentation with HA-based AM did not contribute to cartilage
healing.

Conclusion: Improved cartilage healing was observed with
increasing SDHM density than with traditional microfracture
technique. SDHM combined with HA-based AM implantation did

not improve the quality of the regenerated cartilage.

Keywords: Microfracture, cartilage repair, small-diameter-hole
microfracture, hyaluronic-acid-based acellular matrix, cartilage
healing

Introduction

Microfracture, a bone-marrow-stimulating technique introduced
by, Steadman et al. (7) for the treatment of focal full-thickness,
symptomatic cartilage defects, consists of multiple holes in the
subchondral bone to enable pluripotent stem cells to migrate
from the bone marrow into the defect and to promote formation
of fibrocartilage repair tissue (1-7).

The amount of hyaline-like cartilage in the repair tissue depends
on alterations in the subchondral bony architecture during
microfracture, as compression of the cancellous bone around the
holes prevents connection with the bone marrow, thus reducing
the number of mesenchymal stem cells (MSCs) that can reach
the defect (8,9). This disadvantage of microfracture led to the
recent development of a technique called ‘small-diameter-hole
microfracture’ (SDHM) (9-11). Some experimental studies
showed that deep, small-diameter drill holes are more effective
in promoting cartilage repair than large-diameter, shallow
drill holes (10,11). The repair tissue after deep subchondral
perforations contains less type I and more type II collagen,
and the defect is better filled with hyaline-like cartilage (9-
11). Despite promising results of SDHM in comparison with
conventional microfracture, the role of hole density (how many
SDHMs should be performed for a cartilage defect of a given
size) has not been adequately investigated.

Another limitation of the marrow-stimulating techniques is
related to the amount of defect filling. A thickness of 5 mm
is necessary to fill a full-thickness articular cartilage defect in
the knee and it is difficult to create sufficient thickness to fill
in the defect without a scaffold. For this reason, several studies
investigated the efficacy of MSCs transferred to a scaffold
at the time of implantation to treat focal cartilage defect (12-
15). The rationale of this treatment is that the scaffold triggers
the proliferation and chondrogenic differentiation of MSCs.
Moreover, the scaffold contributes to fill the defect.

An alternative to the engineered scaffold implantation is the
autologous matrix-induced chondrogenesis (AMIC), which
consists of implanting a cell-free scaffold over microfracture (16).
Satisfactory results have been reported with this technique (17),
albeit no evidence exists on the combination of matrix aided
chondrogenesis and SDHMs (18).

skoruna sahipti (p=0.043 ve p=0.016 ). Diger gruplar arasinda
anlamli bir fark gézlenmedi. Hyaluronik asit bazli aseliiler matriks

ile destekleme, kikirdak iyilesmesine katkida bulunmadi.

Sonug: SDHM yogunlugunun artrilmasi, geleneksel mikro kirik
ile kargilasturildiginda kikirdak iyilesmesini artirir. Hyaliironik asit
bazli aseliiler matriks implantasyonu ile desteklenen SDHM’nin
artirilmast ise rejenere kikirdak kalitesini artirmad.

Anahtar Sézciikler: Mikrokirik, kikirdak onarimi, kiicitk cap
delikli mikrokirik, hyaliironik asit bazli aseliiler matriks, kikirdak

iyilesmesi

The aim of the present study was twofold: to assess the efficacy of
SDHMs with and without matrix augmentation in comparison
with conventional microfracture for the treatment of focal full-
thickness chondral defects of the knee, and to investigate the
role of hole density on cartilage repair in SDHM technique. The
hypotheses of the study were that SDHMs enhance cartilage
repair with and without matrix augmentation, and that hole
density positively correlates with cartilage repair.

Method

Twenty-one, mature, male New Zealand white rabbits with
a mean weight of 3.4 kg (range: 3-4.2 kg) were used for the
present study. All experiments were conducted in accordance
with the guidelines of the local ethic committee for animal
experimentation (approval number: 2014/140).

Surgical Technique

All of the surgical procedures were performed under general
anaesthesia and by use of sterile conditions. A 2-cm longitudinal
anterior skin incision was made over the right knee, and the joint
was approached viaa medial parapatellar arthrotomy. A cylindrical
cartilage defect measuring 5 mm in diameter was created on the
femoral trochlea (Figure 1A and 1B). Non-calcified and calcified
layers of cartilage were removed from the defect area and care was
taken to avoid damage to the subchondral bone.

Figure 1. (A) Articular cartilage of the femoral condyles and
trochlear groove of the rabbit. (B) A cylindrical cartilage
defect measuring 5 mm in diameter and 3 mm in depth was
created in the trochlear groove
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Animals were divided into seven groups of six rabbits each,
according to the treatment protocol. In group 1 (conventional
microfracture or control group), three holes with 5 mm depth
were created in the subchondral bone using a standard 1.2-mm
arthroscopic awl. In groups 2 to 7, a custom-made device was
used to create SDHMs into the defect, which measured 0.8
mm in diameter and 5 mm in depth. Four, five and six holes
were created in groups 2, 4 and 6, respectively (Figure 2). Figure
3 illustrates the 6 holes of SDHM in the cartilage defect. In
the remaining groups (3, 5 and 7 respectively), SDHMs
were combined with a hyaluronic acid-based acellular matrix
(HAAM) (Hyalofast; Anika Therapeutics, Bedford, MA, USA),
which was placed over the defect after creating four, five and six
holes in groups 3, 5, and 7, respectively (Figure 4). The joint was
irrigated, haemostasis was controlled, the capsule was sutured
with 2-0 Vicryl, and the skin was closed with 3-0 silk sutures.

Figure 2. The defects were treated using (A) microfracture
with three holes in group I, SDHM with (B) four holes in
groups Il and l1, (C) five holes in groups IV and V, and (D) six
holes in groups VI and VII

o

Figure 3. Six holes of SDHM are illustrated. r1 is the radius
of the cartilage defect (2.5 mm) and r2 is the radius of the
SDHM hole (0.4 mm)

SDHM: Small-diameter-hole microfracture
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Postoperatively, the rabbits were returned to their cages without
any immobilization of the operated limb and full weight-bearing
was allowed as tolerated. General health monitored during
recovery.

Outcome Measurements

The rabbits were sacrificed under general anaesthesia 12 weeks
postoperatively. The distal femur was dissected and harvested for
both macroscopic and histological evaluations.

Macroscopic appearance of the repair site was evaluated by three
different investigators and rated according to the International
Cartilage Repair Society (ICRS) evaluation score (19). This
scoring system consists of a 12-point scale based on three
categories (degree of defect repair, integration to border zone,
and macroscopic appearance). The tissue samples were then fixed
in 10% neutral buffered formalin for 72 hours, rinsed with water,
and decalcified in decalcifying solution (OSTEOMOLL; Merck
Millipore, Billerica, MA, USA). After decalcification, the samples
were dehydrated gradually using increasing concentrations of
alcohol (70%, 90%, 96%, and 100%) and cleared in xylene.
Then, the samples were submerged in paraffin overnight at 60°C
and embedded in paraffin blocks the next day. After the blocking
process, 5-pm-thick sections perpendicular to the lesion surface
were obtained from the samples and placed on slides, stained
with haematoxylin and eosin (H&E) and toluidine blue for
histological evaluation, and examined under a light microscope

(Nikon Eclipse i5; Nikon, Tokyo, Japan).

Histological findings were scored using the scale described by
Wakitani et al. (20) according to the intensity of basophilic
staining caused by hematoxylin (20-22). Sections were graded
according to cell morphology (maximum 4 points), matrix
staining (maximum 3 points), surface regularity (maximum
3 points), cartilage thickness (maximum 2 points), and donor
material integration into adjacent host cartilage (maximum 2

Figure 4. HA-based AM (Hyalofast, Anika Therapeutics,
Bedford, MA, USA) was placed over the defect area after
performing SDHM in groups lIl, V, and VII

SDHM: Small-diameter-hole microfracture
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points). The maximum score was 14 points. A higher Wakitani
score represents lower-quality repair tissue.

Three trained observers blinded to group allocation performed
all macroscopic and histological evaluations.

Statistical Analysis

All the outcome measurements were expressed as mean values
+ standard deviations. The data were analysed using statistical
software SPSS 10.0 for Windows (IBM, Chicago, IL, USA).
Groups were compared for histologic scores using the Kruskal—
Wallis test. Post hoc Dunn test was used for multiple pairwise
comparisons. Significance was considered for p values less than

0.05.

Results

There were no wound complications, infections, or deaths.

Gross evaluation showed that the defects were filled with the
cartilage completely in group 6 and group 7, and partially in the
other groups. The mean ICRS evaluation score of each group
was showed in the table 1.

Histologic evaluation shows that matrix of hyaline cartilage is
seen metachromasia and one of the best dyes for it is the toluidine
blue. In addition, hematoxylin stains matrix of hyaline cartilage
as basophilic. In our study, we scored the matrix staining in the
Wakitani score (Table 2). The defect area was incompletely filled
with fibrous tissue in group 1 and group 2, and completely filled
with fibrocartilage tissue in group 3 and group 4. The defects
were filled with repair tissue that contained hyaline cartilage
in groups 5 to 7 (Figure 5). Although cartilaginous tissue was
formed these groups, the basophilic matrix appeared in group 6
and group 7. The surface of the repaired tissue was more irregular
in groups 1 to 5, and smoother in groups 6 and 7.

Overall histologic scoring assessment showed a significant
difference between groups. Post hoc analysis showed that groups
6 and 7 had significantly better results than group 1 (p=0.043
and p=0.016, respectively). All other pairwise comparisons
showed no significant differences.

Analysis of cell morphology subscore showed a significant
difference between groups. Post hoc analysis showed that groups
6 and 7 had significantly better results than group 1 (p=0.041
and p=0.001, respectively).

Matrix staining subscore did not significantly differ among the
groups.

Surface regularity subscore was significantly lower in groups 6
and 7 than in group 1 (p=0.029 and p=0.029, respectively).

Cartilage thickness and integration subscores did not significantly
differ among the experimental groups.

Osteoarthritic changes were not observed in healthy cartilaginous
tissue adjacent to the treatment area in all groups. The outer
surface of the articular cartilage has normal appearance and has
not wear or ridge and osteophyte. Vertical cracks, vascularization
and inflammation have not been observed in the hyaline
cartilage tissue. Chondrocytes, territorial and interterritorial
matrix were normal in morphology. Histopathological findings
were not found. Additionally, degeneration was not observed in
the subchondral bone. Hyaline cartilage matrix was mostly made
up of type II collagen. The metachromatic staining observed in
our HE-stained sections showed that the amount of collagen was
high and packed tightly. Metachromatic staining in the newly
formed tissue matrix indicates that healing and cartilaginous
tissue formation.

Table 1. Macroscopic evaluation of the samples according to the ICRS scoring system (point)

Group | Group Il Group Il
Min. 3 4 4
Max. 3 5 5
Mean 3 4.3 4.3

ICRS: International Cartilage Repair Society, Min.: Minimum, Max.: Maximum

Table 2. Histologic comparisons of the groups using Wakitani's score

Group | Group Il Group Il Group IV
Morphology 4 3 3 2
Matrix 3 3 2 2
Surface 3 3 2 2
Thickness 2 1.5 1.5 1
Integration 2 1 1.5 1.5
Total 14 11.5 9.5 8

Group IV Group V Group VI Group VII
6 7 10 10
8 8 11 11
7 7.3 10.5 10.6
Group V Group VI Group VII p
0.001; VIl vs |
2 2 1
0.041; Vlvs |
1 1 1 n.s
0.029; Vil vs |
1.5 1 1
0.029; VIvs |
1 1 1 n.s
1 1 1 n.s
0.016; Vil vs |
6.5 6 5
0.043; Vivs |

87



Ucan et al. Microfracture in Cartilage Repair

Figure 5. (A) Irregular surface, mostly non-cartilaginous
tissue and non-metachromatic matrix staining in repaired
cartilage (RC) tissue in Group 1. (B) Irregular surface, mostly
non-cartilaginous tissue and significantly decreased matrix
staining in Group 2. (C) Irregular surface, mostly fibro-
cartilaginous tissue, significantly decreased matrix staining
and integrated one edge between normal and repaired
cartilage tissue in Group 3. (D) Moderate surface regularity,
mostly fibro-cartilaginous tissue, significantly decreased
matrix staining and integrated one edge between normal
and repaired cartilage tissue in Group 4. (E) Regular
surface, mostly hyaline cartilage, slightly decreased matrix
staining and integrated one edge between normal and
repaired cartilage tissue in Group 5. (F) Regular surface,
mostly hyaline cartilage, metachromatic matrix staining
and integrated both edges between normal and repaired
cartilage tissue in Group 6. (G) Regular surface, hyaline
cartilage, metachromatic matrix staining and integrated
both edges between normal and repaired cartilage tissue
in Group 7

NC: Normal cartilage tissue, RC: Repaired cartilage tissue, Staining:
H&E, scale bar =500 pm

Discussion

The unique features of our method are as follows: 1) a SDHM
with sufficient thickness for cartilage repair can be performed
without a HA-based AM scaffold; and 2) increasing the
number of SDHM applied to the defect area increases cartilage
regeneration.
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In recent years, several methods have been developed for
repairing full-thickness cartilage defects. The MF technique
performed arthroscopically as described by Steadman et al.
(7) is a popular treatment method because it is easy applicable
and cost-effective (23,24). Microfracture repairs the defective
cartilage area by enabling the arrival of stromal cells. However,
it results in shallow channels, wall compression, and increased
trabecular thickness and density, as demonstrated by micro-
computed tomography (microCT) and histology in several
clinical and animal studies (25,26). Thus, it does not allow the
regeneration of normal hyaline cartilage, perhaps because of the
lack of sufficient MSCs or poor cellular differentiation (27-29).
Compared with traditional microfracture, SDHM creates more
holes with smaller diameters, which damage trabecular structures
less. Therefore, more MSC:s fill the defect (10,11,30,31).

Min et al. (30) compared the numbers of MSCs in 5-mm?
cartilage defects in the femoral trochlear grooves of rabbits
treated by microfracture with 3 (1.5 mm diameter) or 10 (0.8-
mm diameter) holes, and found more MSCs in the latter group.
They concluded that bone marrow stimulation technique
affect the number of MSCs drained from the bone marrow,
which may lead to increased cartilage healing. Eldracher et al.
(10) performed microfracture using 1.8- or 1-mm awls and
observed better osteochondral healing with the smaller awl. Orth
etal. (I1) created 4 x 8-mm cartilage defects on the femoral
condyles and performed microfracture using 1- or 1.2-mm awls
and found better histological cartilage healing in the small-awl
group. Contrasting these studies, Marchand et al. (32) created
3.5x4.5-mm cartilage defects in rabbits and treated them using
microfracture with two (0.9-mm in diameter) or three (0.5-mm
in diameter) holes; they found no difference in cartilage healing.

In our study, the cartilage healing revealed by histological analyses
of the 20-mm? defects did not differ significantly among groups
with three (group I; the holes included 16.8% of the defect area),
four (group II; 10% of the defect), or five (group IV; 12.5% of
the defect) hole, whereas SDHM with six holes (groups VI and
VII; 15% of the defect area) resulted in significantly higher scores
compared with group I (p=0.043 and p=0.016, respectively).
This suggests that SDHM involving a minimum of 15% of the
defect area improves cartilage healing. Although microfracture
involved a similar percentage of the defect (16.8%), we did not
observe the same results with microfracture. We think that this
difference depends on damage to the cancellous bone caused
by the traditional awl. These results parallel the literature (10).
Moreover, the cell morphology and cartilage surfaces scores were
superior in groups VI and VII compared with group L.

Lim et al. (33) performed microfracture for the focal cartilage
defects between 1 to 4 cm? and found good and excellent results
and complete cartilage regeneration in 80% of the patients
in second-look arthroscopy at the end of first year. To our
knowledge, there is no a study investigating cartilage healing
after SDHM, with ICRS evaluation system, using second-look
arthroscopy. In the current study, we observed about normal
cartilage regeneration in every sample in which six-holes SDHM
was performed. In this group, the defects were completely filled
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with hyaline-like cartilage and regular surfaces were seen. In
conventional microfracture group, about 50% of the defects
were filled with the bone and small cartilage islands.

Several studies have examined the effectiveness of HA-based
scaffolds in cartilage healing (34-37). In our study, there was no
difference between the HA-based acellular matrix groups and the
SDHM-only groups (p=1.0 for group II vs. group III, group IV
vs group V, and group VI vs group VII). Contrary to common
belief and the literature, our study revealed that in the treatment
of focal cartilage defects with SDHM, HA-based acellular matrix
does not contribute to cartilage healing, although we still need
more evidence regarding this issue. According to a hypothesis,
the scaffold might block cells and factors derived from the
synovium or cause high pressure in the chondral defect, resulting
in prevention of cells and growth factors gushing out from the
bone marrow, which leads to disadvantages for cartilage repair.

This study has some limitations. First, it would have been better
if we had investigated the subchondral bone after SDHM and
MF using microCT. Second, in addition to the histological
analyses, the surface strengths of the repaired cartilages should
be tested biomechanically. Third, the rabbits were 5 months old,
and they reach skeletal maturity at their 7-8 months. It could
be better if we used older rabbits in order to decrease the risk
of spontaneous cartilage repair. Lack of immune-histo-chemical
analysis for collagen type 1 or type 2, which was better to explore
the hyaline cartilage nature of the regenerated cartilage, was
another limitation. The last limitation is that weight bearing can
not be restricted. Although microfracture has been applied to the
trochlea, it may have affected as a result of increased pressure on
the cartilage due to weight bearing.

Conclusion

SDMH with the optimum numbers of holes covering a
minimum of 15% of the defect size can increase the quality
of cartilage repair compared with the traditional microfracture
(16.8% of the defect size) technique for defects of the same size
in rabbits. HA-based AM implantation after microfracture does
not improve the quality of the regenerated cartilage.
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