Joints
Subchondral bone remodeling: comparing nanofracture with
microfracture. An ovine in vivo study
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Abstract

Purpose: microfracture, providing direct stimulation
of chondrogenic mesenchymal stem cells (MsCs) in
the subchondral bone, remains the most frequently
used primary cartilage repair technique. However, the
newly formed type i collagen-rich fibrocartilaginous
tissue has poor biomechanical properties and a tendency to degenerate. to overcome these limitations
the nanofracture technique was introduced. our purpose was to compare subchondral bone remodeling 6
months after microfracture versus nanofracture (subchondral needling) treatment in an ovine model.
Methods: full-thickness chondral lesions were created
in the load-bearing area of the medial femoral
condyles in four adult sheep. Each animal was then
treated on one side with microfracture and on the
contralateral side with nanofracture. subchondral bone remodeling was assessed by micro-Ct using a Bruker® sKYsCAn and CtVoX 2.7 software (Bruker
Corp., Billerica, MA, UsA) for image reconstruction;
trabecular bone density measurements were perfor med through a color-representation structure thickness analysis.
Results: at the six-month endpoint, the microfracturetreated samples showed limited perforation depth and
cone-shaped channels with large diameters at the joint
surface. the channel walls displayed a high degree of
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regularity with significant trabecular bone compaction
leading to a sealing effect with limited communication
with the surrounding trabecular canals. Condyles treated with nanofracture showed channels characterized
by greater depth and smaller diameters and natural
irregularities of the channel walls, absence of trabecular compaction around the perforation, remarkable
communication with trabecular canals, and neo-trabecular remodeling inside the channels.
Conclusions: nanofracture is an effective and innovative repair technique allowing deeper perforation into
subchondral bone with less trabecular fragmentation
and compaction when compared to microfracture; it
results in better restoration of the normal subchondral bone architecture at six months.
Clinical Relevance: our data support the use of
smaller-diameter and deeper subchondral bone perforation for MsC stimulation; this technique may prove
to be an attractive alternative to standard microfracture procedures.

Keywords: microfracture, nanofracture, subchondral
bone, mesenchymal stem cell stimulation, ovine,
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Introduction

Many treatments and new biomaterials for cartilage
repair have been introduced over the past 30 years, but
the microfracture technique developed by steadman et
al. (1) remains the most frequently used. the biological rationale for this repair technique is that direct
stimulation of mesenchymal stem cells (MsCs) in the
subchondral bone leads these cells to express their
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chondrogenic potential (2-6). the advantages of this
technique include its minimal invasiveness, favorable
cost-effectiveness ratio, and low technical demands. it
is giving positive results, especially in young patients
with defects of limited size (4, 7, 8). the quality and
characteristics of the newly formed fibrocartilaginous
tissue, however, are much debated in the literature (911), due to the limited biomechanical properties of
this type i collagen-rich tissue and its tendency to
degenerate.
in recent years, improved knowledge and understanding of the structural and functional architecture of
subchondral bone have led to an increased focus on
the need to preserve its integrity during chondral
defect treatment. the limited penetration depth of the
microfracture awl into subchondral bone and the
resulting trabecular compaction around the perforations are currently thought to be among the causes of
the fibrocartilaginous tissue formation associated with
this technique.
in order to overcome the mechanical limitations of
the microfracture method, the nanofracture technique
(Arthrosurface, Franklin, MA, UsA), using smallerdiameter and deeper subchondral bone needle perforations (5), was recently introduced. the purpose of
the present study was to compare subchondral bone
remodeling after treatment of full-thickness chondral
defects with microfracture versus nanofracture in an
ovine knee model. our hypothesis was that nanofracture-treated defects would show less subchondral
bone compaction around the channels and better
preservation of the trabecular structure compared
with microfracture-treated ones.

surgery was performed in sterile conditions and with
the sheep under general anesthesia. All the sheep were
intubated after administration of thiopentone (25
mg/kg) and ventilated with o2 in n2o by volume
control. Anesthesia was maintained with 1.5 to 2%
isoflurane; a bolus dose of 0.1 mg of fentanyl was
given before surgery.
in all the animals, a medial parapatellar arthrotomy
was performed on the right and left stifle. the incision
was performed in such a way as to expose the medial
femoral condyle in both hind legs. An 8-mm diameter
(area: 50.3 mm2), full-thickness chondral lesion in the
load-bearing area of each medial femoral condyle was
created using an arthroscopic burr (Fig. 1). the calcified layer was removed; vertical walls were created at
the periphery of the cartilage lesion. the defects were
then treated using microfracture on one side and
nanofracture on the contralateral side (Fig. 2). Each
cartilage lesion was treated with three or five channels.
in accordance with published recommendations, the
distance between each channel was 3 mm (3).

Methods

this study was approved by the Ethics Committee of
the University of sassari, italy and all procedures were
conducted in accordance with the institutional animal
care regulations, which comply with the national institute of Health Guidelines on the Care of Laboratory Animals.
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Surgical technique
Four adult sardinian ewes, aged 5.5 years and weighing
approximately 45 kg were used in the study. All the animals were examined and found to be in good health.

Fig. 1. A full-thickness chondral lesion in the load-bearing area of
each medial femoral condyle was created using an arthroscopic burr.
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B

Fig. 2. A: Treatment of the defect with microfracture. B: Treatment of
the defect with nanofracture.
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Subchondral bone after nanofracture vs microfracture

Microfracture sites were treated using a curved
steadman awl. the perforation depth was user controlled with visual feedback from the awl tip.
nanofracture sites were treated using a cannulated awl
and a 1-mm thick nitinol needle (Arthrosurface,
Franklin, MA, UsA). the 9-mm perforation depth of
the needle is controlled by the awl. the surgical technique is described in the literature (5).
Upon completion of the cartilage repair procedures,
all incisions were closed in layers according to standard surgical practice. Postoperatively, the animals
were kept in stalls with limited movement and weight
bearing. After surgery, the animals were left free to
roam in their fencings without any immobilization of
the operated limb. Full weight bearing was allowed as
tolerated and no specific exercise regimen was adopted. General health and weight-bearing status were
monitored by a vet during recovery.

Micro-CT
six months after surgery, the sheep were euthanized
according to the ethics committee approved protocol.
All treated joints were harvested, stripped of soft tissues and a 2 x 2cm condylar specimen that contained
the treated lesion was prepared for micro-Ct imaging.
subchondral bone remodeling was assessed by microCt using a Bruker® sKYsCAn and CtVoX 2.7 software (Bruker Corp., Billerica, MA, UsA) for image
reconstruction.
the sKYsCAn inspection machine allows high-resolution, 3D scanning of small objects, and provides
morphometric information about the analyzed sample. the device has an X-ray generator, a rotating sample holder and a charge coupled device (CCD) camera.
the equipment, controlled through a dual processor
computer and dedicated software (CtVoX 2.7), generates 3D images and calculates morphometric parameters. the sKYsCAn X-ray microtomography system
is based on a microfocus X-ray tube and an 11Mpixel
CCD camera with a pixel size of 9x9 microns square.
the X-ray tube operates at up to 100 kV and 200 µA;
it emits brems strahlung cone beam radiation. Brems
strahlung beams are produced by directing energyanalyzed electrons onto a tantalum conversion target
at the end of the horizontal beam line. the tomographic images are reconstructed as described by
Feldkamp et al. using a convolution back-projection
method (12).

the reconstruction algorithm runs on a graphics processing unit-based system that makes the reconstruction task quicker. the maximum permitted sample
size depends on the magnification, but must be under
5 cm. the maximum spatial resolution is about 0.5 µm
for a sample with a diameter of 1-2 mm. in the measurements reported here the following X-ray tube
setup was used: 77 kV, 127 µA with a 0.5-µm thick Al
filter. Projections were taken at 0.2 degree intervals
over 360° for a total of 1800 projections. Each projection required 1.3 s and was formed by 4000x4000 pixels. the spatial resolution was about 4.9 µm. About
2300 slices were reconstructed in 21 hours and were
visualized in 3D using the CtVoX software by
Bruker®. in order to improve the contrast a false color
representation system was also used. the color red
represented reduced density in the bone, cyan standard density, and green intermediate density between
reduced and standard. of course, this system can be
used only for the purpose of obtaining better visual
representation, as the Hounsfield scale is the standard scale to use.
Image analysis
the tomographic image was reconstructed by measuring the X-ray beam attenuation in several parallel trajectories through the condyles, assessing the attenuation component of single voxels based on a specific
reconstruction algorithm, and finally displaying the
reconstructed numerical values. the depth of each
channel was measured; the structure of the surrounding tissue was analyzed; communication between preexisting trabecular canals and the perforation was also
compared. trabecular bone density measurements
were performed through a color-representation structure thickness analysis and compared between the two
groups.

Results

Micro-Ct of the microfracture samples showed a limited perforation depth of the awl. the cone-shaped
channels had large diameters at the joint surface; the
channel walls displayed a high degree of regularity
with significant trabecular bone compaction, leading
to a sealing effect and therefore limited communication of the channels with the surrounding trabecular
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Fig. 3. A: The cone-shaped channels had large diameters at the joint
surface with significant trabecular bone compaction. B: Limited communication of the channel with the surrounding trabecular canalsafter microfracture.

Fig. 4. Subchondral cysts ranging from 7 mm to 12 mm were found
near the perforation after microfracture.

canals (Fig. 3), and the development of newly formed
trabeculae inside the channels. in three of the four
microfracture samples, subchondral cysts ranging
from 7 mm to 12 mm in diameter were found near the
perforation (Fig. 4).
Micro-Ct scans of the nanofracture-treated condyles
showed a greater depth of the perforations, which had
a smaller diameter compared to the microfracture
ones, with natural irregularities of the channel walls,
absence of trabecular compaction around the perforations, and remarkable communication between preexisting canals and the perforation (Fig. 5), as well as
neo-trabecular remodeling inside the channels. none
of the nanofracture samples showed subchondral cyst
formation.
Color-representation structure analysis in the nanofracture-treated condyles showed less trabecular fragmentation surrounding the channels as well as intrachannel bone remodeling, resulting in a trabecular
structure remarkably similar to the native subchondral
bone (Fig. 6).

Discussion

90

the key finding of this study is that small-diameter
needle perforation into full-thickness condylar defects
showed less subchondral bone compaction and better

B
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C

Fig. 5. A: Micro-CT scan of the condyles treated with nanofracture
showing perforations with a greater depth and a smaller diameter
compared to the perforations in the microfracture-treated ones, natural irregularities of the channel walls, and absence of trabecular
compaction around the perforations. B: Remarkable communication
between pre-existing trabecular canals and the perforation after
nanofracture – Sagittal view. C: Remarkable communication between
pre-existing trabecular canals and the perforation after nanofracture
– Axial view.
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Fig. 6. A: Color-representation structure analysis in the nanofracturetreated condyles. B: Less trabecular fragmentation around the channels as well as intra-channel bone remodeling with a trabecular structure remarkably similar to that of native subchondral bone.

preservation of trabecular structures when compared
with microfracture treatment. A secondary finding is
that the bone remodeling after nanofracture resulted
in a trabecular structure remarkably similar to that of
native subchondral bone.
since the first use of the microfracture technique, by
steadman in the 1980s, it has become the treatment of
choice for the management of chondral lesions (1). the
technique is based on direct stimulation of MsCs of
the subchondral bone which have a high potential for
differentiation into various connective tissues, including
cartilage, bone, tendon and ligaments (13, 14). MsCs
achieve their regenerative effects by promoting tissue
repair and the resolution of inflammation, both
through direct cell-to-cell interaction and through the
secretion of bioactive components (15, 16).
over the years, several fundamental aspects of the
microfracture technique have become better documented and better understood. several studies, reporting clinical improvement from baseline conditions in
70-90% of patients, have demonstrated its validity (3,
4, 8, 17-19). However the formation of fibrocartilaginous tissue and the deterioration of the clinical results
over time are major limitations (20-23), and alternative
procedures for the management of chondral lesions
have been suggested (9, 10).
Chen et al. published several studies evaluating the
histological characteristics of the newly formed tissue
after treatment of chondral defects with different
repair techniques showing various degrees of penetration into the subchondral bone (24-26). Histological
and histomorphometric findings showed that the best
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access to bone marrow was obtained when drilling to
greater depths, as this led to improved defect filling
and the production of cartilage with a higher hyaline
content (25). in another study, the same group showed
that treatment with microfracture is associated with
fragmentation and compaction around the trabecular
canals (24). Examining the results of microfracture
and drilling at three months, they found incomplete
filling, cyst formation, bone overgrowth and poor
bone integration with both techniques (26).
orth et al. (27) recently published the results of a
comparative study in which 8x4 mm full-thickness
defects in the weight-bearing area of ovine condyles
were treated using two custom awls with two different
diameters: 1 mm and 1.2 mm. the perforation depth
was stop controlled at 5 mm; the distal tips were trihedral. the Authors reported a significant improvement
in the overall histological score using small-diameter
awls. in addition, the histological surface regularity
was significantly improved with the smaller instruments (27).
our study, showing beneficial subchondral effects
when using small-diameter needle perforation, is in
agreement with these findings. While orth et al. used
custom instruments and chose a 5-mm perforation
depth, we used clinically available instrumentation for
nanofracture, in which a 1-mm thick needle is inserted
into a cannulated awl that creates stop-controlled perforations with a depth of 9 mm. this technique was
compared with the microfracture technique, performed using awls with the standard cone-shaped tip.
our study confirmed previous micro-Ct findings.
Microfracture demonstrated limited perforation depth
and trabecular bone compression leading to an apparent sealing effect inside the channel, and thus a change
from its native physiological appearance (24, 28). our
results are also consistent with previous reports of
subchondral cyst formation following microfracture
(26, 29, 30). orth et al. (29) reported cyst formation
and osteochondral osteophytes in 74% of their ovine
condyles treated with subchondral drilling. they also
noted that the original microarchitecture was not reestablished. Hoeman et al. (30) suggested that excessive drilling or communicating holes combined with
early weight bearing could lead to subchondral cyst
formation.
our 3D reconstruction of the ovine condyles after
nanofracture showed lower exposure of the osteo-
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chondral surface, less fragmentation and compaction
inside the channels, and therefore better communication with pre-existing trabecular canals. these canals
allow the immediate on-site formation of a super-clot
(Fig. 7), which results in improved recruitment of
multi-potent MsCs.
nanofracture also led to the formation of a neo-trabecular arrangement inside the channel which was
similar to the native subchondral bone architecture
and did not show any signs of subchondral cyst formation. Furthermore, the channel depth was enhanced, the channel diameter was reduced, and the trabecular bone architecture of the channel wall largely
maintained its physiological appearance.
these comparative observations can be explained on
the basis of the mechanical principles by which the
subchondral channels are created. Both the procedures examined in this study are based on the application of axial force without rotation, however, the
cone-shaped tip of the wider microfracture awl leads
to bone displacement through compaction.
Conversely, the thin nanofracture needle tip creates
smaller trabecular fractures with less particle fragmentation and no apparent bone compaction, resulting in
a large number of open canals that communicate with
the nanofracture channel.
overall, the inferences that can be drawn from animal
studies like the present one are limited because functional status cannot be assessed at baseline and followup evaluations. However, the animal model used in
this study is considered suitable for cartilage defect

testing. A further limitation of this study is the small
cohort size. its strength, on the other hand, is that it
was performed using clinically available instrumentation, applied in accordance with previously described
methods (5).
in conclusion, our hypothesis was proven correct as
nanofracture was found to be an effective and innovative repair technique that allows deeper perforation into
the subchondral bone while resulting in less trabecular
fragmentation and compaction when compared with
microfracture. the resulting communication with a
large number of native trabecular canals allows better
bone marrow access and therefore greater pluripotent
MsC recruitment for the restoration of normal subchondral bone architecture.
in order to better understand the results of nanofracture treatment of chondral defects, well-designed
investigations in human subjects are required. these
should include adequate histological and biomechanical evaluations of the newly formed tissue and longterm clinical and functional outcomes.
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