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Abstract

Purpose The potential of subchondral mesenchymal stem
cell stimulation (MSS) for cartilage repair has led to the
widespread use of microfracture as a first line treatment for
full thickness articular cartilage defects. Recent focus on the
effects of subchondral bone during cartilage injury and repair
has expanded the understanding of the strengths and limita-
tions in MSS and opened new pathways for potential im-
provement. Comparative studies have shown that bone mar-
row access has positive implications for pluripotential cell
recruitment, repair quality and quantity, i.e. deeper channels
elicited better cartilage fill, more hyaline cartilage character
with higher type II collagen content and lower type I colla-
gen content compared to shallow marrow access.

Methods A subchondral needling procedure using stan-
dardised and thin subchondral perforations deep into the
subarticular bone marrow making the MSS more consistent
with the latest developments in subchondral -cartilage
remodelling is proposed.

Results As this is a novel method clinical studies have been
initiated to evaluate the procedure especially compared to
microfracturing. However, the first case studies and follow-
ups indicate that specific drills facilitate reaching the
subchondral bone marrow while the needle size makes per-
foration of the subchondral bone easier and more predict-
able. Clinical results of the first group of patients seem to
compare well to microfracturing.
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Conclusion The authors suggest a new method for a
standardised procedure using a new perforating device. Ad-
vances in MSS by subchondral bone marrow perforation are
discussed. It remains to be determined by clinical studies how
this method compares to microfracturing. The subchondral
needling offers the surgeon and the investigator a method that
facilitates comparison studies because of its defined depth of
subchondral penetration and needle size.
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Introduction

The potential of mesenchymal stem cell stimulation (MSS)
for cartilage repair has been recognised since the 1950s and
was first introduced by Pridie [1]. Further development,
particularly by Steadman et al. since the 1990s [2], has led
to widespread use of microfracture as a primary procedure
for full thickness cartilage defects due its low cost, ease of
operation, and positive results especially in the younger patient
population [3—7]. Microfracture induced pluripotential cell re-
cruitment and migration to the joint surface followed by cell
differentiation in chondrogenic and other cell lineages has been
demonstrated in previous studies [4, 8, 9]. However, a consen-
sus regarding a standardised application (e.g. diameter and
depth of perforations, pattern, and spacing) of microfracture
has not been reported. There is also no unity on the devices used
to perform microfracture (drill, chondropick, manual or me-
chanical application). Renewed attention to the effects of
subchondral bone in cartilage repair has opened new pathways
for potential improvement in particular as they relate to channel
formation and depth, cell recruitment, and the ensuing cartilage
quantity and quality [10, 11]. The authors introduce a new
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subchondral needling procedure (Nanofracture®, Arthrosurface,
MA, USA) recently cleared by the US Food and Drug Admin-
istration, with a device and technique that standardises and
further develops the application of microfracture, whereby the
needle diameter is thinner compared to microfracture and the
depth of subchondral bone perforation is deeper and defined thus
following the latest findings in MSS. This system includes a
cannulated pick with a 15° angled tip to facilitate access to the
defect site (Fig. 1). Subchondral bone perforations are carried out
with a one millimetre thick needle (nitinol) that is advanced
through the cannulated pick (Fig. 2) to a precise depth of nine
millimetres. The nitinol needle underwent testing according to
ASTM to conform to industry manufacturing standards of med-
ical devices. No breakages have been reported to date.

Penetration depth is suggested at a defined length of nine
millimetres. This was established after cadaver studies
showed that a longer needle would have a higher risk of wire
fracture without necessarily offering any advantage. Howev-
er, the exact length of subchondral penetration remains to be
determined and is not as yet defined in the literature. Chen
[11] sees a dependency of depth of penetration and bone
marrow stimulation, i.e. the deeper the penetration, the better
the bone marrow seems to be stimulated.

Indications, outcome predictors and contraindications

After failed conservative management, patients with clear
symptomatology and adequate cartilage lesion(s) on pre-
operative magnetic resonance imaging (MRI) should be
considered for surgery. The final decision is made during
knee arthroscopy and depends on lesion characteristics and
general joint status. Symptomatic full-thickness chondral
defects, without extensive subchondral bony deficiency and
a lesion size of up to 2x2 cm have shown more consistent
results [12—14]. Defects with depths of five to ten mm have
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Fig. 1 Nanofracture® 15° angled, cannulated pick and needle
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Fig. 2 Tip of Nanofracture® needle after insertion into an ICRS grade
IV cartilage defect

limited indications and lesions greater than ten mm deep
should not be considered for MSS [12]. Every patient pre-
sents with a unique set of parameters (Table 1) and while the
perfect patient rarely exists, the compounding effects of
multiple factors should be taken into consideration when
creating a patient profile and discussing treatment options
and patient expectations (Table 1).

Mechanical malalignment and joint instability may lead
to or aggravate cartilage defects and joint degeneration in
particular when they both occur within the same joint [18,
19] and should be addressed at the same time as cartilage
repair surgery. A corrective osteotomy to re-establish neu-
tral mechanical axis should be performed in conjunction
with the cartilage procedure in varus malalignment in the

Table 1 Indications and outcome predictors in subchondral cartilage
stimulating surgery

Factors Better results with:
Age [15] <40 years
Duration of symptoms [15] <12 months

Lesion size [15]
Lesion depth [15]
Body mass index [15]

Preoperative activity level
Tegner score [15]
Previous surgery [15]

Repair cartilage volume [15]
Mechanical alignment [16]
Joint anatomy [16]

Joint stability [16]

Meniscus [17]
Kissing lesion

up to 2x2 cm
<5 mm

<30 kg/m?
>4

Primary microfracture
Good defect fill (>66 %)
Normal

Normal

Ligamentously stable with adequate
muscle strength

Without loss of meniscal tissue

Monopolar
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knee. Similarly, patella maltracking should be simulta-
neously corrected if addressing patello-femoral cartilage
lesions. General contraindications include patients who
are unwilling or unable to follow rehabilitation require-
ments, inability to use the opposite leg for weight bearing,
partial thickness defects, widespread articular and joint
degeneration and possibly kissing lesions [20].

Patient profiling and quality control

All patients present with a unique combination of joint status,
injury mechanism, defect location, size and grade,
comorbidities, activity requirements, and a distinctive set of
outcome predictors. Algorithmic treatment recommendations
based on averaged results rarely do justice to the complex
interaction between patient profile, intraoperative findings
and treatment, and postoperative remodelling. Individual treat-
ment and management of patient expectations therefore is
paramount for success in the level of treatment effect, and
the durability of MSC (Table 1). Bone marrow stimulation
(BMYS) is an arthroscopic procedure where the treatment effect
is triggered intra-operatively, but the actual repair occurs dur-
ing the postoperative recovery phase. The biphasic regimen
places challenges on quality control and reproducibility of the
results. Subchondral needling offers an advantage over

Fig. 3 Demonstrating the

difference between the deeper

Nanofracture® (left) which

reaches the subchondral bone

plate more regularly, in a

consistent cylindrical shape and

at a more defined depth than Subchondral
microfracture (right)

microfracture because perforation depth and diameter are con-
sistent and reproducible (Fig. 3). The procedure may also be
applied in cartilage defects type ICRS 2 and 3 where stabilised
remaining cartilage is preserved as a matrix for the newly
developing cartilage tissue. In conventional microfracture,
however, depending on how much force is exerted upon the
microfracture awl, the depth of subchondral bone perforations
remains inconsistent along with the surface diameter of each
perforation due to the V-shaped tip. This may negatively
impact the validation and comparison among different
patient cohorts, anatomical locations, and defect sizes.
The pick has a stop-controlled perforation depth of nine
millimetres at a consistent diameter of one millimetre. The
smaller diameter causes less trauma to the subchondral
bone surface and may provide a greater perforation densi-
ty compared to the much larger 2.5-mm microfracture awl
when the reported bone bridge distance of two to four
millimetre is maintained [3, 21, 22]. However, cell recruit-
ment has to be quantified before final recommendations
for needle spacing and pattern density can be made.

Surgical technique

Debridement of unstable cartilage is carried out until healthy
margins and vertical walls are created. In lesions graded

Manofracture vs, Microfracture
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Fig. 4 Bone perforation pattern with a 3-4 mm bone bridge distance

ICRS 2 and 3, fixed cartilage may be left as a matrix for
regeneration. Upon completion of the defect preparation,
subchondral needling is performed in a systematic, spiral
fashion starting from the periphery of the lesion. The one
millimetre needle is inserted into the lumen of the pick. The
tip of the pick is placed onto the prepared defect bed and
slight hammer strikes on the proximal end of the needle
advance the tip into the subchondral bone at a consistent,
stop-controlled depth of nine millimetres with no thermal
damage to the tissue. The needle is removed and consecutive
subchondral bone channels are placed throughout the defect
bed in a defined pattern (Fig. 4). Each perforation is placed
about three millimetres apart to give an even distribution.
Adequate bone bridges between each channel should be
maintained to protect the mechanical stability of subchondral
bone during postoperative remodelling. A joint lavage con-
cludes the procedure to remove loose bony particles and
cartilage debris. Intra-articular drains should not be used to
avoid interference with marrow clot formation, cell recruit-
ment and differentiation.

Postoperative rehabilitation

Clinical studies [17, 23] give mixed recommendations about
postoperative weight bearing restrictions. However, limited
weight-bearing is not only important for articular cartilage
repair, but also for protection of subchondral bone
remodelling after microfracture. Osteoarticular remodelling
and maturation during this phase continues beyond three to
six months after surgery and should be considered when
discussing treatment options with patients. Premature weight
bearing may lead to displacement of the repair clot,
inferior tissue integration, and may also damage the
subchondral bone integrity and tissue response to load bearing
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stimuli during the healing phase. Patient and therapist com-
pliance is therefore critical [21].

Discussion

Results in cartilage repair with BMS and tissue engineered
combination therapies depend on a systematic, quality con-
trolled approach. Standardised procedures are necessary to
improve future outcomes and help in a better understanding
of the interaction between patient profile, operative proce-
dure, and postoperative remodelling and rehabilitation. Bone
marrow stimulation (BMS) is a complex entity and relies on
a large number of factors influencing fill rate and grade,

Fig. 5 a—d Axial and sagittal microCT imaging. Adult bovine model
courtesy of W.R. Walsh, Ph.D., N. Bertollo, Ph.D., D. Schaffner, M.D.,
R. Oliver, Ph.D., C. Christou BScVet. Surgical & Orthopaedic Research
Laboratories (SORL), Prince of Wales Clinical School-The University
of New South Wales, Sydney, Australia 2013. a Sagittal microCT
following microfracture: dense bone compaction extending into cancel-
lous bone with limited trabecular bone marrow channels. b Axial
microCT depicting dense, compacted channel walls with well defined,
highly regular channel walls. ¢ Sagittal microCT following nanofracture:
multiple open trabecular channels throughout the 9-mm deep subchondral
bone perforation. d Axial microCT after nanofracture showing irregular
wall outline and open trabecular channels. Trabecular bone structure
appears to have normal thickness and density
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subchondral and lateral tissue integration, and biomechani-
cal integrity and functional response to load sharing. Com-
bined, they affect the longevity of the defect fill, the func-
tional improvement and pain relief in patients and the pro-
tection from lesion expansion and degenerative pathways
over time. The age-dependent response to MSS is well
understood today—cell numbers and their synthetic activity
decline over time leading to a lower defect fill rate with
inferior tissue quality in older patients [5, 24]. As a result,
the clinical success rate of microfracture has been most
consistent in patients under the age of 40 years [5-7, 25,
26]. In addition to age restrictions, renewed interest in seeing
cartilage damage in the context of the entire osteochondral
architecture shows that the interaction between bone and
cartilage is probably a complex system that influences repair
response and durability of treatment regimens in all age
groups [20, 27]. Chen et al. [11] compared subchondral cell
recruitment at various depths. Results from histomorphometry
and histological scoring found that deeper access channels to
the marrow stroma produced statistically superior cartilage
repair when compared to shallower channels. This is in con-
trast to the commonly accepted two to four millimetre depth
used in conventional microfracture [3, 11, 21]. In addition to
channel depth affecting cell recruitment, histology and micro-
CT examinations of two millimetre deep microfracture awl
perforations showed fracturing and bone compaction around
each channel, sealing them largely off from adjacent bone
marrow [10] (Fig. 5).

The larger footprint of V-shaped microfracture perfora-
tions (1.5-2 mm wide) may expose a larger surface to the
metabolic bone response following iatrogenic injury of the
subchondral bone plate (Figs. 4 and 5). This may also play a
role in subchondral bone stability, particularly when pattern
density becomes too high and bone bridges between each
perforation too small. Combined with postoperative weight
bearing, microfracture perforations may stimulate an exces-
sive bone response which may explain observations such as
intralesional osteophytes and defect overgrowth [23, 27-30].

Consistent needle diameter and a smaller perforation foot-
print introduces less trauma to the subchondral bone plate
and subarticular bone marrow. The influence of joint fluid
pressure acting on each perforation is not well understood,
but perforation density and diameter may play a role in
subchondral cyst formation seen after microfracture, in par-
ticular when combined with weight bearing loads during the
weakened remodelling state [23, 28, 29, 31]. The importance
of individual surgical steps to maximise the tissue response
in MSS is debated in the literature—concomitant procedures
are performed first to avoid losing arthroscopic visualisation
once subchondral blood and fatty droplets enter the joint
[32]. Debridement of degenerated and unstable cartilage [3,
15, 21, 33, 34] and creation of healthy, vertical walls at the
defect edge [3, 12, 13] prepare the lesion bed initially.

Controversy still exists regarding removal of the thin calci-
fied cartilage layer. Advocates [3, 15, 22, 26] refer to the
work of Frisbie et al. [32, 35] who demonstrated better
attachment of repair tissue following microfracture once
the calcified layer was removed. However, challenges in
postoperative defect protection in the equine model com-
bined with the lack of technical reports such as perforation
depth, bleeding response, and perforation density may have
played a role in tissue bonding rather than the difference in
defect preparation. Frisbie et al. [35] also reported advanced
thickening or elevation of subchondral bone after removal of
the calcified layer. The associated increase in stiffness may
explain why secondary cell-based cartilage interventions
achieve inferior results after microfracture when compared
to their primary indications [5, 6, 10, 21, 31]. Authors who
support the removal of the calcified layer are in agreement
that attention must be paid to maintain the underlying bone
plate and avoid excessive debridement and thinning as this is
thought to stimulate the osseous response with further
subchondral bone thickening and overgrowth [3, 21, 22,
30, 36]. Close arthroscopic visualisation and careful atten-
tion to technical details is therefore recommended [2, 15, 26,
37]. Future standardised investigations will need to provide
further evidence on the depth of defect bed preparation and
the pros and cons of maintaining distinct layers of the
osteochondral architecture. Renewed focus on subchondral
bone effects in cartilage injury and repair [21, 23, 27] has
expanded the understanding of the strengths and limitations
of MSS [4, 8, 38] and opened new pathways for potential
improvement, in particular as they relate to channel depth,
shape, diameter and the corresponding cell recruitment. The
effects on the osteochondral architecture during subchondral
bone remodelling, surface chondrogenesis and tissue repair
are better understood today, but the surgical procedure is in
need of standardisation to optimise individual outcomes of
MSS in focal cartilage repair and improve comparability
among various patient cohorts.

Conclusion

Microfracture’s shortcomings such as shallow marrow ac-
cess, inconsistent depth, large diameter perforation, and
intra-channel bone compaction have implications for
quantity and quality of cartilage repair, subchondral bone
stability, and rehabilitation requirements. Deeper marrow
access with its improvement of cartilage character and
volume provides a new direction. Thin, stop-controlled,
deep needle perforation without associated thermal injury
allows for a systematic and less traumatic treatment ap-
proach and benchmark testing in future clinical investiga-
tions. Further studies comparing the different methods of
BMS are encouraged.
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