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Purpose: To evaluate morphological alterations, microarchitectural disturbances, and the extent of bone marrow access
to the subchondral bone marrow compartment using microecomputed tomography analysis in different bone marrow
stimulation (BMS) techniques. Methods: Nine zones in a 3  3 grid pattern were assigned to 5 cadaveric talar dome
articular surfaces. A 1.00-mm microfracture awl (s.MFX), a 2.00-mm standard microfracture awl (l.MFX), or a 1.25-mm
Kirschner wire (K-wire) drill hole was used to penetrate the subchondral bone in each grid zone. Subchondral bone holes
and adjacent tissue areas were assessed by microecomputed tomography to analyze adjacent bone area destruction and
communicating channels to the bone marrow. Grades 1 to 3 were assigned, where 1 ¼ minimal compression/sclerosis;
2 ¼ moderate compression/sclerosis; 3 ¼ severe compression/sclerosis. Bone volume/total tissue volume, bone surface
area/bone volume, trabecular thickness, and trabecular number were calculated in the region of interest. Results: Visual
assessment revealed that the s.MFX had signiﬁcantly more grade 1 holes (P < .001) and that the l.MFX had signiﬁcantly
more poor/grade 3 holes (P ¼ .002). Bone marrow channel assessment showed a statistically signiﬁcant increase in the
number of channels in the s.MFX when compared with both K-wire and l.MFX holes (P < .001). Bone volume fraction for
the s.MFX was signiﬁcantly less than that of the l.MFX (P ¼ .029). Conclusions: BMS techniques using instruments with
larger diameters resulted in increased trabecular compaction and sclerosis in areas adjacent to the defect. K-wire and
l.MFX techniques resulted in less open communicating bone marrow channels, denoting a reduction in bone marrow
access. The results of this study indicate that BMS using larger diameter devices results in greater microarchitecture
disturbances. Clinical Relevance: The current study suggests that the choice of a BMS technique should be carefully
considered as the results indicate that smaller diameter hole sizes may diminish the amount of microarchitectural
disturbances in the subchondral bone.

B

one marrow stimulation (BMS) techniques
including subchondral drilling and microfracture
are ﬁrst-line treatments for small osteochondral lesions
of the talus with excellent reported outcomes.1 The
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objective of BMS is to remove unstable cartilage and
underlying necrotic bone and to establish communication with the subchondral bone marrow compartment
by perforating the subchondral plate with an awl or
Kirschner wire (K-wire). Steadman et al.2 developed
the microfracture technique to enhance chondral
resurfacing by providing a suitable environment for
new tissue formation, taking advantage of the body’s
own healing potential. Irrespective of the technique
used, perforations made in the subchondral bone allow
the inﬂux of marrow elements including mesenchymal
stem cells (MSCs), growth factors, and other healing
proteins throughout the holes and into the defects. This
ultimately leads to the formation of a surgically induced
super clot that provides an enriched environment for
new tissue formation.2 This procedure can be accomplished by using a variety of different techniques.
Commonly, manual perforation is achieved using a
microfracture awl, or alternatively a K-wire can be
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drilled into subchondral bone to produce marrow access
channels. There are a wide variety of diameters and
designs of instruments used to create these channels,
and no consensus has been reached in establishing the
optimal device that produces the greatest biological
response.
Although these different instruments collectively
have good clinical results in the short-to medium-term
outcome, there is concern that alterations due to
induced surgical trauma with compaction and
destruction of the subchondral bone architecture may
promote degeneration of the cartilage in the long term.
There have been a limited number of studies investigating the extent of bone damage and morphological
changes caused by BMS techniques in the talus.
Previous data reporting whether outcomes of these
techniques are dependent on the diameter and type of
instrument used for BMS have been controversial.3
Kok et al.4 reported no differences in a goat talar
model in the “structural integrity,” the repair tissue
volume, or osteoid formation between a 0.45-mmdiameter and a 1.1-mm-diameter microfracture hole on
histologic and microecomputed tomography (mCT)
analysis. Eldracher et al.5 showed in an ovine medial
condyle model that greater disturbances of subchondral
bone architecture were induced by larger diameter
holes that they stated outweighed the possible beneﬁt
of increased recruitment of marrow elements on
histologic and biochemical analysis. Lastly, Hoemann
et al.6 compared MFX holes ranging from 1.1 to 2.0 mm
in diameter and found more compacted bone in the
surrounding areas adjacent to the holes when utilizing
awls of larger diameters. The discrepancy in reported
outcomes may in part be related to the differences in
location of the defect, measured radiologic parameters,
and model used. Although CT and magnetic resonance
imaging provide valuable information about cartilage
repair and the subchondral bone integrity, highresolution mCT allows for 3-dimensional (3D), quantitative microarchitecture analysis on a microscopic scale,
which provides further analysis of microstructural
changes in bone.7,8
The purpose of this study was to evaluate morphological alterations, microarchitectural disturbances,
and the extent of bone marrow access to the
subchondral bone marrow compartment using mCT
analysis in different BMS techniques. We hypothesized that marrow stimulation techniques using larger
diameter hole sizes would induce greater disturbances
of the microarchitecture when evaluating for bone
compaction and sclerosis compared with smaller
diameters. We also hypothesized that larger diameter
holes would reduce the bone marrow channel access
critical for the inﬂux of MSCs, growth factors, and
other healing proteins into the holes and into the
defect.
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Methods
Five fresh-frozen ankle joints were acquired from our
institution’s anatomical gift registry for this study and
institutional review board approval for this study was
obtained. The specimens, 3 right sided and 2 left sided,
were obtained from 3 male and 2 female donors with a
mean age of 54.8  9.4 years. The specimens were
dissected, and the tali were removed from all articulations. The tali were stored at 20 C and thawed at
room temperature for 12 hours before use. Inclusion
tali criteria for cadaver specimens were an age
<65 years, no documented history of inﬂammatory
arthropathies or ankle joint osteoarthritis, no history of
trauma, and no observed macroscopic cartilage degeneration of the ankle joint. Exclusion criteria were
cadaver specimens age >65 years, underlying documented bone or cartilage pathology, and observable
macroscopic cartilage degeneration. No specimens were
excluded. The tibiotalar articular surface of all specimens was inspected by 2 observers for ﬁbrillation,
ﬁssuring, or cartilage loss.
Each talar dome was divided using a previously
described anatomic 9-zone grid scheme.9 Each zone
had an equal surface area and numerical identiﬁer
assigned to each zone from 1 to 9, beginning with the
most anterior and medial region proceeding posteriorly
and laterally (Fig 1). A subchondral needling device
with a 1.0-mm external diameter (Nanofracture,
Arthrosurface, MA), a 1.25-mm K-wire (1.25 mm, w/
Trocar Point, DuPuy Synthes, West Chester, PA), and a
2.0-mm microfracture awl (Chondral Pick 30 Degree,
Arthrex, Naples, FL) were used to create defects in the
subchondral bone. Abbreviated terminology was
established for use in this study with the smaller
1.0-mm awl (s.MFX), the K-wire, and the l.MFX. Each
instrument was used to create a single defect in all
described zones in all specimens. In all grid zones,
defect location was standardized for each BMS implement: the anteromedial corner for l.MFX, the anterolateral corner for K-wire, and posterolateral corner for
s.MFX (Fig 1). The distance from defect to the corner of
its respective anatomic grid was measured using ruled
calipers, with reference markers used to delineate zone
boundaries, and these measurements were recorded to
ensure that mCT imaging acquired the correct anatomic
locations.
Bone Marrow Stimulation Technique
All operative procedures were performed in a standardized manner by a single attending orthopaedic
surgeon with extensive experience in BMS for talar
osteochondral lesions. The s.MFX is a cannulated system with an internal pick (1.0-mm diameter) and a 15
angled tip (Fig 2). Perforations were made with the
needle that was advanced through the cannulated
handle of the awl. This was done by tapping the
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Fig 1. Grid location of bone
marrow stimulation techniques.
(A) Left talus. (B) Right talus.
Round circles indicate the location of markers. K, Kirschner
wire; S, 1.00-mm microfracture
awl; L, 2.00-mm microfracture
awl.

proximal end using a small mallet to advance the tip to
the stopper at a consistent depth of 9 mm. A lever
mechanism on the handle then retracted the pick.
According to the product information sheet, the bellend design of the awl clears debris from the defect to
maintain open trabecular channels. The l.MFX was
used as per the product information sheet, to a depth
determined by graduation on tip of the awl (approximately 2.0 to 3.0 mm). The K-wire was drilled to a
depth of 3 to 5 mm as determined by a premarked line
measured by the senior operator. The depths used in

this study are the recommended depths for each tool.
The same sequence of pick holes was applied in each
grid zone across the talar specimens. The holes were
placed a standard distance apart to prevent radiologic
sclerosis of the subchondral bone and reduction in
critical pore size for neovascularization.
Specimen Preparation and Scanning
Talar samples were scanned at Cornell University’s
mCT imaging facility. A single scan of each talus was
undertaken with a GE CT120 mCT scanner (GE

Fig 2. Three different implements used to create defects.
Tips of 3 bone marrow stimulation implements. (A) s.MFX,
1.00-mm microfracture awl. (B)
Kirschner wire, 1.25 mm. (C)
l.MFX, 2.00-mm microfracture
awl.
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Fig 3. Subchondral bone change
adjacent to defect.

Healthcare, London, Ontario, Canada). The scan
obtained 1200 projections at 0.3 intervals over 180
using 80 keV, 32 mA, 100 ms exposure time and
15.3-mm x-y-z voxels. Digitized projections were used
to reconstruct a 3D dataset using a convolution backprojection approach, giving an 80  80  50 mm3
volume of image data with 15.3-mm isotropic voxels.
Micro-CT Visual Assessment Score
2D reconstructions on mCT were examined by 3 observers (1 radiologist and 2 attending orthopedic surgeons) to identify a pattern of subchondral change
adjacent to the defect. A consensual structural score
modiﬁed from a score previously described by Hoemann et al.6 was used for assessment of time zero
trabecular change adjacent to BMS defect. A grade from
1 to 3 was given, where 1 ¼ minimal compression/
sclerosis deemed “excellent”; 2 ¼ moderate compression/sclerosis deemed “good”; 3 ¼ severe compression/
sclerosis deemed “poor” with fracture of trabecular
cross-bridging (Fig 3).
Micro-CT Channel Assessment
Marrow access was assessed using a modiﬁed method
based on Hoemann et al.6 Using both coronally and
axially positioned datasets, 2 independent observers
assessed trabecular structure to quantify trabecular
channels communicating with the defect void, denoting
marrow by the number of channels allowing access of
bone marrow to the defect.6 Observers were blinded to
the type of marrow stimulation technique used for each
defect. 2D images were viewed at 3 depths in the axial
plane: directly beneath the subchondral bone (surface),
at the midpoint of the defect total depth (middle), at the
defect deepest region (base); and were viewed in the
sagittal plane through the diameter of the cylinder
(long axis). Within each of these regions, 20  2D slices
were viewed at consecutive 91.8-mm intervals. In each
slice numerical scoring was given based on the number
of open trabecular channels communicating with the
defect site (Fig 4). All scores were averaged to calculate
a mean marrow access channel number for each defect.
In the coronal plane, the widest point in an AP direction
at the defect surface was established. From this point,
10 consecutive 2D slices of the dataset at 91.8-mm

spacing between slices (6 dataset slices) were used on
either side of the measured midpoint (total 20 slices).
Communicating channels were quantiﬁed and averaged for all defects.
Quantitative Bone Morphometry by 3D mCT Analysis
Regions of interest were identiﬁed for each of the 9
sections on the talus and were included for quantitative
analyses. The Scanco mCT software (HP, DECwindows

Fig 4. Open trabecular marrow access channels. (A) Sagittal
view (left image shows good marrow access; right image
shows reduced marrow access). (B) Axial view (left image
shows good marrow access; right image shows reduced
marrow access).
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Table 1. MicroeComputed Tomography Visual Assessment
Score
Grade
Instrument
s.MFX
Count
Expected count
% within row
Adjusted residuals
KW drill
Count
Expected count
% within row
Adjusted residuals
l.MFX
Count
Expected count
% within row
Adjusted residuals

c2 Tests
Pearson c2
Likelihood ratio

1

2

3

28
12.4
71.8
6

11
16.2
21.6
2.3

6
13.4
7.1
3.5

3
13.3
7.7
4

26
17.4
51
3.4

16
14.3
38.1
0.4

8
13.3
20.5
2

14
17.4
27.5
0.1

23
14.3
54.8
3.1

Value

df

P Value

44.2
44.1

4
4

<.001
<.001

NOTE. Adjusted residuals in bold are those that exceeded 2.
Adjusted residuals in bold and italics are those that exceeded 2.6.
KW, Kirschner wire; l.MFX, 2.00-mm microfracture awl; s.MFX,
1.00-mm microfracture awl.

Motif 1.6) was used for 3D analysis and viewing of
images. “Doughnut” volumes of interest (cylinders
around the tunnels with diameter 2.7 mm and exclusion of the hole volumes) were segmented using individual threshold. Bone volume/total tissue volume
(BV/TV), bone surface area/bone volume (BS/BV),
trabecular thickness (Tb.Th), trabecular number, and
trabecular separation were calculated for the trabecular
bone in the regions of interest. We used the method for
model-independent assessment of thickness in 3D images previously reported by Hildebrand et al.10
Statistical Analysis
Statistical analysis was performed using a contemporary statistical software package (SPSS v19.0, Armonk,
NY: IBM Corp, Chicago, IL). To assess agreement
amongst observers, a kappa test was used. Classiﬁcations were as follows: excellent (0.81 to 1.0), good (0.61
to <0.81), moderate (0.41to <0.61), fair (0.20 to
<0.41), poor (0 to <0.21), and less than chance
(<0.21). A Shapiro-Wilk’s W test was applied to
determine if data were normally distributed. Levene’s
test was used to assess homogeneity of variances.
Welch’s analysis of variance and Turkey’s test were
applied for the obtained outcome with standard
Gaussian distribution with equal homogeneity, and a
Kruskal-Wallis test and Steel-Dwass test were used for
outcomes without a standard Gaussian distribution. A
c2 test was used to establish if there was a signiﬁcant
difference in the mCT visual assessment score. A P value
 .05 was considered a statistically signiﬁcant outcome.

On the basis of the standard deviations observed here,
our study achieved more than 99% power to detect a
20% difference in the mCT channel assessment score,
and all mCT measures (BV/TV, TbN, etc.) among groups
at a level of signiﬁcance of 0.05.

Results
Micro-CT Visual Assessment Score
There was a high level of interobserver agreement for
scores of visual assessment of the mCT visual assessment
score (kappa (Siegel) coefﬁcient of 0.62, P < .001). The
c2 test showed that there were signiﬁcantly more grade
1 scored holes and a diminished number of grade 3
scored holes in s.MFX defects (P < .001) when
compared with the holes in both l.MFX and K-wire
defects. There were also signiﬁcantly less grade 1
defects for both the K-wire (P ¼ .001) and l.MFX (P ¼
.044) groups when compared with the s.MFX group,
whereas there were signiﬁcantly more grade 3 defects
in the l.MFX groups compared with the s.MFX group
(P ¼ .002) (Table 1).
Micro-CT Channel Assessment Score
There was a high level of interobserver agreement for
scores of visual assessment of the mCT channel assessment score (P < .001). The number of marrow channels
was signiﬁcantly increased in the s.MFX group when
compared with both K-wire (P < .001) and l.MFX
groups (P < .001) (Table 2). These results indicate a
signiﬁcantly improved marrow access potential at time
zero in the s.MFX group compared with l.MFX and
K-wire drilling techniques.
Quantitative Bone Morphometry by 3D mCT Analysis
A comparison of the mean BV/TV for all 3
implements is shown in Table 3. The BV/TV for the
s.MFX group was signiﬁcantly lower than that of the
K-wire group (P ¼ .021) but not of the l.MFX group
(P ¼ .327). These ﬁndings indicate less adjacent subchondral bony compression when using s.MFX
compared with when using a K-wire drill. There was a
statistically signiﬁcant difference in average trabecular
number between the s.MFX group and the K-wire
group (P ¼ .010) but not between the s.MFX group and
the l.MFX group (P ¼ .157). There were no statistically
signiﬁcant differences between any of the BMS techniques when analyzing the trabecular spacing and
Tb.Th of the subchondral bone adjacent to the defects.
There were no statistically signiﬁcant differences when
analyzing the different regions of the talar specimens.

Discussion
The results of this study indicate that BMS using an
s.MFX awl can diminish the amount of perimeter
microarchitectural disturbances in the subchondral
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Table 2. MicroeComputed Tomography Channel Assessment
Surface

s.MFX
KW drill
l.MFX
P value
(comparison
of 3 groups)

P Value
Average SD (s.MFX v Others) Average
6.4
1.6
7.2
1.5
1.0
<.001
1.6
3.7
1.0
<.001
3.3
<.001
<.001

Middle

Base

P Value
SD (s.MFX v Others) Average
1.3
7.4
0.9
<.001
1.8
1.0
<.001
2.7
<.001

P Value
SD (s.MFX v Others) Average
1.1
7.4
0.9
<.001
1.8
0.9
<.001
2.7
<.001

Long Axis
P Value
SD (s.MFX v Others)
1.1
0.9
<.001
0.9
<.001

KW, Kirschner wire; l.MFX, 2.00-mm microfracture awl; s.MFX, 1.00-mm microfracture awl; SD, standard deviation.

bone, potentially improving both the durability of the
repair tissue and overall clinical outcomes. The aim of
BMS procedures is to create perforations in the
subchondral plate to form channels for ﬂow of bone
marrow from the underlying subchondral space.11 This
allows for an inﬂux of pluripotent MSCs, promotion of
a ﬁbrin clot, release of cytokines and growth factors,
and promotion of cartilage healing. Despite the
repeated 85% clinical success rate,11 the effects of the
BMS instrumentation on subchondral bone architecture pose concerns over the durability of the repair
tissue.11,12 Previous studies have attributed subchondral compaction and sclerosis resulting from BMS
as a key factor in the decline in clinical outcomes over
time.5,13 This study compares the immediate effects of 3
different commercially available BMS instruments on
human talar subchondral bone architectural disturbances, bone compaction/sclerosis, and marrow channel access.
The qualitative data from this study show that BMS
techniques using either the l.MFX diameter awl or a
K-wire drill induce greater compaction and sclerosis in
the microarchitecture of the subchondral bone when
compared with the s.MFX awl. These disturbances were
observed in the bone adjacent to the created defect,
with sclerosis and compaction, as well as reduced
marrow access potential noted. Previous studies have
highlighted the importance of subchondral bone in
cartilage repair, as well as the potential effects of BMS
on osseous structures, and have documented sclerosis
and cyst formation after BMS.13-15 Although these
studies do not comment on the effect of the BMS
technique on bony change, or time zero effects of BMS
on subchondral bone, the results of our study suggest
that the choice of the awl size and marrow stimulation
technique may have an effect on the onset of changes
seen in degenerative bone including sclerosis and bony
thickening. In addition, bone marrow channel assessment showed a statistically signiﬁcant increase in the
number of communicating channels in the s.MFX
defects, compared with that of the K-wire hole and the
l.MFX defects.
The use of all 3 different and commercially available
BMS instruments may result in compaction around the

perimeter of the perforation. This compaction may
actually seal off the porous trabecular channels
required to allow inﬂow of bone marrow and MSCs,
thereby impeding the subsequent repair process.3,11
Our data support that using an s.MFX awl results in
diminished areas of destruction, sclerosis, and thickening in regions adjacent to the defect, thereby limiting
the amount of perimeter compaction. Larger diameter
hole sizes resulted in greater subchondral bone plate
thickness and sclerosis. These changes have been
associated with an upward migration of the subchondral bone plate and other degenerative change
leading to increased complications of osteochondral
repair.7 Overall, these results indicate better defect
access to communicating subchondral bone marrow
when using BMS techniques with smaller diameter
holes with an increased closure of porous channels
associated with the K-wire technique, suggesting that
the rapid oscillation may cause increased compaction
and channel closure despite having a relatively small
diameter. In addition to our ﬁndings of potentially
reduced stem cell recruitment through decreased adjacent osseous porosity, Chen et al.3 also showed that
thermal necrosis occurred when using high-speed
drilling that ultimately decreased successful reconstitution of subchondral bone.
Micro-CT quantitative analysis of the changes in
subchondral bone microarchitecture resulted in overall
comparable trabecular spacing and Tb.Th between the 3
study groups. The s.MFX awl showed a statistically
signiﬁcant lower BV/TV ratio indicating diminished
bone compaction when compared with l.MFX. The
contour and the shape of the awl and K-wire prevent
removal of bone debris allowing for compression of the
surrounding bone thereby resulting in an increase in
bone density. Previous studies have shown that mechanical instability due to subchondral bone changes
can cause cartilage matrix degradation and that a
weakened support can inﬂuence an overall histologically inferior cartilage repair.16,17 Although there have
been limited studies reporting the effects of drill diameter on subchondral repair, Eldracher et al.5 evaluated
the effects on subchondral bone repair when perforated
with a small drill hole, reﬂecting the physiological
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Trabecular Separation, mm
Trabecular Thickness, mm
Trabecular Number, n

KW, Kirschner wire; l.MFX, 2.00-mm microfracture awl; s.MFX, 1.00-mm microfracture awl; SD, standard deviation.

s.MFX
KW drill
l.MFX
P value (comparison of 3 groups)

Average
0.289
0.378
0.337
.029

SD
0.108
0.139
0.118

P Value
(s.MFX v Others)

.021
.327

Bone Volume/Trabecular Volume, %

Table 3. Quantitative Bone Morphometry by 3-Dimensional MicroeComputed Tomography Analysis

P Value
P Value
P Value
Average
SD
(s.MFX v Others) Average
SD
(s.MFX v Others) Average
SD
(s.MFX v Others)
2.35
0.623

0.201
0.034

0.432
0.093

2.05
0.544
.010
0.230
0.049

0.443
0.148

1.9
0.872
.157
0.215
0.062

0.496
0.162

.018
.397
.798

A. L. GIANAKOS ET AL.

subchondral trabecular distance. The data showed that
a greater disturbance of the subchondral bone architecture induced by larger hole diameters negatively
affected osteochondral repair, outweighing the possible
beneﬁt of higher recruitment of marrow elements.
Consequences of thickened and sclerotic subchondral
bone include a reduction in the capacity to absorb shear
forces leading to deterioration of the repair tissue over
time.13
The 3 different instruments evaluated, although
widely used in practice, have different inherent mechanical properties that may result in both structural
and clinical differences for cartilage repair outcomes.3
Compared with a drill, K-wire has the advantage of
ﬂexibility and less risk of breakage. Unfortunately, this
procedure often uses a transmalleolar approach with
drawbacks of damaging the opposing tibial articular
cartilage leading to persistent pain and edema.18 In
addition, it seems it has mechanical disadvantages in
terms of subchondral architecture changes and the risk
of adverse biologic effects through thermal necrosis.
Use of a microfracture awl has been thought to affect
the trabeculae inducing a healing response. The curve
at the end of the awl allows for an “around the corner”
approach, making constant distraction unnecessary
leading to fewer complications. A disadvantage of this
technique is that loose bony particles can detach on awl
withdrawal, and if not removed, can result in further
cartilage damage.18 Therefore, any technique that can
change the structure of subchondral bone has the potential to inﬂuence the biomechanics of the osteochondral unit, the repair process, and the overall
articular cartilage resurfacing outcome.19
Limitations
Several limitations should be addressed in this study.
This study used 5 talus specimens that is a small number for evaluation. Although the variability of the shape
and contour of each specimen may alter the trajectory
of the drill hole, using 9 grid locations reduces the
amount of inconsistency between each specimen. Also
with this study being cadaveric, it is strictly a time zero
investigation and therefore limits conclusions regarding
the clinical results after this time. Another limitation
that should be addressed is the lack of complete clinical
data for the patient specimens used. Specimens from
healthy patients aged 50 to 70 years were included in
the study. Unfortunately, we did not analyze the
specimens before the experiment and therefore do not
have initial bone density measurements. Careful
attention was given to ensure that the cartilaginous
surfaces on the talar dome were intact.

Conclusions
BMS techniques using instruments with larger diameters resulted in increased trabecular compaction
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and sclerosis in areas adjacent to the defect. K-wire and
l.MFX techniques resulted in less open communicating
bone marrow channels, denoting a reduction in bone
marrow access. The results of this study indicate that
BMS using larger diameter devices results in greater
microarchitecture disturbances.
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