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Patrick A. Massey,*† MD, MBA, Rachel Kushner,† MD, Cole Miller,‡ MD, Michael Lowery,† MD,
Richard S. Barton,† MD, MPH, and Giovanni F. Solitro,† PhD

Investigation performed at Louisiana State University Health Sciences Center at Shreveport,
Louisiana, USA

Background: Osteochondral autograft transfer (OAT) is a useful technique for full-thickness cartilage lesions of the distal femur.
Various techniques recommend harvesting a plug 2 mm longer than the recipient hole to allow for graft impaction. Grafts with
limited compressibility may not sit flush when impacted.

Purpose: To compare the compressibility/shortening of OAT donor plug regions from the distal femur of human cadaveric knees
after impaction.

Study Design: Controlled laboratory study.

Methods: A total of 20 cadaveric knees (mean age, 70.3 ± 8.4 years) were divided into 4 donor regions: medial intercondylar (IC)
notch, lateral IC notch, medial trochlea, and lateral trochlea. Each region was subdivided into 4 zones: far superior (FSZ), middle
superior (MSZ), middle inferior (MIZ), and far inferior (FIZ). A total of 320 grafts (6-mm diameter, 15-mm depth) were extracted, and
a custom-built machine was used to strike the graft 5 times using a predetermined energy of 0.11 J. The graft length was measured
initially and after each impact. Statistical analysis of the compressibility for each of the 4 regions and all 16 zones was performed
utilizing analysis of variance, with post hoc testing using the Fisher’s least significant difference.

Results: Compression in the lateral IC notch, medial IC notch, medial trochlea, and lateral trochlea was 2.4 ± 1.5, 2.1 ± 0.7, 3.1 ± 2.2,
and 2.1 ± 0.6 mm, respectively, with significant differences between the 4 regions (P < .01) and the most compression in the medial
trochlea (P< .01). Subgroup analysis showed that the lateral trochlea had higher compressibility for FIZ versus MIZ (P¼ .02) and the
lateral IC notch had higher compressibility for FSZ versus FIZ and MIZ (P < .05 for both).

Conclusion: Compressibility varied between OAT donor sites in the distal femur. OAT donor grafts showed the highest com-
pressibility in the medial trochlea (3.1 mm) and lateral IC notch FSZ (3.0 mm).

Clinical Relevance: The lateral trochlea, medial IC notch, and the lower zones of the lateral IC notch grafts should not be oversized
more than 2 mm in length, as these grafts may not compress adequately.
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Cartilage defects in the knee can lead to significant patient
morbidity. Patients with focal cartilage defects have pain
and functional limitations that affect their quality of life
similarly to patients with severe osteoarthritis, which can
make treatment challenging as these patients are often
younger and more active.12,26 Various surgical options exist
for treating cartilage lesions, with osteochondral autograft
transfer (OAT) representing an option that replaces both

bone and cartilage.35 Single-plug OAT and mosaicplasty
have shown successful outcomes at long-term follow-up
with better clinical outcomes and higher level of athletic
activity when compared with microfracture.7,18,24,31

OAT is used for full-thickness cartilage lesions of the
distal femur between 1 and 2 cm in diameter.1,5,30 Non-
weightbearing or minimal weightbearing areas of the knee
are an ideal area for graft harvest in an attempt to mini-
mize donor site morbidity.5,7,35 The medial trochlea is con-
sidered a preferred donor site due to low contact pressures
and convex surface that mimics the weightbearing region of
the condyles.26 While uncommon, donor site morbidity does
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still occur where harvest sites have overgrown or under-
filled with fibrocartilage that replaces the hyaline cartilage
and subchondral bone that was harvested.19 Ideally, an
OAT graft would sit flush in the recipient site with respect
to cartilage contour and thickness.21 Various techniques
recommend harvesting a plug 1 to 2 mm longer than the
recipient hole to allow for graft impaction.4,10,29 A clinical
dilemma exists with regard to leaving an osteochondral
plug slightly proud versus subjecting the graft to additional
force to seat the graft flush with the surrounding articular
cartilage. Thus, a further understanding of the compress-
ibility of the different regions of the distal femur would be
advantageous for a surgeon to understand when consider-
ing harvest sites for OAT procedures.

The primary objective of this study was to compare the
compressibility/shortening of OAT donor plug regions from
the distal femur of human cadaver knees after impaction.
We hypothesized there would be a difference in compression
of grafts from different areas of the knee which leads to our
secondary objective, to determine which donor sites are more
suitable in terms of providing the most compressibility.

METHODS

Before testing, a systematic approach was devised for
naming the areas of the knee being tested. Each knee was
divided into 4 regions (medial intercondylar [IC] notch,
lateral IC notch, medial trochlea, lateral trochlea). These
4 donor regions were chosen due to their location as they
involve minimal or no weightbearing and are therefore
deemed to be adequate sites to use in the OAT procedure.
Each region was subdivided into 4 zones: far superior
(FSZ), middle superior (MSZ), middle inferior (MIZ), and
far inferior (FIZ) to yield a total of 16 donor grafts per
knee (Figure 1).

To test the compressibility of the grafts, 20 cadaver knees
were used (13 right knees and 7 left knees). A total of 14
cadaver knees were male, and 6 were female. The mean age
of the cadaver knees was 70.3 years ± 8.4 (range, 55-89
years). A total of 320 grafts were extracted using an OATS
Kit (Arthrex) at 6 mm diameter and 15 mm depth in accor-
dance with manufacturer recommendations. Older cada-
vers were not excluded due to previous evidence that
showed no correlation between age and biomechanical
properties (crush strength and trabecular bone stiffness)
in the femur condyles.6,28

Once extracted, the donor grafts were labeled according
to their zone, number, and the cadaveric knee from which

they were harvested. Careful labeling was done to ensure
that the donor graft being tested was the same one
extracted. A custom-made apparatus was assembled to
perform the compressibility testing of the grafts with a
6.5 mm–diameter cylinder socket (Figure 2). The 6 mm–
diameter instrumented cylinder mallet, with a mass of
11 oz (312 g), was dropped from a height of 37.4 mm, which
resulted in an energy of 0.11. The height and weight of
the custom apparatus were chosen carefully after ample
testing to donor grafts. The height and weight provided
optimum results for this experiment, while also limiting the
amount of grafts that would crack from the force. This pre-
determined force was taken from a calibration of an ortho-
paedic surgeon performing the same operation to simulate
the compression when placing a donor graft into a recipient
site. Each graft was struck 5 times. At the end of each hit,
the reduction in height of the graft was measured through
the position of the mallet recorded in real time through a
laser-distance sensor micrometer (LMI Technologies). The
cartilage plugs were also inspected for cracks after each hit.
The number of strikes delivered to the graft was selected
based on trials conducted before the experiment using
a force that was acquired by an orthopaedic surgeon doing
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Figure 1. Distal view of a cadaveric right femur showing the
naming conventions and locations of the graft harvest sites.
Each region was subdivided into 4 zones. FIZ, far inferior
zone; FSZ, far superior zone; IC, intercondylar; MIZ, middle
inferior zone; MSZ, middle superior zone.
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this procedure. Five hits allowed maximum compression of
the grafts without developing cracks. The experiment was
limited to only 5 hits because more hits would have
increased the likelihood of developing cracks in the grafts,
greatly limiting our data. The graft lengths were then com-
piled and analyzed using WinDaq acquisition software
(DATAQ Instruments), from which the average final length,
average total compression, and average compression per-
centage along with their respective standard deviations
were determined for each of the 16 zones.

Statistical Analysis

Numerical data among the 4 different regions and 16 dif-
ferent zones were compared using analysis of variance
(ANOVA). Post hoc analysis between regions was per-
formed with the Fisher’s least significant difference test.

RESULTS

The compression values for the medial IC notch, lateral IC
notch, medial trochlea, and lateral trochlea are shown in
Table 1. There was a significant difference in the amount of
compression between all 4 regions (P< .01), and the medial
trochlea had significantly more compression than each of
the 3 other regions (P < .01 for all) (Table 1).

A subgroup analysis was performed in the zones of each
region. There was no significant difference in compressibility
across the 4 zones of the medial trochlea (P¼ .37) and medial
IC notch (P ¼ .69). The lateral trochlea showed higher

compressibility only for the FIZ versus MIZ (P ¼ .02). The
lateral IC notch showed higher compressibility for the FSZ
versus the FIZ and MIZ (P < .05) (Table 2 and Figure 3).

When comparing the compressibility of zones for each
region, only the FSZ of the lateral IC notch was not signif-
icantly different than the medial trochlea (P ¼ .66). There
was a weak correlation between graft compression and age
(r ¼ .166, P ¼ .003). Also, there were 5 plugs with cracks
after 320 trials. The specific zones with cracks were 1 MSZ
medial trochlea, 1 FSZ medial IC notch, 1 MIZ lateral IC
notch, and 2 FSZ lateral IC notch. There was no difference
in the distribution of cracks among the 16 zones (P ¼. 28).

DISCUSSION

OAT is a useful technique for treating full-thickness carti-
lage lesions of the distal femur.30 Various techniques

Figure 2. (A) Custom apparatus designed to deliver a predetermined force to determine compressibility of OAT grafts. The red
arrow demonstrates the vector of the force of the hammer, and h represents the distance from the mallet to the rigid base
supporting the graft. (B) Well containing at OAT plug (black arrow) before being struck by predetermined force. (C) Well (black
arrow) containing an OAT plug after being struck by a predetermined force and solid cylinder (dashed arrow). OAT, osteochondral
autograft transfer.

TABLE 1
Compression Values of the 4 Donor Regionsa

Region Compression, mm

Medial IC notch 2.11 ± 0.84
Lateral IC notch 2.41 ± 1.22
Medial trochlea 3.11 ± 1.5*
Lateral trochlea 2.06 ± 0.78

aData are reported as mean ± SD. IC, intercondylar.
*Significant difference compared with each of the other regions

(P < .01 for all).
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recommend harvesting a plug 2 mm longer than the
recipient hole to allow for graft impaction.30 As the graft
is seated, the compaction of cancellous bone for a graft of
matching or slightly longer length helps hold the graft in
place via a press-fit mechanism, improving biomechanical
stability.5,25,26 It has also been shown that different regions
of bone can have different densitomes, or different bone
density leading to differing amount of structural integ-
rity.20 Ideally, all grafts will sit flush with the surrounding
articular surface; however, a delicate balance exists
between proud grafts, flush grafts that are difficult to seat,
and oversunk grafts. Our study shows that OAT donor
grafts show the highest compressibility in the medial troch-
lea and lateral IC notch. While these donor regions can
compress 3 mm, other regions compressed �2 mm.

Osteochondral plugs that sit proud have been found to
increase contact pressures in the joint and cause damage to
the articular surface of the plug.11,9,17 In addition, osteo-
chondral plugs sunk beneath the articular surface also
increase contact pressure, though not to the extent of ele-
vated plugs.8,17 Studies even show that angled plugs can

have increased peak contact pressure that returns to
normal when impacted to flush with surrounding
cartilage.16,34 Plugs that are sunk too deep may fill with
fibrocartilage, while plugs that are too proud may result
in shearing off of the protruding cartilage.13,23,27,32 Kock
et al15 showed that, whereas a cartilage defect almost dou-
bled the surrounding contact pressure, a flush 3-plug
mosaicplasty in human cadaver knees reduced border con-
tact pressure by 30%. Careful impaction should be done and
may avoid a recessed graft during the time of surgery.

While every attempt should be made to prevent exces-
sively proud grafts, grafts that are difficult to seat may
potentially cause problems. Patil et al25 showed that in
human cadaver knees, an osteochondral graft longer than
the recipient hole requires a high force to seat the plug
flush with the articular surface and the highest force to
recess the graft 2 mm below the surrounding surface.
Increased insertion forces reduce chondrocyte viability,
which impacts graft survival and healing.2,25 Reduction in
viable chondrocytes was directly related to the mean force
of the impact suggesting multiple lower force impacts
rather than a few powerful blows.14,36 If the graft becomes
damaged during insertion, the graft may fracture and sink
further into the recipient site, effectively rendering an
osteochondral defect.26 Fortunately, typical insertion forces
do not significantly reduce chondrocyte viability.25

It is advantageous for the surgeon to understand the
compressibility of OAT plugs from different regions of
the knee and to understand how the grafts will sit within
the defect once they have been impacted. Whereas there is a
paucity of studies evaluating the compressibility of differ-
ent OAT donor regions, some studies have analyzed the
biomechanical properties of different distal femur regions.
Burgers et al3 showed that the ultimate strain and yield
were different between superior and inferior regions of the
femur condyle. Another study by Nakabayashi et al22 deter-
mined there were differences in the strength of bone in the
condyles based on depth and region.

Although we did not determine the specific biomechani-
cal properties of each region in this study, we focused more
on the clinical application of how much compression occurs
from each donor site. We found that OAT donor grafts
showed the highest compressibility from the medial troch-
lea (3.1 mm) and lateral IC notch FSZ (3.0 mm). Thus,
lateral trochlea, medial IC notch, and lateral IC notch
MIZ/FIZ grafts should not be oversized more than 2 mm,

TABLE 2
Compression Values Among the 16 Donor Locations for Osteochondral Autograft Plugsa

Zone Medial IC Notch Lateral IC Notch Medial Trochleab Lateral Trochlea

FSZ 1.95 ± 0.90 2.98 ± 1.43c 3.43 ± 1.36 2.22 ± 0.79
MSZ 2.03 ± 0.89 2.43 ± 1.41 2.63 ± 1.25 1.89 ± 0.51
MIZ 2.24 ± 0.80 2.18 ± 0.95 3.07 ± 1.56 1.78 ± 0.77
FIZ 2.19 ± 0.79 2.09 ± 0.93 3.29 ± 1.75 2.33 ± 0.90

aData are reported as mean ± SD. FIZ, far inferior zone; FSZ, far superior zone; IC, intercondylar; MIZ, middle inferior zone; MSZ, middle
superior zone.

bThe medial trochlea had significantly more compression than the other regions (P < .01).
cThe lateral IC notch showed significantly higher compressibility in the FSZ versus the far FIZ and MIZ (P < .05 for both).

Figure 3. Distal view of a cadaveric right femur showing mean
compressibility values of the 16 donor zones of the knee.
Lighter purple shading indicates higher compressibility, and
darker purple shading indicates less compressibility. The
medial trochlea and the far superior zone of the lateral IC
notch had the highest amounts of compressibility. IC, inter-
condylar; OAT, osteochondral autograft transfer
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as these grafts may not compress adequately. It should also
be noted that, within each region, there was a large amount
of variability in the amount of compression. This is likely a
result of the large changes of compression within each spe-
cific zone of each region. For example, the FSZ of the lateral
IC notch compressed 3.0 mm, while the FIZ in the same
region compressed only 2.1 mm.

We also found a weak correlation between age and OAT
compressibility. While other regions of bone have signifi-
cant biomechanical relationships with age, some studies
show that this relationship is weak in the femur condyles
and trochlea.6,28 Similar to previous studies, our results
show that there is a weak correlation between age and com-
pression in the trochlea and femur condyles.

Limitations

There are several limitations to our study. First, our study
looked solely at the compressibility of 6 mm–diameter OAT
plugs. While the diameter of the plug is chosen based on the
size of the lesion, a 6 mm–diameter plug is on the smaller
end of autograft plugs, which could affect overall compress-
ibility when looking at larger size lesions requiring OAT
plugs or mosaicplasty. This size was chosen because it is
a common size utilized arthroscopically and this size
allowed for testing of 4 zones within each region. Also, the
graft compression was performed in a confined cylindrical
rigid volume that kept the graft in coaxial position with the
instrumented mallet. While this choice allowed repeatabil-
ity of the experimental conditions, it must be noted that the
rigidity of this construct does not represent the boundary
conditions experienced by the graft in a real knee, in which
surrounding trabecular bone exercises friction on the wall
of the graft. The measured compression values may not
replicate the compressions in real implantation but, given
uniformity in testing conditions, we expect that the com-
parison between regions is not affected.

Second, the average age of the cadaver knees was 70.25
years, with the youngest cadaver knee at 55 years of age.
This is significantly older than a typical surgical candidate
would be for an OAT procedure.5,30 While the cadavers
used were older than typical OAT patients, there is evi-
dence that the biomechanical properties of the femur con-
dyle are not correlated with age. A previous study of
cadavers age 31 to 88 years showed that the modulus of
elasticity of trabecular bone from the femur condyle was
not correlated with age or osteoarthritis.28 The authors
showed that subchondral bone modulus of elasticity had
a moderate correlation with age and a strong correlation
with osteoarthritis.28 Another study showed that the
femur condyles have poor correlation between crush
strength and age.6 Similarly, our study showed a weak
correlation between age and graft compression.

Finally, we did not measure the cartilage thickness in
the plugs, but there could be a possible relationship
between the thickness of the cartilage and the compress-
ibility of the donor plug. Multiple studies have cited that
the donor osteochondral plugs which come from low load-
bearing areas are thinner compared with the surrounding
cartilage in the load-bearing recipient sites.33

CONCLUSION

Compressibility varies between OAT donor sites in the dis-
tal femur. OAT donor grafts show the highest compressibil-
ity in the medial trochlea (3.1 mm) and lateral IC notch FSZ
(3.0 mm). Lateral trochlea, medial IC notch, and the lower
zones of the lateral IC notch grafts should not be oversized
more than 2 mm in length, as these grafts may not com-
press adequately.
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