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Chondral defects of the knee result in increased focal con-
tact pressures.4,18 If left untreated, they may progress in
size due to mechanical fragmentation of the surrounding

articular cartilage, leading to the development of synovitis,
joint effusion, locking, pain, and, ultimately, arthritis.1,2,10

Transplantation of autologous osteochondral grafts to focal
defects of the articular surface of the knee joint is an estab-
lished and popular method of treatment.3,7 One frequently
employed technique is mosaicplasty, using grafts from the
unilateral knee from a relatively nonweightbearing zone.6,8

From a surgical standpoint, factors affecting the accuracy
of joint surface reconstruction using the mosaicplasty tech-
nique include the angle and resultant depth graft insertion.
These 2 factors are crucial for final congruity, smoothness,
and normal-level contact pressures at the articular surface.

Comparative Study of Navigated Versus
Freehand Osteochondral Graft
Transplantation of the Knee
Dimitrios Koulalis,*† MD, Paolo Di Benedetto,*‡ MD, Mustafa Citak,* MD,
Padhraig O’Loughlin,* MD, Andrew D. Pearle,* MD, and Daniel O. Kendoff,*§ MD
From the *Orthopaedic Department, Hospital for Special Surgery, New York, New York,
†First Orthopaedic Department, University of Athens, Attikon Hospital, Athens, Greece,
and ‡Clinica Ortopedica e Traumatologica, Università degli Studi di Udine, Italy

Background: Osteochondral lesions are a common sports-related injury for which osteochondral grafting, including mosaic-
plasty, is an established treatment. Computer navigation has been gaining popularity in orthopaedic surgery to improve accu-
racy and precision.

Hypothesis: Navigation improves angle and depth matching during harvest and placement of osteochondral grafts compared
with conventional freehand open technique.

Study Design: Controlled laboratory study.

Methods: Three cadaveric knees were used. Reference markers were attached to the femur, tibia, and donor/recipient site
guides. Fifteen osteochondral grafts were harvested and inserted into recipient sites with computer navigation, and 15 similar
grafts were inserted freehand. The angles of graft removal and placement as well as surface congruity (graft depth) were calcu-
lated for each surgical group.

Results: The mean harvesting angle at the donor site using navigation was 4° (standard deviation, 2.3°; range, 1°-9°) versus 12°
(standard deviation, 5.5°; range, 5°-24°) using freehand technique (P < .0001). The recipient plug removal angle using the navi-
gated technique was 3.3° (standard deviation, 2.1°; range, 0°-9°) versus 10.7° (standard deviation, 4.9°; range, 2°-17°) in free-
hand (P < .0001). The mean navigated recipient plug placement angle was 3.6° (standard deviation, 2.0°; range, 1°-9°) versus
10.6° (standard deviation, 4.4°; range, 3°-17°) with freehand technique (P = .0001). The mean height of plug protrusion under
navigation was 0.3 mm (standard deviation, 0.2 mm; range, 0-0.6 mm) versus 0.5 mm (standard deviation, 0.3 mm; range, 0.2-
1.1 mm) using a freehand technique (P = .0034).

Conclusion: Significantly greater accuracy and precision were observed in harvesting and placement of the osteochondral grafts
in the navigated procedures. Clinical studies are needed to establish a benefit in vivo.

Clinical Relevance: Improvement in the osteochondral harvest and placement is desirable to optimize clinical outcomes.
Navigation shows great potential to improve both harvest and placement precision and accuracy, thus optimizing ultimate sur-
face congruity.
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It has been shown that elevated grafts significantly elevate
contact pressures.13 Further key technical factors that have
been shown to affect the success of the procedure include the
overall surface coverage, the size and shape of the osteo-
chondral plugs, and the congruity of the cartilage thickness
between donor and recipient site.21

Accurate reconstruction of the joint surface can be a dif-
ficult task, especially when the procedure is being per-
formed arthroscopically and must be reproduced many
times with consistent precision. Reproducible angles of
insertion may also be influenced by the 30° optical angle
that is typically used in arthroscopic procedures.
Recently, computer-assisted techniques have been shown

to improve the precision of surgical tool placement with
restricted or limited intraoperative views. Precise placement
under 3-dimensional control and permanent visualization of
the tool in relation to the bony anatomy has been used suc-
cessfully in, for example, placement of pedicle screws,
sacroiliac screws, and drilling of osteochondral or neoplastic
lesions. The overall accuracy for navigated orthopaedic
applications is within 1 mm/1°.11,17 Thus, in more complex
anatomic bony regions like the knee joint, navigation should
be able to improve the precision of the angle of insertion of
various implants.
The purpose of the current study was to compare the

accuracy of navigated versus freehand extraction and
placement of autologous osteochondral grafts in the knee
in an open technique.
Our hypothesis was that navigation improves the verti-

cal positioning of the grafts with regard to the joint surface
when compared with a freehand technique. Additionally,
we believed that navigation would optimize the congruity
of the graft material in relation to the surrounding articu-
lar surface.

MATERIALS AND METHODS

Three fresh-frozen lower limb (femoral head to toe) cadaveric
specimens without prior injuries or operations to the knee
joint were used. A conventional image-free navigation sys-
tem (Praxim, La Tronche, France) was used in combination
with a conventional system for autologous osteochondral
graft transplantation of the knee (OATS, Arthrex, Naples,
Florida) in an open technique.
After the specimens were thawed, the femoral head was

fixed in a customized lower limb holding device. After rigid
fixation of femoral and tibial reference markers with
3.5-mm Schanz screws, the lower limb registration process
was performed. This included temporary release of the
femoral head to allow for the navigated hip center registra-
tion process, cutaneous registration of defined tibial and
femoral landmarks, and finally, following conventional para-
patellar arthrotomy, a bone-morphing algorithm of defined
femoral intra-articular landmarks. Distinct areas of the
donor and recipient sites of the lateral and medial femoral
condyles were morphed. A customized reference tracker was
fixed to both the OATS recipient and donor hollow guides,
referencing the exact position in relation to the predefined

articular surface (Figure 1). Consequently, the permanent
position of the guide tip and its depth in relation to the
articular surface could be visualized (Figure 2).

Ostoechondral Graft Transplantation

All osteochondral grafts had a diameter of 8 mm and were
taken from the donor side with the 8-mm donor guide, from
a nonweightbearing area of the specific knee site.
The anatomic shape and curvature of both donor and

recipient sites were matched as accurately as possible with
both techniques. To allow for comparative results between
the freehand and navigated techniques, corresponding
anatomic sites were used individually. The objective was to
avoid unintended mismatches of curvatures between tech-
niques and to re-create anatomic conditions for the trans-
planted osteochondral plugs. Although this might be
implemented intraoperatively in every case, we needed to
ensure a reproducible technique to confirm the study
hypothesis. Final gentle tamping into place of the plugs
was performed, avoiding loosening of the attached refer-
ence marker to the hollow guide. Unintended accidental
movements would have been detected by the navigation
system; however, these were not found in any of the plug
placements.
A customized navigation module allowed for permanent

visualization of the guide and measured deviations from
the optimal 90° position to the articular surface. This rep-
resented the longitudinal axis of the guide during the graft
harvesting. Navigated placement and measurement

Figure 1. A customized reference tracker was fixed to both
the osteochondral autograft transplantation system (OATS)
recipient and donor hollow guides to reference the exact
position in relation to the predefined articular surface.
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included visualization and determination of the following
parameters:

• Angle of graft harvesting at the donor site, which
was measured with respect to a perpendicular line at
the joint surface (I)

• Angle of plug removal at the recipient site, also
measured with respect to a perpendicular line at the
joint surface (II)

• Angle of recipient plug placement with respect to the
perpendicular line at the joint surface (III) (Figure 2)

• Depth of graft placement with respect to the joint sur-
face, which was measured using a navigated pointer
after graft placement at the recipient site (IV).

Values for the articular surface congruity were based on
the highest numbers obtained on the surface. According to
either the protrusion or subsidence of the graft in relation
to the surrounding cartilage, positive (+) values or negative
(–) values were used to reflect congruity to the surround-
ing cartilage surface.
Graft harvesting and placement were then repeated

with a freehand technique, while the surgeon was unable to
see the navigation screen. The above-mentioned verticality

and perpendicular positioning were measured with the
navigation system.
A total of 15 navigated and 15 freehand OATS transfers,

using an open technique, were performed in 3 knees and
compared.

Statistical Methods

The donor-site graft verticality (I) was compared between
the 2 groups (navigation/conventional) using an unpaired
Student t test. The Mann-Whitney U test was used to com-
pare the recipient graft removal (II), the recipient graft
placement (III), and the articular surface congruity (IV)
between the 2 groups. Analysis of all data was performed
using GraphPad Prism version 4.1 (GraphPad Software,
San Diego, California).

RESULTS

The mean harvesting angle at the donor site (I) using nav-
igation was 4° (standard deviation [SD], 2.3°; range, 1°-9°)
versus 12° (SD, 5.5°; range, 5°-24°) using freehand tech-
nique (P < .0001).
The recipient plug removal angle (II) using the navi-

gated technique was 3.3° (SD, 2.1°; range, 0°-9°) versus
10.7° (SD, 4.9°; range, 2°-17°) in freehand (P < .0001).
The mean navigated recipient plug placement angle (III)

was 3.6° (SD, 2.0°; range, 1°-9°) versus 10.6° (SD, 4.4°;
range, 3°-17°) with freehand technique (P = .0001).
The mean protrusion height of the plug (IV) under navi-

gation was 0.3 mm (SD, 0.2 mm; range, 0-0.6 mm) versus
0.5 mm (SD, 0.3 mm; range, 0.2-1.1 mm) using a freehand
technique (P = .0034).

DISCUSSION

The application of autologous osteochondral grafting
focuses on prevention of articular surface deterioration
and progression of chondral defects of the joint that lead to
arthritis. An important factor in determining the outcome
of this method of treatment is the congruency of the recon-
structed surface. This relies on proper vertical and parallel
graft positioning in relation to the surrounding cartilage.
Significant incongruency may lead to increased focal pres-
sures and early arthritis.15 It is a technically demanding
technique, especially when large defects require multiple
grafts.
Complications that may occur due to inaccurate graft

placement could include loosening of adjacent grafts and
incongruency of the new articular surface due to obliquity
(nonvertical insertion with a range of 5°) of the articular
surface of the chondral portion of the graft. Incongruency
can also appear when the chondral part of the grafts is not
level with the surrounding articular surface due either to
a deeper or a shorter socket or a longer or shorter graft.
Huang et al9 have shown in a sheep model that osteo-

chondral grafts sunk 2 mm below the level of surrounding
osteochondral junction resulted in a recessed surface

Figure 2. Verticality of the graft removal as well as placement
according to the articular joint surface could be measured
with the navigation system as a guide to bone angle. A, ante-
rior; P, posterior; L, lateral; M, medial; Fr, frontal; Sa, sagittal;
Ax, axial; Lg, longitudinal.
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despite the overgrowth by a layer of fibrous tissue. Some
osteochondral grafts failed to maintain a hyaline cartilage
surface because they were placed below the ideal depth. In
another relevant animal study, rabbit knees developed
arthrosis of the femoral condyles when transplanted osteo-
chondral grafts were depressed to 5 mm.12 These studies
have shown that graft depression of 2 mm or more can neg-
atively affect the outcome of the procedure.9,15,16 Limiting
the difference between the height of the graft and the
surrounding cartilage to 2 mm and achieving congruity
is an essential factor in minimizing degenerative changes
in the articular surface.16 Although our navigated tech-
nique showed significantly increased precision, even our
freehand technique achieved less than 2 mm of plug
depression.
Another factor in optimal ingrowth of the transplanted

plugs is intrinsic stability. Longer grafts lead to greater
stability due to greater frictional forces holding the plugs
in place. Additionally, a more stable situation can be
achieved when the plugs are being placed directly on the
bottom of the defect.12,19 To achieve this, optimal precision
in graft placement is required.
Navigation can provide accurate information and visual-

ization of the direction of the grafts as well as the depth of
the graft and graft recipient socket, as shown in our study.
On the other hand, with the conventional technique, posi-
tioning of the grafts may involve great difficulty in achiev-
ing optimal insertion. If the graft is not put in a vertical
manner in the subchondral socket, the chondral part will
not be congruous with the articular surface, creating an
uneven surface due to either a protruding or recessed rim.
Protrusion of the grafts has been reported to result in high
contact pressures, leading to damage of the transplanted
hyaline cartilage.14,19,22

Limitations of the current study are mainly due to use of
an open technique, while the use of arthroscopic tech-
niques in combination with computer navigation technol-
ogy remains to be assessed. In addition, only 3 cadaveric
knees were used in this study, with performance of 5 free-
hand and 5 navigated plug placements per knee. Because
of the limited number of knees used, this number of plug
placements is not comparable to the clinical situation.
Although attempts were made to keep to weightbearing
areas for plug placement and nonweightbearing sites for
donor plug harvesting, this was not achieved in all cases.
Also, using a single 8-mm plug does not represent a typical
clinical situation, where usually more than 1 plug has to be
used to cover the osteochondral defect and plugs may be of
a greater or lesser size than 8 mm. Clinical applications
may also differ in their results, due to the age and condi-
tion of the cadaveric specimens used. Although the speci-
mens were fresh frozen, the condition of the cartilage and
its behavior may vary in vivo. The cartilage in our study
was intact and could easily be assessed with the naviga-
tion system, which does not compare to the regular clinical
findings, where cartilage and even bone defects are pres-
ent. That might affect the overall precision and results of
the navigated technique. Also, all of the test procedures
were performed openly, which most likely does not reflect

the arthroscopic approach chosen by many surgeons.
Although this study involved all tests being performed
with an open technique, a reproducible navigated arthro-
scopic procedure should be feasible. Comparable registra-
tion techniques and intraoperative measurements as well
as navigated control of surgical instruments have been
successfully described for anterior cruciate ligament
reconstructions.5,20

General limitations of the navigation system include the
use of invasive reference markers, prolonged operative
time due mainly to the lengthy registration process, and
preliminary fixation of a reference marker to the OATS
hollow guide system. Precalibrated tools will likely be
available in the future, allowing for greater accuracy and a
reduction in the time needed for registration. The naviga-
tion module used in this study is not currently available to
the public, as it was an original model.
In general, it also should be mentioned that the results

presented here, although significant, do not justify use of
navigation during OATS plasty in a regular clinical setup
yet. High initial costs, maintenance, and intraoperative
effort might counteract the clinical improvements.
Autologous osteochondral transplantation is a techni-

cally demanding procedure, especially under arthroscopic
conditions. The complex shapes of the donor and recipient
sites represent a significant challenge, even using open
procedures. Precision is necessary to achieve the best pos-
sible results if the articular surface is to successfully
endure multiple and varied loading cycles. Reproducibility
in positioning of the grafts is difficult even for surgeons
experienced in this procedure. Detailed information and
data about the angle and the depth of positioning is essen-
tial to achieve greater control throughout each step of the
procedure, thus minimizing complications or unsatisfac-
tory results.
In summary, computer-assisted osteochondral graft

transplantation in the knee allows for accurate measure-
ment and permanent visualization of the angle of harvest
at the donor site, the angle of plug placement at the recip-
ient site, and the depth of donor plug placement. We have
demonstrated that this technology allows for more precise
placement of the grafts in an open manner compared with
the conventional technique in this cadaveric study. Future
studies are needed to assess the use of a closed, arthro-
scopic technique and to assess this technology in a clinical
setting.
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