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Abstract

Objective. To compare radius of curvature (RoC) of distal femur osteochondral autograft transfer (OAT) donor sites
from the intercondylar notch and trochlear ridge with recipient sites on the distal and posterior condyles and evaluate
differences between recipient sites. Design. Nineteen cadaveric femurs were scanned with a 3-dimensional high-resolution
sensor. Donor regions included the lateral (LTR) and medial trochlear ridges (MTR), and the lateral (LICN) and medial
intercondylar notch (MICN). Recipient regions analyzed were the distal medial (DMFC), posterior medial (PMFC), distal
lateral (DLFC), and posterior lateral femur condyle (PLFC). Six-millimeter OAT grafts were simulated, and average RoC
of all regions was compared using an analysis of variance. Post hoc testing was performed using Fisher’s least significant
difference. Results. We found no significant differences in RoC of the LICN compared with all 4 recipient sites (P = 0.19,
0.97, 0.11, and 0.75 for DLFC, PLFC, DMFC, and PMFC, respectively) or the LTR and MTR to the posterior condyles
(LTR vs. PLFC and PMFC; P = 0.72, 0.47, MTR vs. PLFC and PMFC P = 0.39, 0.22, respectively). Significant differences
were found for RoC of the MICN compared with each recipient site (P < 0.001) and between distal and posterior femoral
condyles (DLFC vs. PLFC, P = 0.016; DMFC vs. PMFC, P = 0.023). Conclusion. The LICN is the ideal donor option for
all recipient sites on the femoral condyles with respect to RoC of 6-mm OAT plugs. The MTR and LTR were acceptable
donor sources for the posterior condyles, while the MICN was a poor match for all recipient sites. Additionally, the distal
femur condyle and posterior femur condyle have different RoCs.
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Introduction While there has been proven benefits to these reparative
techniques, particularly in short-term outcomes, there
remains concerns for residual pain and progression of chon-
dral injury, which has resulted in the development of
several other surgical techniques aimed at improving out-
comes.!"!> Restorative cartilage techniques include auto-
graft transfer, allograft transfer, and autologous chondrocyte
implantation. These techniques aim to restore hyaline

Osteochondral lesions of the distal femur are potentially
devastating injuries that are prevalent across a wide range
of patient populations.! Focal lesions at the articular sur-
face of the knee have been shown to be as debilitating as
end-stage osteoarthritis.®* When injured, the hyaline carti-
lage of the articular surface has a very limited capacity to
regenerate itself. Two broad surgical strategies exist to
address articular cartilage lesions: repair or restoration.
Reparative techniques include microfracture, subchondral | ] - T
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cartilage to articular lesions with minimal fibrocartilagi-
nous healing.

Osteochondral autograft transfer (OAT) involves har-
vesting of a cylindrical plug from a lesser load-bearing por-
tion of an articular surface and inserting it into a prepared
area at the site of an articular defect. OAT has evolved into
a viable treatment option for many osteochondral injuries.
Benefits to the OAT procedure include a single surgical
event with immediate access to native hyaline cartilage
without risk of an immune response. Favorable results have
been reported across a wide range of patient groups.'¢??
Many consider OAT the standard for treating high grade
articular lesions with surface area less than 2 cm?, particu-
larly for high-demand patients; it has also been shown to be
a useful option for some patients with lesions between 2 and
4 cm.” Despite its advantages, issues and challenges do
arise. Size limitations on the amount of cartilage available
exist due to concerns of donor site morbidity. Also, match-
ing donor and recipient sites can be difficult and multifacto-
rial as size, contact stresses, cartilage thickness, and
curvature are all to be considered. When OAT donor grafts
do not match the curvature of the recipient region, this can
lead to significantly poorer clinical outcomes.?*

Previous authors have investigated matching of donor
and recipient sites of the femoral condyles.?>?® Some stud-
ies show the medial trochlea or lateral trochlea to be the
ideal donor site for weightbearing portions of the distal
femur.?>2® These studies did not evaluate the medial inter-
condylar notch as a donor site. Additionally, while most
studies focus on the distal weight bearing portion of the
femur as a recipient site, the posterior femoral condyles can
also be an area of chondral injury.

The purpose of this study was to compare radius of cur-
vature (RoC) of distal femur OAT donor sites from the
intercondylar notch and trochlear ridge with recipient sites
on both the distal and posterior condyles. A secondary
objective was to compare the RoC of the distal and poste-
rior femoral condyles. We hypothesize that there will be no
significant difference between the RoC of medial or lateral
intercondylar notch RoC and recipient regions of the distal
femur for 6-mm OAT autograft plugs. Furthermore, we also
hypothesize that sites on the posterior femoral condyles
would have a curvature different than those on the distal
femoral condyles.

Methods

A determination of not human research was made by the
institutional review board. The condylar region of 19 distal
femurs were harvested from 13 cadavers provided by the
institution’s biomechanics lab for analysis. Six were male
femurs, and 13 were female. Specimens ranged from 52 to
67 years in age; average age was 62.1 & 4.1 years. Specimens
were grossly examined for visible cartilage defects and no

Figure 1. A right distal femur model which shows 4 donor
locations (italics): the lateral trochlear ridge (LTR), medial
trochlear ridge (MTR), lateral intercondylar notch (LICN),

and medial intercondylar notch (MICN) and 4 recipient (bold)
regions: the distal medial femoral condyle (DMFC), distal lateral
femoral condyle (DLFC), posterior medial femoral condyle
(PMFC), and posterior lateral femoral condyle (PLFC).

cadavers were excluded. Donor and recipient regions for
OAT were identified and marked on each femur based on
previously described regions.?>?8 Plastalina Modeling Clay
(Van Aken International, Dalton, GA) bounded the seg-
mented regions. The recipient articular surfaces were seg-
mented into four regions: the distal medial femoral condyle
(DMFC), distal lateral femoral condyles (DLFC), posterior
medial femoral condyle (PMFC), and posterior lateral femo-
ral condyles (PLFC). Four donor regions were also marked
out: the lateral trochlear (LTR), medial trochlear ridges
(MTR), lateral intercondylar notch (LICN), and medial
intercondylar notch (MICN). Additionally, the central inter-
condylar notch was bounded. Fig. 1 illustrates our desig-
nated regions from the inferior aspect of a model femur,
while Fig. 2 provides a 3-dimensional (3D) visual of our
highlighted donor and recipient sites.

A 3D snapshot sensor Gocator 3506 (LMI Technologies
Inc., Burnaby, British Columbia, Canada) was configured to
capture a field of view 27 X 45 mm with a resolution of 100
pm. An accuracy of 12 um was utilized to scan these speci-
mens. Zinc stearate (Weld-Aid Products, Detroit, MI) was
applied to tissues to reduce glare and improve data capture.
Fig. 3 demonstrates a cadaveric specimen and correspond-
ing topography images captured from the 3D scanner.

The resultant clouds of data points obtained from the 3D
scanner were exported to Rhinoceros 3D software (Robert
McNeel & Associates, Seattle, WA) and analyzed using a
custom script. The direction perpendicular to the plane tan-
gential to the surface of the femur was used as the direction
for simulated graft harvesting. A honeycomb pattern of cyl-
inders was generated on the digital 3D cartilage surface,
simulating the harvesting of 6-mm grafts. The honeycomb
pattern of potential grafts randomly created juxtaposed
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Figure 2. A left distal femur model demonstrating 5 donor locations (blue): the lateral trochlear ridge (LTR), medial trochlear ridge
(MTR), lateral intercondylar notch (LICN), and medial intercondylar notch (MICN) and 4 recipient (pink) regions: the distal medial
femoral condyle (DMFC), distal lateral femoral condyle (DLFC), posterior medial femoral condyle (PMFC), and posterior lateral
femoral condyle (PLFC). (A) Anterior view which best visualizes the trochlear donor regions. (B) Distal view which best visualizes
the distal femoral condyles recipient regions and the intercondylar notch donor regions. (C) Posterior view which best visualizes the

posterior condyles recipient regions.

Figure 3. Top: Distal view of a cadaveric left distal femur

with sectioned regions. Plastalina Modeling Clay (Van Aken
International, Dalton, GA) bounds the segmented regions.
Right colored section: Corresponding scanned images of the
distal lateral femur condyle captured with the Gocator scanner.
Coloring denotes the distance between the scanner camera and
the articular surface.

circles to ensure there was no overlap of plugs (see Fig. 4
with blue honeycomb pattern).

From this point, a best fit sphere was generated for each
randomly selected point of interest (simulated donor or
recipient sites). The calculation of the best fit sphere was
obtained with the summed square errors calculation with
the fit sphere in the direction perpendicular to the articular
surface (Fig. 4). The software provided a measurement of
curvature, number of points used in the generation, coeffi-
cient of determination (R?), and the digital cartilage surface.
The coefficient of determination (R?) calculated for each
OAT indicates how closely the surface of the OAT can be
described as a spherical surface. A threshold of R?> = 0.6

Figure 4. Two views (a, semiaxial; b, semisagittal) of a left
distal femur illustrating a “best fit” radius of curvature (RoC)
sphere within the distal lateral femoral condyle. The honeycomb
pattern of juxtaposed circles is formed by blue nodes. The
contacted articular surface highlighted in yellow represents one
simulated graft recipient site. The peripheral partial blue circles
were excluded.

was established for inclusion of individual harvest sites.
The sites below this criterion were not suitable for charac-
terization of the surface. To eliminate partial plugs on
peripheral region borders and preserve the clinically rele-
vant application of the grafts, all harvest sites with fewer
than 800 nodes (0.10 mm nodal mesh spacing) used in
determination of the best-fit sphere were eliminated. After
the data were filtered based on the coefficient of determina-
tion for the best fit sphere and nodal criteria, the mean RoC
was calculated for each donor/recipient region. While some
previous studies have compared the entire RoC of a region,
the average RoC of multiple 6-mm potential plugs was uti-
lized as this was more applicable to arthroscopic OAT
mosaicplasty.?*30
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Table I. Mean Number of Donor and Recipient Grafts per
Region for Osteochondral Autograft Transfer of the Distal
Femur.

No. of Grafts, Mean = SD

Recipient region

Distal medial FC 15,5+ 26
Distal lateral FC 142 = 3.7
Posterior medial FC 174 + 43
Posterior lateral FC 189 =+ 5.3
Donor region
Lateral trochlear ridge 10.8 = 3.6
Medial trochlear ridge 74+ 34
Lateral IC notch 54 +33
Medial IC notch 6.0 £ 3.3
Central IC notch 4.1 = 3.1

FC, femoral condyle; IC, intercondylar.

Statistics

The RoC was compared for each of the donor and recipient
locations using an analysis of variance (ANOVA) test. Post
hoc testing was performed to determine specific differences
using Fisher’s least significant difference (LSD). Each
region was matched and compared with regions on the same
knee. Quantitative RoC difference as well as statistical sig-
nificance of the difference was determined. Significance
was defined as P < 0.05. An a priori power analysis utiliz-
ing data from a previously published study comparing cur-
vature of OAT locations determined that there were at least
11 samples needed in each group to yield a 1 —  of 0.80.%
Post hoc power analysis was performed using previously
published formulas.>' All statistical analyses were com-
pleted with IBM SPSS Statistics for Windows, version 26
(IBM Corp., Armonk, NY).

Results

After analyzing 5 donor and 4 recipient regions of 19 cadav-
eric femurs, a total of 1,897 OAT grafts met inclusion crite-
ria. RoC was evaluated for a total of 641 donor grafts and
1,256 recipient grafts. The average number of grafts per
region can be seen in Table 1. There was a significant dif-
ference in the number of grafts analyzed among the donor
and recipient sites (P < 0.001). Post hoc power analysis
comparing RoC for different locations for the 6 mm plug
revealed a 1 — 3 of 0.90.

Average RoC and average coefficient of determination
(R?) for the donor and recipient sites were determined (see
Table 2). The average RoC of the central intercondylar
notch (CIN) was —9.51 = 0.77. The RoC of the CIN donor
site was significantly different than all 4 recipient sites (P <
0.001). Because of the concavity of the CIN, it was excluded
from further comparisons. We also analyzed the amount of

variance in each region, with respect to RoC, for both donor
and recipient sites. We found no significant difference in
the variance within regions when comparing donor regions
(P = 0.08) and recipient regions (P = 0.53, see Table 3).

The average RoC difference or mismatch, in mm,
between each donor and recipient site is displayed in Table
4. This was calculated by averaging the difference in RoC
for each matched comparison between regions.

We found no significant difference for RoC of the LICN
compared to all 4 recipient sites (P = 0.19, 0.97, 0.11, and
0.75, for DLFC, PLFC, DMFC, and PMFC, respectively).
There was also no difference between the LTR and the
PLFC and PMFC (P = 0.72 and 0.47, respectively) or the
MTR and the PLFC and PMFC (P = 0.39 and 0.22, respec-
tively). A significant difference was found between the
MTR and both the DMFC and DLFC (P = 0.013, 0.027).
The MICN had a significantly different RoC than each
recipient site (P < 0.001) (Fig. 5). When comparing only
recipient sites, there was a difference in RoC between the
DLFC and PLFC (P = 0.016). Significant differences also
existed in the comparison of the DMFC to the PLFC and
PMFC (P = 0.004 and 0.023, respectively). Significant dif-
ferences were not found in comparison of the DLFC with
the DMFC or PMFC (P = 0.61 and 0.07, respectively).

Discussion

The current study reports that the LICN is an acceptable
donor source for all recipient locations based on RoC. The
MTR and LTR were acceptable donor sources for the poste-
rior condyles while the MICN was a poor match for all
recipient sites. The topic of curvature matching has previ-
ously been investigated, and helpful insight has been pro-
vided.?>?® However, previous studies have evaluated only
the trochlear ridges as a donor site or only the distal or ante-
rior femoral condyles as a recipient site.”® These previous
studies have not evaluated all potential donor and recipient
site combinations.?*?® Additionally, some of these previous
studies evaluated RoC in a 2D manner either in the coronal
or sagittal plane.?” Our study compared each possible auto-
graft donor site to all portions of the weightbearing surface
of the distal femur using 3D analyzation.
Three-dimensional RoC allograft matching techniques
in the coronal and sagittal planes have been shown to suc-
cessfully restore native articular surface dimensions and
produce a greater number of compatible donor sites than
linear techniques.*” In our study, a high-resolution 3D scan-
ner and advanced software was used to obtain precise data
for comparison. This provided a 3D model to obtain a RoC
based on a sphere of best fit instead of a 2D circle. The reso-
lution of our 3D scans was found to be 0.10 mm with a
small standard deviation demonstrating the precision of our
measurements. We believe that the 3D nature of our study
provides a more complete analysis of all available donor
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Table 2. Mean Radius of Curvature (RoC) and Coefficient of Determination (R?) of Donor and Recipient Regions for Osteochondral

Autograft Transfer of the Distal Femur.

RoC, mm, Mean [range] = SD

R2, Mean *= SD

Recipient region
Distal medial FC
Distal lateral FC
Posterior medial FC
Posterior lateral FC
Donor region
Lateral trochlear ridge
Medial trochlear ridge
Lateral IC notch
Medial IC notch

9.37[5.31-10.89] = 0.24
9.33[5.48-10.51] = 0.27
9.17 [6.60-10.77] = 0.23
9.11 [6.34-11.13] £ 0.33

9.05 [6.31-11.28] + 0.37
8.98 [6.04-12.02] = 0.53
9.12 [5.10-10.57] = 0.72
8.64 [5.21-10.43] = 0.8I

0.94 = 0.07
0.93 £ 0.06
0.95 + 0.05
0.95 £ 0.06

0.92 = 0.08
091 = 0.08
0.94 = 0.06
091 = 0.08

FC, femoral condyle; IC, intercondylar.

Table 3. Average Variance of Radius of Curvature Within Each
Donor and Recipient Regions for Osteochondral Autograft
Transfer of the Distal Femur.

Variance
Recipient region®
Distal medial FC 0.63
Distal lateral FC 0.53
Posterior medial FC 0.53
Posterior lateral FC 0.68
Donor region®
Lateral trochlear ridge 0.47
Medial trochlear ridge 1.36
Lateral IC notch 0.66
Medial IC notch 1.02
FC, femoral condyle; IC, intercondylar.
2P = 0.53.
bp = 0.08.

and recipient combinations, compared to a 2D analysis only
in the sagittal or coronal plane. The advanced imaging and
software used delivers a thorough evaluation of RoC to
supplement the current literature on autograft matching.

In addition to focal anatomy, procedural technique can
also affect the congruency of the restored articular surface.
A small amount of recession or prominence in an autograft
plug leads to significant alterations in contact pressures at
the grafted site. It has been reported that there is a 21% to
57% increase in contact stress, with grafts that were only 1
mm proud.>*3* Countersinking grafts may be more forgiv-
ing in terms of effecting contact pressures, but grafts sunk
as little as 2 mm can lead to necrosis and fibrocartilage
overgrowth.343

The above discussion demonstrates the importance of
restoring articular surface congruity to minimize alterations
in load distribution about the grafted areas. While there are
many donor site characteristics to consider, we believe that

the importance of curvature matching should certainly not
be overlooked. Theoretically, grafts with significantly more
curvature than the surrounding cartilage may have an effect
similar to a graft that was left excessively proud. Mismatched
graft curvature can produce at least a moderate increase in
peak contact stresses about grafted site and has been shown
to be associated with worse clinical outcomes.?*3°

Radius of curvature for the distal femur of both donor
and recipient locations has been reported. Ahmed et al.?®
reported the lateral trochlea to have a curvature of 77.1 m™!
or an RoC of 13 mm. While in that study, the LICN was not
evaluated, the RoC for the LTR is similar to our measured
values. Additionally, their study demonstrated the LTR RoC
poorly matched the distal medial and lateral femur condyle
RoC, which is comparable to our findings. Another study by
Hohe et al.*” reported the trochlear average maximum cur-
vature to be 85.5 m! or a RoC of 11.7 mm. These RoC
values are similar to our MTR and LTR donor regions
where the trochlear curvature is highest. While these studies
reported the curvature of regions, other studies have com-
pared regions without specifically reporting the curvature
or ROC.25’27’28

Bartz et al.®® used a laser scanner and custom software to
analyze 7 cadaveric femurs and assessed autografts of 4, 6,
and 8 mm in size. They found that the inferior portions of
the medial and lateral patellar groove restored the natural
curvature of the femoral condyles well when using all 3
sizes. Their study also found the lateral intercondylar notch
restored curvature well when using 4- and 6-mm grafts.
This is comparable to our study, which found the LICN
matched the distal femur and posterior condyles well, for
smaller graft sizes. Similar to our study, Bartz et al.?® found
the central intercondylar notch to have a concave topogra-
phy, making it a poor donor choice for femur condyle OAT.

Terukina et al?’ also contributed to the topic with their
cadaveric study, which examined 8 femoral condyles. They
reported that the anterior portion of the lateral trochlea
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Table 4. Comparison of Distal Femur RoC Mismatch Between Each Donor and Recipient Region Using 6-mm Osteochondral
Autograft Transfer Grafts.?

Respective Average RoC Difference, mm

Recipient Regions

Distal Medial FC Distal Lateral FC Posterior Medial FC Posterior Lateral FC
Donor regions
Lateral trochlear ridge 0.32% 0.28 0.12 0.06
Medial trochlear ridge 0.3%* 0.35° 0.19 0.13
Lateral IC notch 0.25 0.21 0.07 0.01
Medial IC notch 0.73° 0.69° 0.53° 0.47°

RoC, radius of curvature; FC, femoral condyle; IC, intercondylar.
?Boldfaced values identify the areas of best match.
bStatistical significance (P < 0.05).

Radius of Curvature of 4 Recipient Sites Compared to 4 Donor Sites for
6mm Osteochondral Autograft Transfer Plugs

10.
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Osteochondral Autograft Location

Figure 5. Bar graph with average radius of curvature (RoC) of 4 recipient locations (blue) and 4 donor locations (red) for 6-mm
diameter osteochondral autograft transfers. Donor regions included the lateral trochlear ridge (LTR) and medial trochlear ridge
(MTR), as well as the lateral intercondylar notch (LICN) and medial intercondylar notch (MICN). Recipient regions analyzed were the
distal medial (DMFC), posterior medial (PMFC), distal lateral (DLFC), and posterior lateral femur condyle (PLFC).

provided the best match for the femoral condyles, but likewise Our study expanded on these findings by considering the
there was not distinction between different regions of the fem-  weightbearing femoral condyles as 2 separate regions, dis-
oral condyle recipient sites. Additionally, this analysis was tal and posterior. A previous study, while not evaluating the
done in 2 dimensions, examining distal femur specimens that intercondylar notch as a donor site, did analyze OAT match-
were sectioned only in the sagittal plane. ing with grafts harvested from the trochlea and transferred
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to both the anterior and posterior condyles separately.?® The
authors simulated 6-, 8-, and 10-mm grafts, comparing cur-
vature of donor sites from various regions of the trochlear
groove to various regions of the femoral condyles. Eleven
cadaveric knees and a 3D laser scanner were utilized in this
study which used a “vertical interval” as a quantitative mea-
surement of surface curvature. The results showed that
peripheral areas of the trochlea best matched the posterior
portion of the condyles. They found grafts from the more
central portion of the trochlea better matched the curvature
of the distal or anterior aspects of the condyles. Our study
only examined the peripheral areas of the trochlea as these
are the typical areas where OAT plugs are harvested. Our
results are comparable to the study by Nishizawa et al.?® in
that they also demonstrated the peripheral trochlea 6 mm
OAT plugs matched the posterior condyles more closely.

Appropriate graft selection is believed to improve patient
outcomes following OAT procedure and most agree that
achieving anatomic restoration of the articular surface is of
significant importance.’*3%3% Attaining restoration requires
consideration of many factors to include donor site morbid-
ity, available surface area, and articular cartilage thickness.
Donor site morbidity can be minimized by avoiding harvest
in highly stressed areas. While some areas, such as the
medial trochlea, have been shown to undergo less contact
stress,?®3® other investigators have suggested that no poten-
tial donor area is completely non-load-bearing.** While our
study found the medial trochlea and lateral intercondylar
notch were excellent donor sites with regard to RoC, there
are other factors to consider. One potential drawback of the
medial trochlea is a considerably smaller area than its lat-
eral counterpart, limiting available graft harvest.*® It should
also be noted that the lateral intercondylar notch was
described by Thaunat et a/.*° as having the thinnest articular
cartilage when compared with all other potential donor sites
within the trochlea and intercondylar notch. However, other
studies have determined that the intercondylar notch has
similar cartilage thickness to other donor regions.?%#!

Curvature is but one donor site characteristic which must
be considered for optimal outcomes. Prior articular injury,
unexpected characteristic of chondral lesions, or new exam
findings while under anesthesia may lead to changes in
the operative plan. With many variables to consider on a
patient-by-patient or lesion-by-lesion basis, it is imperative
to have multiple options available for harvest when entering
the operating room. Though prior evidence has suggested
that the peripheral portions of trochlear groove are the ideal
donor sites to restore curvature with distal femoral articular
lesions, we have demonstrated that the lateral intercondylar
notch can also provide a very accurate restoration of curva-
ture, particularly when smaller grafts are needed.

Our study is not without limitations. Most OAT proce-
dures are performed on young and active patients, but the

average age of our specimens was 62.1 years. It is possible
that there are age-related changes in the contour of the
knee’s articular surface. The authors accounted for this
through gross examination of the specimens. There were
also limitations involving the software we used, which ran-
domized simulated graft locations within each region of the
distal femur. Though we excluded grafts which contained
less than 800 nodes, there were still several grafts which did
not fall completely within the boundaries of each region.
While we could have manually selected each simulated
graft, we felt it was important to randomize this process to
get a true average RoC. Additionally, we compared the
average RoC of each donor or recipient region for each
knee. There may be differences in the RoC of each subre-
gion within each region. These subregions should be spe-
cifically analyzed in future studies. There have also been
conflicting descriptions of cartilage thickness in various
regions.?**! Our study could have evaluated the cartilage
thickness in each region but was limited to a topographic
analysis only. Last, we did not include the central trochlea
involved in the patellofemoral joint. Our study could be
expanded to evaluate this region as well as the central por-
tion of the intercondylar notch as their concavity may allow
for close curvature matching of lesions in this region.

In conclusion, the LICN is the ideal donor option for all
recipient sites on the femoral condyles with respect to RoC
of 6-mm OAT plugs. The MTR and LTR were acceptable
donor sources for the posterior condyles, while the MICN
was a poor match for all recipient sites. Additionally, the
distal femur condyle and posterior femur condyle have a
different RoC.
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