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From Wall Graft to Roof Graft:
Reassessment of Femoral Posterior
Cruciate Ligament Positioning
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ABSTRACT

In many technique guides for poste-
rior cruciate ligament (PCL) recon-
struction, the PCL is depicted on the
wall of the medial femoral condyle
(MFC). We hypothesized that most
of the anterolateral (AL) bundle orig-
inates on the roof of the intercondy-
lar notch (ICN), not on the wall.

Using a surgical navigation sys-
tem, we delineated and morphed in
the computer the entire PCL foot-
print—the AL bundle, the posterome-
dial (PM) bundle, and the Humphrey
ligament (HL)—of 7 fresh-frozen
cadaveric specimens. A clock face
was defined in the en face view,
with the 12-o’clock axis pointing
anteriorly through the top of the
notch and the roof being the region
between 10 o’clock and 2 o’clock.
The AL-bundle, PM-bundle, and HL
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positions were calculated in terms
of this clock-face definition.

Mean centroids (o’clock position)
over all specimens of AL bundle, PM
bundle, and HL were, respectively,
10:49, 9:43, and 9:00 on the left knee
and 1:11, 2:17, and 3:00 on the right
knee. Mean areas were 63 mm? (AL
bundle), 63 mm? (PM bundle), and
45 mm? (HL). In 5 of the 7 speci-
mens tested, 100% of the AL bundle
originated on the roof of the ICN.
Conversely, 66% of the PM bundle
and 100% of the HL inserted on the
wall of the MFC rather than on the
intercondylar roof.

Using computer navigation soft-
ware, we determined that most of
the AL bundle originates on the
roof of the ICN and that the PM
bundle is centered near the tran-
sition between the roof and the
wall of the MFC. These findings
contradict the depiction in most
technique guides for PCL recon-
struction. Implant companies and
surgeons should modify their tech-
niques to shift PCL graft tunnels
from the wall of the MFC to the roof
of the ICN.

he posterior cruciate liga-

ment (PCL) is the primary

restraint to posterior tibi-

al drawer and is stronger
and larger than the anterior cruci-
ate ligament.! However, treatment of
PCL injuries remains a controversial
topic, in some measure because of
the inability to control posterior lax-
ity with current clinical reconstruc-
tion techniques. The PCL consists of
2 bundles: posteromedial (PM) and
anterolateral (AL). There is debate
as to whether one or both of these
bundles need to be reconstructed to

recreate necessary constraint.>* The
AL bundle is stronger, has a larger
cross-sectional area, and occupies
most of the insertion site of the PCL,’
which has led many investigators to
focus on this bundle in reconstruc-
tive surgery.® Studies have shown that
the Humphrey ligament (HL) has
unique biomechanical properties and
failure rates, adding stability to the
knee.” Other studies have described
the biomechanical importance of
both bundles in reconstruction by
showing their co-dominance through
knee flexion.31°

It is clear that femoral tunnel
positioning in PCL reconstruction
has important biomechanical con-
sequences.* However, a consistent
interpretation of PCL femoral inser-
tion site anatomy remains elusive.
Recently, Apsingi and colleagues'!
identified 50 papers that describe PCL
insertion site anatomy. They found
that only 20 of the papers describe
the femoral insertional anatomy with
2 axes, such that the position could
be defined, and they identified a wide
range of PCL femoral positions.

A challenging issue in describing
PCL insertional anatomy is the com-
plex 3-dimensional (3-D) shape of
the femoral notch. It remains dogma
that the PCL femoral insertion site is
located on the medial femoral con-
dyle (MFC). However, recent ana-
tomical studies have determined that
the PCL inserts on the roof of the
intercondylar notch (ICN; in some
cases extending to the lateral portion
of the notch) and on the MFC.1%12
Surgeons have described techniques
for reconstructing the ligament in
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Figure 1. Three-dimensional morphology of distal femur and proximal tibia was reconstructed with Praxim (Grenoble, France) statistical
bone-morphing algorithms (shown for left knee). Navigation system probe was then used to identify and carefully delineate insertion
sites of anterolateral bundle (A), posteromedial bundle (B), and Humphrey ligament (C).

this anatomical position. Clancy and
colleagues'® reported good results
with anatomical reconstruction using
patella tendon graft.

The roof attachment of the PCL
insertion is suggested by most ana-
tomical studies that report an o’clock
position in the coronal plane as well
as a depth position in the sagittal
plane through measurement off the
distal articular cartilage of the MFC.
For example, in their review of fem-
oral positioning recommendations,
Apsingi and colleagues'' determined
that the AL bundle was a mean of

7 mm from the edge of the articular

cartilage at the 1-o’clock position !:lgurc_e 2. A_Igorlthm used to calculate _|n_s_ert|or_1 area§ for e_ach bundle. (A) Points al_ong

and that the PM bundle was a mean insertion Slt.e border were carefully dlgltlze.d in 3 dlmer?smns, (B) plane gf best fit to
X 3-D data points was calculated, (C) 3-D points were projected onto best fit plane, and

of 8 mm from the edge of the articu- (D) 2-D ellipse was fit to projected points. Area of 2-D ellipse was calculated as inser-

lar cartilage at the 3-o’clock position. tion area.

Table I. Summary of Femoral Attachment Data for Left Knee (N=7)

Anterolateral Posteromedial Humphrey

Parameter Bundle Bundle Ligament
Clock position of insertion site center, h:min

Mean 10:49 9:43 9:00

SD 0:20 0:21 0:19

Minimum 10:19 9:05 8:42

Maximum 11:21 10:08 9:31
3-D distance from cartilage border, mm

Mean 9.2 8.9 5.4

SD 1.7 2.8 1.6

Minimum 71 5.3 3.5

Maximum 12.0 13.3 7.5
2-D distance from cartilage border, mm

Mean 8.3 8.5 5.0

SD 1.6 2.8 1.5

Minimum 6.1 5.0 3.0

Maximum 11.0 131 71
Attachment area, mm?

Mean 62.7 62.9 44.6

SD 26.3 18.0 16.3

Minimum 25.6 41.9 17.3

Maximum 102.2 96.3 62.6
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Figure 3. Posterior (A), sagittal (B), and oblique (C) views of left femur show relative positions of delineated posterior cruciate ligament
insertion sites: anterolateral bundle (purple), posteromedial bundle (red), Humphrey ligament (blue). Light blue point indicates origin of
coordinate system used to quantify relative centroids and spans of each insertion site in the 3 directions.

This 1-o’clock position placed the
AL-bundle insertion off the wall of
the MFC and onto the roof with the
knee in 90° of flexion.

Adding to the confusion are the
common 2-D depictions of the notch
in anatomical studies and technique
guides. Typically, a sagittal section
displaying the MFC is shown to
visually identify the femoral inser-
tion site. The 2-D projection of these
sagittal sections gives the impres-
sion of looking at the wall of the
MFC. The result is that, on these
commonly displayed projections, the
AL-bundle and PM-bundle insertion
sites appear on the wall of the MFC,
not on the roof of the femoral ICN.
Furthermore, this sagittal view of
the wall of the condyle is typically
encountered arthroscopically, which
may lead surgeons to place the grafts
more on the wall of the MFC than
on the roof of the notch.

Computer navigation allows sur-
geons to view complex structures,
such as the ICN, as a 3-D model from
multiple perspectives. Furthermore,
images obtained with computer navi-
gation software can help surgeons
gain a more lucid understanding of
PCL insertional anatomy. We hypoth-
esized that, using this software, we
would find most of the PCL femoral
msertion, specifically the AL bundle
of the PCL, on the roof of the ICN,
not on the wall of the MFC.

MEeTHODS
In this study, 7 fresh-frozen cadav-
ers without PCL injury or arthritis

www.amijorthopedics.com

were used. Exclusion criteria includ-
ed previous surgery, gross malalign-
ment, and ligamentous pathology.
Specimens were bench-mounted,
secured with a vise around the proxi-
mal femur, and positioned to allow for
a free flexion cycle from 0° to 120°.
The Praxim ACL Surgetics
Surgical  Navigation  System
(Praxim Medivision, Grenoble,
France) was used for morphologic
data acquisition. This imageless
technology provides a 3-D recon-
struction of articular anatomy by
acquiring points directly on the
bone surface and then deform-
ing a statistical model to fit these
points. This system is accurate to
1° or 1 mm and is highly reliable
in comparison with an industrial
robotic sensor.'* Steinmann pins
were mounted with reflective mark-

ers in the distal femur and the
proximal tibia. Surface landmarks
were recorded, intra-articular sur-
face geometry was mapped, and the
3-D model was created. A medial
parapatellar arthrotomy with pos-
terior dissection was performed to
identify the insertion points of the
AL bundle, the PM bundle, and
the HL on tibia and femur. The
AL bundle, PM bundle, and HL
were identified by a combination
of their different tension patterns
(which occur during knee range of
motion) and bundle directionality.
A probe was used for blunt dissec-
tion to help distinguish the bundles,
and they were tagged with sutures.
Then, traction was applied, and
the bundles were removed from
their insertions and labeled with
acrylic outlines to identify indi-

Figure 4. (A) Distribution (center, span) of insertion of bundles for left femur between 10
o’clock and 12 o’clock for anterolateral bundle (in roof of notch). Green zone, mean center
(arrowhead) = 1 SD: 10:50 = 0:20. Yellow zone, mean span width, minimum to maximum:
10:00 to 11:25. Error bars, range: 9:20 to 11:55. (B) Distribution (center, span) of insertion
of bundles for left femur between 9 o’clock and 10:30 for posteromedial bundle. Orange
zone, mean center (arrowhead) = 1 SD: 9:45 + 0:20. Blue zone, mean span width, minimum
to maximum: 9:00 to 10:30. Error bars, range: 8:30 to 11:00.
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Figure 5. Authors’ rendition of typical 2-dimensional sagittal image appearing in publications
and technique guides shows location of posterior cruciate ligament insertion on left femur.

vidual insertion sites on tibia and
femur. The entire PCL insertion
was then carefully morphed with
use of the navigation system dig-
itization probe, and the borders
of the bundle insertion sites were
delineated (Figure 1). The centroids
of the insertion sites were identified
and used to create the virtual grafts.

Insertion Site Morphology

A custom algorithm was devel-
oped to calculate the insertion
areas of each bundle (Figure 2).
The orthogonal distance regres-
sion plane (the plane best fitting
the acquired points of each bun-
dle) was found with singular value
decomposition. Acquired points
were then projected on the best
fit plane in the direction perpen-
dicular to the plane. A 2-D ellipse
was fit to the projected points
using a least squares criterion, and
the surface area of the best fit
ellipse was calculated as the inser-
tion area. Mean position of each
bundle insertion was computed as
the centroid of the acquired 3-D
point cloud and averaged over all
specimens. Maximum width (span)
of each bundle was calculated in
all 3 directions and averaged over
all specimens. All modeling was
done with Matlab (MathWorks,
Natick, Massachusetts).

Distinction Between Roof and Wall
A clock face was defined in the en
face view, looking from distal to
proximal, with the 12-o’clock axis
pointing anteriorly through the top
of the notch and the 3- to 9-o’clock
axis running parallel to the poste-
rior condylar axis and through the
posterior condyle circle center. The
posterior condyle circle center was
found by projecting the femoral bone
morphing model onto the sagittal
plane and fitting a circle in a least
squares sense to the contour of the
MFC. The clock face was fit to the
notch with the knee in 90° of flexion.
The roof of the ICN was defined as
the region between 10 o’clock and
2 o’clock on the clock face, and the
wall of the MFC was defined as the
region below (low or posterior to) the
10 o’clock or 2 o’clock position for a
left or right knee, respectively.

Cartilage Border
The distance from the center of each
insertion to the cartilage border was

From Wall Graft to Roof Graft

calculated. The cartilage border was
identified on the bone models by
delineating points along the ridge
formed between the MFC and the
notch wall. A polynomial curve was
fit to the points, and the distance
between the centroid of each liga-
ment bundle and the cartilage bor-
der curve was computed in 2 direc-
tions: (1) along the proximodistal
direction in the sagittal view (1-D
distance) and (2) along the medio-
lateral and proximodistal directions
(2-D distance) in the coronal plane
containing the insertion centroid.

Three-Dimensional Obliquity
The navigation system was used to
simulate virtual graft reconstruc-
tions, and a cylindrical software
tool was used to generate virtual
fibers to create grafts with the center
of the AL bundle, the PM bundle,
and the HL. The software allows
straight-line virtual grafts of vari-
ous diameters to be created in dif-
ferent anatomical positions. These
rigid virtual grafts extend from the
aperture of the tibial insertion site
to that of the femoral insertion site.
The previously defined centroids
were used to create the centroids
of the virtual grafts. A virtual graft
9 mm in diameter was used for the
bundle simulation for all reconstruc-
tions. The 3-D obliquity of the virtual
grafts was determined with the knee
in full extension and at 90° of flexion.
The coordinate system used to com-
pute the obliquity was determined
using the references acquired by the
navigation system. Specifically, the
obliquity angle of each bundle was
calculated in the coronal plane with
respect to the mediolateral axis of
the tibia, which was defined to be
orthogonal to the tibial mechanical
axis. The obliquity angles were then

____________________________________________________________________________________________|
Table Il. Summary of Tibial Attachment Data (N=7)

Anterolateral

Attachment Area, mm?2 Bundle
Mean 57.5
SD 9.0
Minimum 421
Maximum 69.5

Posteromedial Humphrey
Bundle Ligament
73.2 38.2

16.6 17.3

44.7 21.7

97.9 70.9
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determined referencing these planes
rather than anatomical reference
points on the proximal tibia.

REesuLTs
Insertion Site Morphology
Mean insertion site areas on the
femur were 63 mm? (AL bundle),
63 mm? (PM bundle), and 45 mm?
(HL) (Table I), and mean insertion
site areas on the tibia were 57.4 mm?
(AL bundle), 73.2 mm?> (PM bun-
dle), and 38.2 mm? (HL) (Table II).

Insertion Site Location
Femoral attachment data are sum-
marized in Table I. Mean centroids
(o’clock position) over all specimens
of AL bundle, PM bundle, and HL
were, respectively, 10:49, 9:43, and
9:00 on the left knee and 1:11, 2:17,
and 3:00 on the right knee. Mean
(SD) centroid positions for the AL
and PM bundles are depicted in
Figure 3. In 5 of the 7 specimens
tested, 100% of the AL bundle origi-
nated on the roof of the ICN. In
the other 2 specimens, 85% of the
AL bundle originated on the roof
(mean, 95% across all specimens).
Four of the 7 specimens tested had
40% to 60% of the PM bundle origi-
nating on the roof of the notch
(mean, 34% across all specimens),
whereas in all specimens the HL
originated on the wall of the MFC.

Angle of Inclination of PCL in
Coronal Plane

For the AL bundle, mean (SD)
angle of inclination in the coronal
plane was 78° (12.6°) in full exten-
sion and 87° (7°) in 90° of flexion.
This suggests that the AL bundle
of the PCL runs almost directly in
the sagittal plane in 90° of flexion.
For the PM bundle, the mean (SD)
angle was 71° (10°) in full extension
and 80° (12°) in 90° of flexion. For
the HL, the mean (SD) angle was
46° (23°) in full extension and 62°
(23°) in 90° of flexion.

DiISCcUSSION

Using computer navigation soft-
ware, we have demonstrated that

www.amjorthopedics.com

most of the insertion of the AL
bundle of the PCL is on the roof
of the ICN rather than on the wall
of the MFC.!%12 Furthermore, the
PM bundle was centered near the
transition area between the roof and
the wall of the MFC. On the other
hand, the HL typically inserted on
the wall of the MFC (Figure 4).

We have also demonstrated that
the coronal plane angle of inclina-
tion of the AL bundle is almost
90°. This further supports the con-
cept that the stout AL bundle runs
directly posterior to anterior in
the sagittal plane. For this to be
true, the fibers must attach on the
roof of the notch rather than slant
across the knee to the wall of the
MFC. We suggest that this sagit-
tal orientation of the bulk of the
AL fibers results in the excellent
“in-plane” PCL visualization that
is common on sagittal magnetic
resonance imaging.

The HL reliably inserted on the
side wall of the MFC. This, along
with the more lateral position of
its insertion site on the posterior
horn of the lateral meniscus, gave
it a slanting appearance compared
with the direct posterior-to-anterior
angle of inclination of the PCL.
Placing a PCL tunnel on the side
wall of the MFC may reproduce this
nonanatomical slanting orientation
of the meniscofemoral ligament.

PCL reconstruction can be a
technically difficult procedure.
Many investigators have described
techniques, including use of osse-
ous landmarks and distance from
the articular cartilage border, that
aid with tunnel placement.'>!7 We
believe that the common anima-
tions and classic anatomical pic-
tures featuring a 2-D sagittal view
of the MFC misleadingly suggest a
predominant side-wall position for
the femoral insertion of the PCL
(Figure 5), as the femoral insertion
site extends in 3-D into the notch
and lateral to what is suggested in
2-D. Although the descriptions of
proper tunnel placement in these
technique guides are accurate—the

B. S. Raphael et al

bundles are described from the
articular cartilage in the o’clock
position—the 2-D images in these
guides fail to highlight the large
roof insertion of the footprint. We
believe these images may mislead
orthopedic surgeons and poten-
tially lead to an error in tunnel
placement. We believe the anatomy
is best represented by looking “up”
at the notch, from posterior to
anterior (Figures 1, 4). Therefore,
arthroscopic visualization of the
PCL should likely be directed
toward the roof of the notch as
well as the wall of the MFC.

Commonly used “rear-entry”
PCL femoral guides are designed
such that the tunnel is drilled from
the cortex of the MFC into the
PCL insertion site. When surgeons
drill the outside-in tunnel with rear-
entry guides and a limited exposure,
they may be encouraged to place
the tunnel on the larger, more distal
region of the MFC cortex. This
relative distal position on the MFC
may bias surgeons to place the fem-
oral tunnel on the wall rather than
on the roof of the notch. Drilling
though a lateral portal, or outside-
in drilling with a proximal starting
point on the MFC—proximal and
anterior to the medial epicondyle,
approaching the medial aspect of
the patellofemoral joint—may facil-
itate creating a femoral tunnel in
the roof of the ICN.

This study has several limita-
tions. First, as this is the first com-
puter-navigated description of the
PCL insertion site, we have defined
a relatively arbitrary delineation
between the wall of the MFC and
the roof of the notch. However,
currently there is no definition as
to where the roof ends and the
side wall begins; there is only sub-
jective judgment. We standardized
the definition by establishing pre-
cise coordinates for a clock face to
quantify the transition between the
2 bony regions. In retrospectively
reviewing the data, we found that
the transition between the AL and
PM bundles of the PCL femo-
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ral insertion sites may be a rea-
sonable means of identifying this
transition. In addition, we used a
limited number of cadaver knees.
Nonetheless, our o’clock data and
the data concerning distance from
the cartilage border are similar to
data from other studies.!!
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