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Analysis of forces of ACL reconstructions at the tunnel entrance: is
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Abstract

Bone tunnel enlargement is a common phenomenon following reconstruction of the anterior cruciate ligament (ACL).
Biomechanical and biological factors have been reported as potential causes of this problem. However, there is no analysis of forces
between the graft and bone, as the graft changes direction at the bone tunnel entrance.

The purpose of this study was to study these ‘redirecting forces’.

Magnetic resonance images of 10 patients with an ACL reconstruction (age: 26+ 6.8 years) were used to determine the angle
between graft and drill holes. Vector analysis was used to calculate the direction and magnitude of the perpendicular component of
the force between the bone tunnel and the graft at the entrance of the bone tunnel. Force components were projected into the
radiographically important sagittal and coronal planes. Tension of ACL reconstructions was recorded during passive knee motion
in 10 cadaveric knee experiments (age: 28.9+10.6 years) and the tension multiplied with the force component for each plane.

Results are reported for the coronal and sagittal planes, respectively: For —10° of extension, the percentages of graft tension were
determined to be 17+ 7 (max: 26; min: 7%) and 26 +9 (max: 39; min: 16%) for the tibia. They were 59+ 6 (max: 66; min: 48%) and
99+ 1 (max: 1.00; min: 99%) for the femur. Force components were 14.68 +6.54 and 25.73+12.96 N for the tibial tunnel. For the
femoral tunnel, they were 52.48 +19.03 and 90.77+32.06 N.

Percentages of graft tension and force components were significantly higher for the femoral tunnel compared with the tibial
tunnel. Moreover, in the sagittal direction, force components for the femoral tunnel were significantly higher compared with the
coronal plane (Wilcoxon test, p<0.01).

The differences in force components calculated in this study corresponds with the amount of tunnel enlargement in the
radiographic planes in the literature providing evidence that biomechanical forces play a key role in postoperative tunnel expansion.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction 1999; Webster et al., 2001). The increase in tunnel

diameter over time is greatest in between 4 and 6 months

Bone tunnel enlargement has been observed following
reconstruction of the anterior cruciate ligament (ACL)
(Fink et al., 2001; Hoher et al., 1998; Jansson et al.,
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after surgery and then decreases at 1 and 2 years follow-
up (Buelow et al., 2002; Webster et al., 2001).

A study that investigated bone tunnel healing in
rabbits showed that drill holes without grafts heal from
the outside to the surface of the joint creating a conical-
shaped tunnel (Berg et al., 2001). However, this
observation does not explain the differences in tunnel
width that have been observed between the sagittal and
anteroposterior planes (Clatworthy et al., 1999; Fink
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et al., 2001; Jansson et al., 1999; L’Insalata et al., 1997).
Tunnel enlargement is more commonly found when
pure tendon grafts are used compared with bone patellar
tendon autografts (Clatworthy et al., 1999; Webster
et al., 2001).

Numerous studies have conducted displacement
(Beynnon et al., 1992) or tension (Goss et al., 1997;
Markolf et al., 1990; Goss et al., 1997) measurements of
the ACLs or ACL substitutes. However, no study used
the data to determine the redirecting forces that are
caused by the angulation of the graft at the entrance of
the bone tunnels.

The purpose of this study is to investigate the
magnitude of redirecting forces at the articular side of
the tibial and femoral drill holes following a reconstruc-
tion of the ACL. The results are compared with the
amount of tunnel expansion that others have observed
following ACL reconstruction.

2. Material and methods
2.1. Patient selection and surgical technique

Ten patients having had ACL reconstructions using a
semitendinosus/gracilis graft were examined in between
6 and 12 weeks (mean: 8.3 +2.4 weeks) after they had a
primary ACL reconstruction. Patients who had asso-
ciated grade 3 collateral ligament tears or associated
lateral or posterior instability or partial resection of the
meniscus were excluded. The group consisted of six
female and four male patients, with an average age of
26+ 6.8 years (range: 1842 years) at the time of surgery.

All procedures were performed by a single surgeon
(H.H.P.) using a doubled semitendinosus and gracilis
graft. Graft diameter averaged 8.6+0.7mm (range: 7—
10 mm). An endoscopic technique was used in all cases.
The tibial tunnel was drilled with a drill guide (Richard
Wolf GmbH, Knittlingen, Germany) with an angulation
of 40-45°. The femoral tunnel was drilled through the
anteromedial portal using a guide (Arthrex®, Naples,
FL) with the knee flexed 120° in the 11 or 1 o’clock
position in a region that has been determined being most
isometric (Hefzy et al., 1989). Femoral fixation was
performed using a bottle-like tunnel which enabled a
press fit fixation (Paessler and Thermann, 2002). Tibial
fixation of the graft was performed using Mersilene
sutures no. 6 (Ethicon Inc., Somerville, NJ) and a bone
bridge. All drill holes were in the regions recommended
by Harner et al. (1994) for the location of the femoral
and tibial tunnel.

2.2. Magnetic resonance imaging

Imaging was performed on a 0.18 T MR-unit (Artos-
can®™, ESAOTE BIOMEDICA, Genua, Italy). The low-

field-strength MRI is equipped with a variable heel rest
that enables the knee to fully extend. The knees were
positioned at 0° of external rotation. Knee extension
was increased stepwise. For each examination position,
two independent observers assessed knee extension with
a technique previously described with high accuracy
(R*> = 0.83; Jagodzinski et al., 2000b). Each step
averaged approximately 2.5°. Images closest to each
10° increment of knee extension were subject to further
analyses.

A three-dimensional (3D) T1-weighted flash sequence
was chosen with a resolution of 256 x 256 x 128 voxels.
A field of view of 14-16 cm was used, depending on knee
size. Imaging time was 2:56 min per sequence. Time to
echo was 250 ms and repetition time was 560 ms, thus
providing T1-weighted images. The coronal plane was
aligned with the posterior outline of the femoral
condyles with the knee fully extended. The femoral
position was not changed during knee flexion. The
images were then reconstructed in the coronal, sagittal
and axial planes and transferred to a personal computer
for further analysis. The procedure was repeated after
increasing knee extension step by step.

2.3. Determination of graft tunnel angulation

Measurements of the angles between the ACL graft
and the femoral and tibial tunnel were determined after
importing the images into Auto-CAD (Auto-CAD,
Autodesk Inc., San Rafael, CA 94903, USA). The
image slices were superimposed and the outline of the
femoral and tibial tunnels and the ACL graft were
marked by ‘eyeballing’ the locations. The center of the
drill holes and the graft was obtained using a midline
function of the software (Fig. 1), creating a vector triplet
in the sagittal, coronal and axial planes. Angle
measurement function was used to determine the angles
between the femoral and tibial tunnel and the graft in
each plane. The procedure was repeated for the data of
all knee extension angles.

2.4. Vector analysis

Vector analysis was used to calculate the direction
and magnitude of the perpendicular component of the
force between the bone tunnel and the graft at the
entrance of the bone tunnel. This force was then
projected into the sagittal and coronal planes to
determine the percentage of graft tension and relative
magnitude of this force that acts in the radiographic
planes.

The axis of the bone tunnels and their articular
connection lines create two pairs of intersecting lines
that define a graft—drill hole angle («, ). These were
determined in the coronal (COR), sagittal (SAG) and
axial (AX) planes (Fig. 2).They were transferred into
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Fig. . MR images were obtained from reconstructions of 3D data in sagittal, coronal and axial planes and exported into a computer assisted design
program. The outline of the bone tunnels was marked on each slice and the midpoints connected to obtain the tunnel projection. Angle measurement
tool was used to determine corresponding tunnel-graft angles. The procedure was repeated for each knee extension angle.

Fig. 2. Vectors parallel to the bone tunnels (¢, ?’/) and the connection

line between entrance point of femoral (a) and tibial tunnel (b) define
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vectors of redirecting forces (Ffem, Fiib, left). These vectors were

projected in the sagittal and coronal planes (e.g. sagittal plane, right).
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After normal transformation of the vectors and their
projections in the above-mentioned planes, a non-linear
equation system with nine unknown variables (three
vectors with three components each) has to be solved.
As there can be no analytical solution to this problem, a
residual function which includes the sum of the squared
differences between observed and calculated angles was
used. This residual function was minimized using
random start vectors according to the Levenberg—
Marquardt method (Meyer and Roth, 1972; Bronstein
and Semendjajew, 1996). The numeric inaccuracies of
the obtained minimal residuals are smaller than the ones
that result from observing given angles from three
different projections.

The calculated Cartesian coordinates of vectors

parallel to the bone tunnels ¢, ?" and their intersecting

line [ab] can be used to determine the vectors for
redirecting forces a‘ﬂl)e entrance of tibial and femoral
bone tunnels (a, b, Frem, Fiip; Fig. 2). The force vectors
have to be projected into the plane which is perpendi-
cular to the bone tunnel. In a second step, a projection
into the sagittal and coronal planes was performed
(FremsAG» Fremcor, Fiibsag, Fiivcor; Fig. 2), in order to
assess the magnitude of force that may contribute to
bone tunnel enlargement observed on sagittal and
coronal radiographs/CT-scans.

The magnitude of the vectors projected in the sagittal
and coronal planes can be simplified as percentages of
graft tension fremsaG, ffemCOR» fiibSAGs fiibCOR-

The measured forces of the ACL reconstructions have
to be multiplied with these percentages in order to
obtain the magnitude of force in the corresponding
planes that were obtained for various knee extension
angles, for example

N B
| FremsaG(0°)| = fremsaG(0°) X |g(073|,

|90~ is the magnitude of the vector parallel to the bone
tunnel at an observed extension angle of 0°. These forces
between the graft and bone, as the graft changes
direction at the bone tunnel entrance, are referred to
as ‘redirecting forces’.

2.5. Cadaver study

For tension measurements of the ACL reconstruc-
tions, the knees of 10 human cadavers were examined in
the Department of Forensic Medicine of the Ludwig-
Maximilian-University in Munich, Germany. The cada-
vers were matched with the patients with respect to sex,
age (+5 years), knee laxity (+2mm) and passive
hyperextension capability (+5°). The age was
28.9+10.6 (range 17-46) years. The examination took
place an average 2.1+ 1.2 (range 0-3) days postmortem.
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We used the legs of four men and six women, with a
height of 173.0+6.0 (range 161-182) cm and a weight of
72.9 +15.4 (range 55-106) kg. One knee showed a grade
3 osteochondral lesion of the medial femoral condyle
and two specimens grade 2 lesions of the patellofemoral
joint. However, no signs of ligament damage or meniscal
injuries or general arthritis were observed.

2.6. Technical equipment

For tension measurements, a tension load cell (ELFS-
T3, Entran Devices Inc., Fairfield, NJ) with a measure-
ment range of 0-500 N (0.2% accuracy in relation to its
measurement range) was connected to a external fixator
with a calibration device. For the determination of knee
extension, a precision long-arm goniometer that is
equipped with molds of the greater trochanter and the
anterior tibia was connected to a digital increment
transducer that produces signals in steps of 0.34°. The
accuracy of the device has been determined with 0.6%
on a measurement range of 180° in a previously
published investigation (Jagodzinski et al., 2000a). All
sensors were connected to a central processing unit, both
tension and pressure sensors were temperature compen-
sated. Data were recorded on a random access memory
chip and transferred to an IBM compatible notebook
personal computer after each loading cycle.

2.7. Cadaver preparation and measurement technique

The knee and hip joints were passively moved through
the full range of motion 20 times to reduce tissue
stiffness caused by the rigor mortis. A central arthrot-
omy was used and the patella was dislocated laterally.
The infrapatellar plica and parts of Hoffa’s fat pad were
resected to facilitate exposure of the cruciate ligaments.
The precision goniometer was aligned with the axis of
rotation of ankle, knee and hip.

An instrumented maximal manual Lachman test was
measured with a knee arthrometer (Rolimeter™, Aircast
Europa GmbH, Neubeuern, Germany) three times. The
mean value was recorded. Lachman testing was
performed by the same investigator consistently for
each cadaver.

The preparation technique was the same as for the
surgical technique described for the ACL reconstruction
technique. Tunnel placement was checked using a
fluoroscope. A sagittal X-ray was taken in order to
correct tunnel placement according to published stan-
dards (Harner et al., 1994).

For the tibial tunnel, a 12mm drill hole was
established in the posterior section of the ACL footprint
using an arthroscopic tibial drill guide (Sulzer AG,
Winterthur, Switzerland). A poly-tetra fluor ethylene
(PTFE) bushing with an external diameter of 12 mm and
an internal diameter of 8 mm was inserted into the tibial

Fig. 3. A long-arm goniometer with molds of the greater trochanter
and the anterior tibia was equipped with a digital incremental
transducer (A) to obtain knee extension angles. The ACLs were
reinserted through a tibial drill hole with a PTFE bushing and
connected to a load cell (B). Tension was increased until preoperative
laxity was restored. Knee laxity was determined with a Rolimeter®™ (C)
and a maximum manual test.

tunnel. A self-drilling Steinmann nail was drilled parallel
to the tibial tunnel distally.

The graft was inserted through the PTFE bushing.
The tension measurement sensor with a custom made
buckle was attached to the Steinmann pin and
connected with the graft in front of the outlet of the
tunnel (Fig. 3).

After initial fixation, the ACL graft was precondi-
tioned applying 20 cycles through the full passive range
of motion. Tension was adjusted until the maximal
manual displacement was restored to the preoperative
value. The maximum manual measurements of tibial
translation were recorded three times. The standard
deviation for intraobserver measurements was 0.8 mm.
The maximal manual displacement was controlled after
each testing cycle; if there was an increase, the measure-
ments were repeated after readjusting graft tension.

The tension testing protocol started with three
repeated measurements from full passive extension (foot
on a heelrest) into full flexion. The tension levels were
transferred to a notebook computer after each testing
cycle.

2.8. Statistical analysis

All mean values are reported with standard devia-
tions, such as minimum and maximum. Due to the small
number of cases, we used a non-parametric, two-tailed
Wilcoxon test (Bosch, 2002). A P-level of 0.05 was
regarded significant. The procedures were performed
using SPSS for Windows 10.0 (SPSS-company, Chicago,
IL 60606, USA).

3. Results
3.1. Bone tunnel-graft angulations

The following data are reported for the sagittal,
coronal and axial planes, respectively. The acutest
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Fig. 4. Angulations between femoral () and tibial () tunnel and ACL

graft in the sagittal (SAG), coronal (COR) and axial (AX) planes as a
function of knee extension.

femoral tunnel angles were observed for full extension.
At —10° hyperextension, tunnel graft angulation was
90.1°+4.0° (max 95°, min 83°), 145.1°+4.7° (max
154°, min 140°) and 44.7°+2.2° (max 48°, min 40°).
Angles increased with knee flexion.

For the tibial tunnel, angles in the sagittal and coronal
planes were more obtuse than femoral tunnel angles.
For —10° hyperextension, they averaged 165.1°+5.7°
(max 173°, min 157°) and 171.4° +5.9° (max 183°, min
165°). In the axial plane, angles were more acute and
increased with knee flexion, being 91.8° +4.8° (max 98°,
min 81°) for 40° of knee flexion. The data are
summarized in Fig. 4.

3.2. Percentages of graft tension

The mathematical calculation of the percentages of
graft tension revealed that the highest percentages were
found for the femoral tunnel in the sagittal plane (at
—10°: 99+ 1%; 88-99%). They were significantly higher
than in the coronal plane for all observed extension
angles (p<0.01). Both were significantly higher than
percentages for the tibial tunnel for all observed
extension angles (p<0.01). For the tibial tunnel, the
force percentage in the sagittal plane was only sig-
nificantly higher for —10° extension (p <0.02). Data for
the entire range of motion in between —10° and 40° of
knee extension are summarized in Fig. 5.

3.3. Knee extension and stability parameters
Maximum extension of all 10 knees combined was

—7.9+2.4° (—14.0° to —6.2°). Extension increased to
—8.245.7° (—16.0° to —5.0°) after resection of the ACL

| —— ficon —O— fwsac —¥— femcor  —¥— femsac
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Fig. 5. Force percentages (f) for the redirecting forces of ACL grafts

at the entry of tibial and femoral tunnels to the joint in the sagittal
(SAG) and coronal (COR) planes as a function of knee extension.

and was restored after reconstruction of the ACL to
—7.6+2.2° (—13.0-5.0°).

Maximal manual displacement of the tibia was
6.2+ 1.7mm (4.0-10.0mm) preoperatively, increasing
to 12.8+1.5mm (10.0-15.0 mm) in the ACL insufficient
knees. Preoperative maximal manual displacement
values could be restored in all cases.

3.4. Anterior cruciate ligament graft tension

We observed a continuous increase in tension of the
ACL grafts from flexion until full passive extension.
Tension of the ACL reconstructions was determined
with 101.9+38.4 N (40.5-166.0 N) for —10° hyperexten-
sion and 64.1+19.9N (28.5-91.7N) at zero degrees of
extension (Fig. 6). The Data were used to determine the
force components.

3.5. Force components

With the force percentages calculated, the force
components were highest in full extension. The compo-
nents were significantly higher for the femoral tunnel in
the sagittal plane (90.77+32.06 N; 49.87-131.99 N)
compared with the coronal plane (52.48+19.03N;
27.77-9.763 N) and with the tibial tunnel in both sagittal
(25.73+£12.96 N; 7.83-43.09N) and coronal planes
(14.68+6.54N; 7.11-27.56 N) in between —10° and
30° (Table 1). For the tibial tunnel, there was a
significant difference between the sagittal and the
coronal force components at —10° extension (p <0.02).
The complete data for the force components are shown
in Figs. 6 and 7.
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4. Discussion

Tunnel widening has been observed by many authors
following reconstruction of the ACL (Hogervorst et al.,
2000; Jansson et al., 1999; Webster et al., 2001).
Although there is no correlation between tunnel
enlargement and short-term follow-up (Jansson et al.,
1999; Nebelung et al., 1998; Segawa et al., 2001), there
are clinical problems associated with this phenomenon:
Wide tunnels alter the direction of the graft within the
joint. If a revision surgery is necessary, the enlarged
tunnels must be filled up with bone before a new
transplant can be inserted (Brown and Carson, 1999).

The reasons for bone tunnel enlargement are still not
fully understood. Biomechanical stress of the graft could
be the main contributing factor.

This study was conducted in order to examine ACL
graft redirecting forces in patients who underwent a
reconstruction of the ACL.

In order to assess the tension of the reconstructions,
tunnel angulation was simulated in cadavers that
matched the reconstruction group.

Although this may have caused some error from the
true tension that occurs during flexion/extension in vivo,
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Fig. 6. Tension of ACL grafts obtained from the cadaveric experi-
ments as a function of knee extension.

Table 1
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the results of the cadaver experiments were very close to
the ones obtained from in vivo measurements. In their
investigation of active flexion—extension, Beynnon et al.
(1992, 1997) found an increase of ACL strain up to 3—
4% from 30° to 10° of extension (this study was limited
to +10° of knee extension due to impingement of the
sensor). The analysis of ACL tension with a load
transducer reports 118 (50-240 N) for knee extension of
—5° (Markolf et al., 1990). There is an exponential
increase in ligament tension during the final 20° of knee
extension in this study. This tension is increased by
quadriceps tendon pull and contraction of both quad-
riceps and hamstring tendons (Markolf et al., 1990;
Beynnon et al., 1997). Hence, the absolute magnitudes
of tension determined in this study, may be under-
estimated. The occurrence of high forces during the last
30 degrees of full extension is consistent with all the
above-mentioned studies. Proportions of the graft
magnitudes are only a subject to changes of graft—
tunnel angles and knee kinematics; these parameters
were determined from in vivo magnetic resonance
images.

The redirecting forces determined in this investigation
with the ACL reconstruction technique chosen resulted
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Fig. 7. Predictions of redirecting forces (|Ffeml, |Fiiv|) obtained from

combined in vivo and experimental in vitro data in the sagittal and
coronal planes as a function of knee extension.

Significance levels for the different force components (F) in the observed planes (two-tailed Wilcoxon test)

Extension (deg) tib_SAG fem_SAG fem_COR fem_SAG fem_SAG fem_COR
tib_.COR fem_COR tibo.COR tib_.SAG tib_.COR tib_.SAG

-10 0.018 0.018 0.018 0.018 0.018 0.018
0 0.221 0.005 0.005 0.005 0.005 0.005
10 0.445 0.005 0.005 0.005 0.005 0.005
20 0.169 0.005 0.005 0.005 0.005 0.005
30 0.233 0.022 0.028 0.022 0.022 0.028
40 0.483 0.059 0.236 0.092 0.092 0.269

tib: tibial tunnel; fem: femoral tunnel; COR: coronal plane; SAG: sagittal plane. Bold: significance <0.05.
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in significantly higher redirecting forces at the articular
entrance of femoral than of tibial tunnels. There was a
significant difference between the sagittal and the
coronal plane for both the femoral (—10-30°) and tibial
tunnel (at —10°). These findings correspond with the
reports of tunnel widening in the literature (Table 2).
Throughout all reports, there is more tunnel enlarge-
ment evident for the femoral than for the tibial tunnel.
All cited references show more tunnel widening for the
tibial tunnel in the sagittal compared with the coronal
plane. However, there is not enough data published in
order to perform a regression analysis.

Biologic factors contributing to bone tunnel enlarge-
ment are discussed in the literature: Soft tissue grafts are
more likely to develop bone tunnel enlargement than
bone tendon bone grafts (Webster et al., 2001). Bone
density of the drill hole wall and synovial fluid that
enters the drill holes are also accused (Hoher et al.,
1998).

Movement of the graft within the tunnel has been
demonstrated to enlarge the tunnels significantly (Bue-
low et al., 2002). Two ways of motion have been defined:
Along (‘bungee effect’) and perpendicular to the axis of
the tunnel (‘windshield wiper effect’) (Hoher et al.,
1998). Movement leads to a soft tissue interface between
bone and graft and promotes ‘degloving’ of the
reconstruction (Weiler et al., 2000). Both forms of graft
motion are caused by the vectors investigated in this
study.

Perren (1979) described in his ‘Interfragmentary
Strain Theory’ that the transformation of tissue type is
a function of gap distance and gap motion. Both are
influenced by the force magnitude and direction
investigated in this study. If the gap becomes too large,
non-union or delayed union may occur even with
adequate fixation. Reduction of the gap occurs when a
press fit fixation close to the tunnel entrance and a
limitation of redirecting forces are established.

Graft fixation close to the articular entrance of the
tunnels does influence graft-bone tunnel pressure: an
interference screw positioned on the side of the tunnel
that faces the direction of the force vector can exert an
opposite force on the graft. Close to tunnel fixation

Table 2
Comparison of bone tunnel enlargement in four studies

limits graft migration in the direction of the force vector
(Hoher et al., 1998). To our knowledge, there is no
in vivo study that has investigated if graft motion within
the bone tunnels stops as a response to healing. Weiler
et al. (2002) have demonstrated in an animal model, that
with a close to tunnel fixation, a mature intratunnel
tendon—bone junction with a zone of fibrocartilage is
found at 9-12 weeks.

As a magnetic resonance imaging system was used to
acquire the 3D data of the knees, this study could not
determine graft tunnel angles and redirecting forces for
knee flexion beyond 50°. However, the tension data for
ACL grafts show (similar to Markolf et al., 1990) that
there is limited tension for the range of motion in
between 50° and 110°.

Redirecting forces may be an important factor that
causes bone tunnel widening as the reconstruction is
stressed mechanically. The magnitude of redirecting
forces depends on graft tunnel angle and intraligament
tension. The tunnel angle for the femoral tunnel in most
reconstruction techniques used today is steeper in the
extended knee. Since this and other studies found the
highest graft tension levels in extension, redirecting
forces are higher in the femoral bone tunnel, especially
in the sagittal plane. Possible solutions to this problem
can be to reduce the tunnel angulation (especially the
femoral tunnel angle). Rigid close to tunnel fixation is
another key that may prevent redirecting forces to cause
tunnel widening. Immobilization would certainly dimin-
ish redirecting forces but has been shown to compromise
postoperative results. However, instead of immobiliza-
tion, we would recommend repeated uncontrolled
exercising in the range of motion that has been shown
to cause redirecting forces to occur (15° of flexion to full
hyperextension). The effects of such a modified rehabi-
litation protocol in terms of tunnel widening have to be
studied. Interestingly, a recent study has shown that
aggressive rehabilitation is correlated with bone tunnel
enlargement (Paessler and Mastrokalos, 2003). To our
knowledge, there has been no study that examines the
time dependence of tunnel migration. It certainly
depends on the type of fixation used. When using a
rigid close to tunnel fixation, Weiler et al. demonstrated

Author Fink et al. (2001)  Jansson et al. (1999)
Graft Patellar tendon

Imaging method CT-scan Radiograph

Time after surgery (months) 24 24

Tibia coronal 16.4% 31%

Tibia sagittal 30.6% 42%

Femoral coronal — 48%

Femoral sagittal — na

Semitendinosus/gracilis tendons

L’Insalata et al. (1997)
Semitendinosus/gracilis tendons

L’Insalata et al. (1997)
Patellar tendon

Radiograph Radiograph
6-12 9-22
20.94+13.4% 9.7+14.7%

25.5+16.7% 14.44+16.1%
30.2+17.2% —
28.1+14.7% —

Note: The percentage of tunnel diameter increase is consistently larger for the sagittal plane of the tibia compared with the coronal plane (na=not

analyzed).
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in a sheep model that Sharpey-like fibers develop at the
tunnel outlet within 6 weeks.

There are also important biological factors that
contribute to bone tunnel enlargement. The most
prominent one is the choice of graft. Tendons show
more tunnel widening than bone blocks (L’Insalata et al.,
1997; Webster et al., 2001). However, discrepancies
between the amount of tunnel enlargement can be
observed between the anteroposterior and sagittal
planes in various studies (Buelow et al., 2002; Clat-
worthy et al., 1999; Hogervorst et al., 2000; Jansson
et al., 1999; Webster et al., 2001).

Further investigations that examine the impact of
biomechanical stress (rehabilitation programs with
limitation of extension versus full active and passive
hyperextension) are necessary to assess if there is a
biological response to redirecting forces in ACL
reconstructions.
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