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Background: Lateral closing-wedge (LCW) and medial opening-wedge (MOW) high tibial osteotomies (HTOs) correct varus knee
alignment and stabilize the anterior cruciate ligament (ACL)–deficient knee. Tibiofemoral and patellofemoral alignment and kine-
matics after HTO are not well quantified.

Purpose: To compare the effect of LCW and MOW HTO on tibiofemoral and patellofemoral alignment in the ACL-deficient knee.

Study Design: Controlled laboratory study.

Methods: Anterior drawer, Lachman, and pivot-shift tests were performed on cadaveric specimens (N = 16), and anterior tibial
translation and tibial rotation were measured for the native and ACL-sectioned knee. The right and left knee of each cadaveric
specimen underwent an LCW and MOW HTO, respectively, and stability testing was repeated. All cadavers underwent pre-
and postosteotomy computerized tomography with 3-dimensional computer modeling to determine the effect of HTO on poste-
rior tibial slope, as well as tibial and patellofemoral axial plane alignment (tibial axial rotation and patellar axial tilt).

Results: Correction to neutral coronal alignment was obtained with both osteotomy techniques; however, larger posterior tibial
slope neutralization was achieved with LCW compared with MOW (mean 6 SD, 11� 6 3.8� vs 5� 6 5�). LCW demonstrated
a greater decrease in anterior tibial translation (P \ .05) during Lachman testing, with translation values approximating those
of the native knee, especially for the lateral compartment. A similar decrease in anterior tibial translation with LCW was not found
during anterior drawer testing. Anterior tibial translation did not improve for either the Lachman or the anterior drawer test after
MOW. Osteotomy type did not affect tibial rotation with pivot shift. Relative to MOW, LCW resulted in greater tibial axial rotation
and patellar axial tilt (7.7� 6 4� and 5.6� 6 3.9� [LCW], 2.8� 6 2.3� and 2.4� 6 0.9� [MOW], respectively; P \ .05).

Conclusion/Clinical Relevance: LCW shows more reproducible posterior tibial slope neutralization and decreased anterior tibial
translation in ACL deficiency compared with MOW; however, LCW is associated with increased external tibial axial rotation and
lateral patellar tilt, which may adversely affect the patellofemoral joint. More work is needed to understand the clinical and func-
tional outcome of these biomechanical findings in the ACL-deficient knee.
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Anterior cruciate ligament (ACL) injuries can lead to chronic
tibiofemoral anterior laxity and rotatory instability.25

Chronic ACL deficiency has been associated with progression
to degenerative joint disease of the knee and progressive
tibiofemoral varus alignment.7,32,34 In the ACL-deficient
knee, isolated ACL reconstruction is an effective means for
restoring stability to the knee; however, ACL reconstruction
alone may not address all the pathomechanics, especially in
the revision setting where there is more meniscal loss, sub-
luxation, and tibiofemoral chondral damage.

High tibial osteotomy (HTO) has been recognized as an
important treatment option for medial compartment
arthritis in young, active patients and as a useful tool to
stabilize the chronically ACL-deficient knee.8,16 Increas-
ingly, HTO has been proposed as a singular or concomitant
procedure with ACL reconstruction for restoring knee sta-
bility and addressing the coronal and sagittal plane in both

*Address correspondence to Anil S. Ranawat, MD, Department of
Orthopaedic Surgery, Hospital for Special Surgery, 535 East 70th Street,
New York, NY 10021, USA (email: ranawatanil@hss.edu).

yDepartment of Orthopaedic Surgery, Hospital for Special Surgery,
New York, New York, USA.

One or more of the authors has declared the following potential con-
flict of interest or source of funding: A.S.R.: paid consultant (Arthrex Inc,
CONMED Linvatec, DePuy Mitek, and Stryker MAKO), IP royalties (Con-
forMIS). A.D.P.: paid consultant (Arthrex Inc, Stryker, and Zimmer), IP
royalties (Zimmer).

The American Journal of Sports Medicine, Vol. 44, No. 12
DOI: 10.1177/0363546516657824
� 2016 The Author(s)

3103



primary and revision settings.30 Beyond improving coronal
plane alignment, multiplanar HTO may normalize sagittal
plane alignment in the ACL-deficient knee. More attention
is now being paid to the role of knee sagittal plane align-
ment in ACL deficiency,11 as the influence of posterior tib-
ial slope is being increasingly investigated. In the cranial
cruciate ligament–deficient (analogous to human ACL)
canine knee, posterior tibial slope correction has long
been recognized to improve stability.40,41 In humans,
increased posterior tibial slope has been posited to influ-
ence sagittal plane shear forces and strains on the ACL,
thereby affecting its loading behavior.17,21,33 Cadaveric
studies have also demonstrated that iatrogenic changes
in tibial inclination resulted in anterior shift of the tibia
relative to the femur.45 Clinical evidence confirms that
increased posterior tibial slope is a risk factor for noncon-
tact ACL injuries, as well as a cause for early failure of
ACL reconstructions.11,15,44,46 Similarly, epidemiologic
studies have highlighted a positive association between
increased posterior tibial slope and the incidence of ACL
injury.3,4,14

Evidence comparing osteotomy options for the ACL-
deficient knee is limited. Lateral closing-wedge (LCW) and
medial opening-wedge (MOW) HTO can be performed in
the ACL-deficient knee, but the ideal osteotomy has not
yet been determined. Osteotomy type may influence coronal
and sagittal plane tibiofemoral alignment, while also affect-
ing tibial rotation and patellar mechanics. Prior evidence
suggests that HTO may also influence patellar position
and patellofemoral contact pressure.23,27,43 Unintended
rotational and patellofemoral alignment changes22 may
adversely influence outcome after HTO or complicate even-
tual conversion to knee arthroplasty.

The purpose of this study was to quantify the changes in
tibiofemoral alignment, shape, and kinematics along with
patellofemoral alignment in the ACL-deficient knee after
LCW and MOW HTO. Specifically, anterior tibial transla-
tion, posterior tibial slope, rotational stability, tibial axial
rotation, patellar axial tilt, and rotational stability were
evaluated. We hypothesized that both LCW and MOW
would have a positive effect on the kinematics of the
ACL-deficient knee by decreasing the amount of anterior
translation. Secondarily, we hypothesized that these 2
techniques would not have a significantly different effect
on tibial rotation and patellar axial tilt.

METHODS

Specimens

Eight fresh-frozen cadaveric hip-to-toe lower extremity
specimens (16 paired knees) were used for this study
(mean age 6 SD: 52 6 10.3 years). Specimens were thawed
for 48 hours at room temperature before testing and were
placed supine on the operating table, allowing free and
unrestricted range of motion at the hip and knee joints.
Physical examination and a medial parapatellar arthrot-
omy of the knee were performed, and specimens were exam-
ined for alignment, deformities, ligamentous integrity, and

the absence of significant meniscal and articular cartilage
lesions. All knees were deemed suitable for the study. All
procedures were performed on both knees on the same
day so as to standardize tissue quality.

Kinematics

A surgical navigation system with ACL-specific software
(Surgetics; Praxim) as previously described5,10 was used
for kinematic data acquisition. The navigation system
has an accuracy of 61 mm per 1�.20,26,37 Reflective refer-
ence arrays were attached to the femur and the tibia,
15 cm above and below the joint line. These arrays were
secured with two 4-mm Schanz pins. Instrumented stabil-
ity testing included anterior translation with the knee at
30� and 90� of flexion, as well as pivot shift. Each test
was performed at 3 time points: before sectioning of the
ACL, after sectioning of the ACL, and after osteotomy.
For the Lachman test, the femur was affixed to the operat-
ing table and the knee flexed to 30�. An anterior-directed
force of a mean 10 kg (100 N) was applied to an eyelet
screw on the tibial spine 10 cm from the joint line using
a pulley and free weights. The anterior drawer test was
performed in a similar manner with the femur affixed to
the operating table and the knee bent to 90�, with the tibia
perpendicular to the floor. Again, a pulley and free weights
were used to create a force vector directly anterior to the
tibial shaft. The pivot-shift testing was performed manu-
ally with the pelvis affixed to the operating table, the ankle
internally rotated 20�, and a valgus force applied to the
knee. Kinematic data were obtained as the knee was
brought into flexion.

Tibiofemoral translation at 30� of knee flexion was
defined as the translation from the tibiofemoral resting
point at the beginning of each trial to the maximum ante-
rior position of the tibia in the sagittal plane, in each of the
lateral and medial compartments. Rotational motion dur-
ing the pivot-shift test was measured as an increase in
internal tibial rotation. Three trials of anterior drawer,
Lachman, and mechanized pivot-shift tests were per-
formed on each knee in the ACL-intact state. Three trials
were performed to diminish the effect of any spurious read-
ings. We then proceeded to transect the ACL, and 2 inves-
tigators visually and manually confirmed that complete
sectioning of the ACL had occurred. Then, the anterior
drawer, Lachman, and mechanized pivot-shift maneuvers
were repeated.

Osteotomy

An MOW HTO was then performed on the left knee of each
specimen and an LCW HTO on the contralateral right
knee. As such, each knee served as its own control. Both
operations were performed with the specimen in the supine
position on a straight operating table.

Opening Wedge. The proximal tibia was exposed
through a 10-cm anteromedial incision, and 2 reference
Kirschner wires were drilled in the sagittal plane under
fluoroscopic guidance: 1 above the osteotomy directly prox-
imal to the insertion of the patellar ligament and a second
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8 cm below the osteotomy. These Kirschner wires were par-
allel in the sagittal and axial planes. The sartorius fascia
was incised proximal to the gracilis tendon. The incision
went from the tibia to the ventral portion of the superficial
medial collateral ligament (MCL). So, the gracilis and semi-
tendinosus tendons were exposed and mobilized but not
detached from bone. The anterior or ventral portion of the
superficial MCL was aggressively elevated distally, leaving
a portion of the dorsal superficial MCL and all of the deep
MCL intact, as described by Lobenhoffer et al.31 The level
of the osteotomy was exposed, starting 4 to 5 cm below the
joint line. The osteotomy was obliquely aimed upward in
the direction of the fibular head, about 2 cm below the lat-
eral joint line, and was gradually opened to preserve a lat-
eral bony bridge. A complete posterior osteotomy was
performed, and the spreader for opening the osteotomy
was placed as far posterior as possible (ie, as close to the pos-
terior medial corner of the tibia as possible) so as to gain
appropriate neutralization of the posterior tibial slope.
The goal was for a maximal opening gap of posteromedial
tibia, which was to be at least twice as great (8-10 mm) as
the anterior tibial gap (4-5 mm). Finally, the open-wedge
osteotomy was fixed with a self-locking plate (Tomofix; Syn-
thes). The position of the Tomofix plate was exactly adjacent
and thus slightly anterior to the posteriorly placed spreader
(Figure 1).

Closing Wedge. To perform the LCW HTO, a 10-cm ver-
tical incision was made along the lateral aspect of the tibia,
and the tibialis anterior muscle of the proximal tibia was
elevated to expose the proximal tibiofibular joint. A proxi-
mal osteotomy of the fibula was performed using an osteo-
tome within the proximal third of the fibula through
a separate incision. A retractor was placed under the lat-
eral margin of the patellar tendon for protection, and
another retractor was positioned along the posterolateral
aspect of the tibia to protect the neurovascular structures.
The osteotomy was commenced 2 cm below the lateral
articular surface of the tibia. The proximal osteotomy
was cut in parallel with the articular surface, and the dis-
tal osteotomy was started at least 8 to 10 mm inferior to
the proximal osteotomy at the anterolateral part and 4
to 5 mm inferior in the posterolateral part (attempting to

achieve maximal slope correction) and cut obliquely to pre-
vent injury to the patellar tendon. The lateral bone wedge
was removed. To reduce the risk of intra-articular frac-
tures, the lateral cortex and wedge were removed by using
an osteotome and preserving 3 to 6 mm of the opposite cor-
tical hinge. The medial tibial cortex was not completely
osteotomized but perforated by multiple holes to work as
a hinge when the osteotomy was closed. Finally, the
closing-wedge osteotomy was fixed with a self-locking plate
(Tomofix).

Imaging

Computed tomography (CT) scan (1-mm slices) was per-
formed at the native knee for each specimen, as well as
at the hip and ankle, to accurately quantify lower extrem-
ity alignment. The CT data were segmented manually and
converted into 3-dimensional (3D) computer models using
Mimics 10.11 software (Materialize). The preosteotomy
CT scan was segmented into 3 parts: femur, tibia, and
patella. The postosteotomy CT was segmented into 4 parts:
femur, tibia proximal to osteotomy, tibia distal to osteot-
omy, and patella. By segmentation, the surface of each
bone was digitized into a constellation of points (clouds),
and the geometrical relationship between each bone was
assessed with reference to the original CT. Rotation was
calculated from a rotation matrix using an X, Y, Z rotation
sequence. The tibial tuberosity was used as a primary ref-
erence point for rotation.

Mathematical Modeling
(Iterative Closest Point Method)

A software code (Matlab 2012; MathWorks Inc) based on
an iterative closest point algorithm was developed to mea-
sure tibial rotation and changes in patellar axial tilt after
HTO. The iterative closest point algorithm is a commonly
used method for matching 3D surfaces.2 The algorithm
seeks to minimize the sum of squared distances between
2 clouds of points and finds the rigid transformation (trans-
lation and rotation) that best aligns these 2 clouds. Each
cloud of points can represent a digitized surface. Previous
studies have shown a high degree of accuracy using the
iterative closest point algorithm for matching bone surfa-
ces1,29 and orthopaedic implants.9,38

As part of the current study, rotation measurement was
performed in several steps using the 3D models obtained
from the segmented CT scans. First, to bring the pre-
and postoperative CTs to the same reference point, the
code calculated 3D rotation and translation needed for
the part of the postoperative tibia (Figure 2B) proximal
to the osteotomy to overlap and match identically with
the preoperative tibia (Figure 2A). Based on this calculated
rotation and translation, the proximal and distal segments
of the postoperative tibia were moved as one unit to this
new position on the coordinate grid where the proximal
parts of the pre- and postoperative tibia were superim-
posed (Figure 2C). In the next step, the code calculated
the 3D rotation and translation needed for the part of the
tibia distal to the osteotomy to move from its new position

Figure 1. Intraprocedural radiographs of a medial opening-
wedge high tibial osteotomy. (A) Anteroposterior and (B) lat-
eral radiographs demonstrate the osteotomy site and the
Tomofix plate used to obtain fixation.
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on the coordinate grid to a new position that overlaps the
preoperative tibia (Figure 2D); therefore, the code calcu-
lated reverse tibial 3D rotation and translation. Tibial
axial rotation was measured relative to the tibial mechan-
ical axis, and slope correction was measured relative to the
posterior condylar axis of the tibia. Using the same code
and the same steps, the change in axial patellar tilt was
measured relative to the femur (Figure 3); the postopera-
tive femur superimposed the preoperative femur in the
first step, and in the second step, the postoperative patella
superimposed the preoperative patella as the change in
axial patellar tilt after HTO was measured. Of note, to cal-
culate posterior tibial slope alignment using our iterative
closest point method, statistical shape modeling was
used, with tibial slope representing a shape parameter.
Patellofemoral and tibial alignments were derived, how-
ever, from alignment parameters.

Statistical Analysis

Student t tests were used to compare the difference
between the osteotomized specimen and the native speci-
men with regard to LCW and MOW. Comparison between
LCW and MOW was performed with attention to the fol-
lowing dependent variables: coronal alignment, posterior
tibial slope, tibial axial rotation, and patellar axial tilt.
Student t tests were also used to detect a difference in tib-
ial translation and rotation among specimens based on
ACL (deficient vs native) and osteotomy (osteotomy vs
native) status. Pearson product moment correlation was
used to determine the correlation of the change in patellar

tilt to the tibial rotation after HTO. P \ .05 was considered
statistically significant. Statistical analyses were per-
formed using STATA software (version 12.1; Statacorp).

RESULTS

Tibiofemoral

The mean (6SD) coronal alignment after MOW and LCW
was 2.1� 6 1.3� and 0.8� 6 1.7� of valgus, respectively; simi-
larly, the mean posterior tibial slope was 1.0� 6 0.5� and
20.9� 6 1.2�, respectively. The mean tibial coronal alignment
correction after MOW was not significantly different com-
pared with alignment correction after LCW (Table 1). The
mean posterior tibial slope neutralization was 7.1� 6 1.8�
after LCW and 5.1� 6 0.9� after MOW. The change from
pre- to postoperative in the tibial slope was significantly dif-
ferent between the procedures (P = .025).

Kinematic Testing

Sectioning the ACL resulted in a statistically significant
increase in anterior tibial translation during anterior
drawer and Lachman testing. For pivot-shift testing,
ACL sectioning resulted in nonsignificantly increased tib-
ial internal rotation. In the ACL-deficient knee, the tibia
translated, on average, an additional 2.1 6 1.2 mm during
anterior drawer and 4.1 6 2.1 mm during Lachman test-
ing. During pivot-shift testing, ACL-deficient knees had,
on average, an additional 1.57� of internal rotation.

Figure 2. Iterative closest point analysis to assess tibial rotation. Three-dimensional model demonstrating computation measure-
ments for tibial rotation and alignment associated with HTO. (A) Preosteotomy tibia, (B) isolated postosteotomy tibial components
with proximal tibia and tibial diaphyseal segments, (C) pre- and postosteotomy tibial segments superimposed, (D) pre- and post-
osteotomy tibial segments after computer-calculated rotation and translation to ensure accurate superimposition. HTO, high tibial
osteotomy.
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When LCW osteotomy was performed in the ACL-
deficient knee, there was a statistically significant decrease
in postosteotomy lateral compartment anterior tibial trans-
lation during Lachman testing (P = .003) and a decrease in
medial compartment anterior tibial translation that was not
statistically significant (P = .09) (Table 2). When a MOW
was performed, however, there were no differences in ante-
rior tibial translation for the medial or lateral compartment.
For the anterior drawer test, no significant differences
were found with either osteotomy type for anterior tibial
translation (Table 3). Similarly, for the pivot shift, no sig-
nificant differences were found for internal tibial rotation.
For LCW, the difference between the ACL-deficient knee and
native was 1.51� and the difference between the osteotomy

knee and native was 1.91� (P = .751). For MOW, the difference
between the ACL-deficient knee and native was 1.65� and the
difference between the osteotomy knee and native was 21.19�
(P = .228).

Patellofemoral

After LCW, in all cadavers, the distal tibia was signifi-
cantly more externally rotated and the patella significantly
laterally tilted (Table 4). However, after MOW, in 4 speci-
mens the tibia distal to the osteotomy was rotated exter-
nally and the patella tilted laterally, and in 4 specimens
the tibia was rotated internally and the patella tilted medi-
ally. The mean absolute tibial rotation and mean absolute
change in patellar axial tilt were significantly higher in the

TABLE 2
Change in Anterior Tibial Translation During Lachman

Testing Based on Osteotomy Type and ACL Statusa

Anterior Tibial Translation, mm

Deficient vs Native Osteotomy vs Native P Value

LCW
Medial 4.75 3.05 .090
Lateral 5.25 1.75 .003

MOW
Medial 2.7 2.425 .790
Lateral 3.375 2.75 .410

aACL, anterior cruciate ligament; LCW, lateral closing wedge;
MOW, medial opening wedge.

TABLE 1
Coronal and Sagittal Alignmenta

Right (LCW) Left (MOW) P Value

Coronal alignment, deg
Native 5.1 6 1.6 5.1 6 1.6

varus varus
Postoperative 0.8 6 1.7 2.1 6 1.3

valgus valgus
Change 5.9 6 1.8 7.2 6 0.95 .08

Posterior tibial slope, deg
Native 6.2 6 0.9 6.2 6 0.9
Postoperative –0.9 6 1.2 1.0 6 0.5
Change 7.1 6 1.8 5.1 6 0.9 .025

aData are reported as mean 6 SD. LCW, lateral closing wedge;
MOW, medial opening wedge.

Figure 3. Iterative closest point analysis to assess patellofemoral tilt. Three-dimensional model demonstrating computational
measurements for patellofemoral rotation and alignment associated with HTO. (A) Preosteotomy patellar position and alignment,
(B) postosteotomy patellar position and alignment, (C) pre- and postosteotomy patellae superimposed, (D) pre- and postosteot-
omy patellae after computer-calculated rotation and translation required to ensure accurate superimposition. HTO, high tibial
osteotomy.
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LCW group than in the MOW group (P = .009 and .04,
respectively). Within the MOW group, tibias that rotated
externally had a mean external tibial rotation of 4.2� 6

2.4� and mean lateral patellar tilt of 2.5� 6 0.8�, with no sig-
nificant difference compared with those tibias that rotated
internally, with mean internal tibial rotation of 1.4� 6

0.8� (P = .065) and medial patellar tilt of 2.4� 6 1.2�. The
change in patellar axial tilt was correlated only with tibial
rotation, with a moderately positive Pearson correlation
product (r2 = 0.65). However, there were no correlations
between patellar axial tilt and slope correction or between
patellar axial tilt and coronal alignment correction.

DISCUSSION

To our knowledge, this is the first biomechanical study
comparing LCW and MOW tibial and patellofemoral align-
ment kinematics. We found that LCW HTO demonstrates
more reliable slope correction than does MOW HTO; how-
ever, LCW is inferior to MOW in maintaining neutral
patellofemoral mechanics. As such, we only partially
accept our hypothesis due to the differential efficacy of
LCW versus MOW HTO on both tibiofemoral and patellofe-
moral mechanics. Patients with multiple failed ACL recon-
structions, or patients with clear anatomic risk factors for
ACL injury, may benefit more from a leveling LCW HTO as
it confers a more protective environment to normalized
ACL kinematics; however, this benefit may be obtained
at the expense of the patellofemoral joint.

In this study, we found that LCW HTO provided more
significant slope neutralization than did MOW HTO while
concurrently decreasing the magnitude of anterior tibial
translation in the ACL-deficient knee. The relationship
between sagittal plane mechanics and changes in posterior
tibial slope is well documented.4,17,39 A linear association
between increased anterior tibial translation, tibial shear
force, and ACL strain has been shown with increasing pos-
terior tibial slope; however, few studies have investigated
the effects of slope neutralization in the ACL-deficient
knee. Shelburne et al39 used a 3D musculoskeletal com-
puter model to show that anterior tibial translation could

be decreased in standing, walking, and squatting by less-
ening the posterior tibial slope. Their results were consis-
tent with the in vivo radiographic results of Dejour and
Bonnin,12 which demonstrated a change of 6 mm in ante-
rior tibial translation with 10� change in slope. The find-
ings of this study were in agreement but less robust, as
we found a decrease of 2.6 mm in anterior tibial translation
with a 7� change in posterior tibial slope when using an
LCW. The discrepancy between our study and previously
reported values for anterior tibial translation may be
explained by our lack of physiologic axial load as applied
in prior studies.12 In one of the few studies examining
alterations in anterior tibial translation in association
with posterior tibial slope neutralization in ACL-deficient
knees, Voos et al45 also noted a decrease in translation dur-
ing clinical testing (pivot shift) but no significant improve-
ments in anterior tibial translation during Lachman
testing. The osteotomy in that study differed from ours
as it was a pure sagittal osteotomy aimed for only 5� of
slope correction from the native state, which may account
for the differences in kinematic testing and is unrealistic
clinically in the ACL-deficient knee. More recently, Dejour
et al11 demonstrated good medium-term outcome in
patients undergoing revision ACL reconstruction who
had their posterior tibial slope addressed at the time of sec-
ond revision. Our findings, in conjunction with these prior
studies, highlight the importance of posterior tibial slope
neutralization and its effect on knee stability. Further-
more, our findings suggest that posterior tibial slope is
a modifiable factor for complex and primary revision ACL
surgery.

We chose to use 2 commonly used HTOs rather than
a pure sagittal correction in this study so as to evaluate
clinically relevant outcomes, as well as investigate the dif-
ferences between these 2 types of surgeries. Randomized
controlled studies on LCW HTO versus MOW HTO have
suggested that LCW may produce more accurate correc-
tion6 despite an equivalence in medium- to long-term out-
come.13 A meta-analysis by Smith et al42 investigated
outcomes of studies following LCW and MOW osteotomies
and demonstrated no difference in complication rates or
outcome scores. Radiographically, they found opening-
wedge procedures resulted in lower patellar height and
an increase in posterior tibial slope, both of which were sig-
nificant in comparison with closing-wedge techniques. Our
finding that LCW has significantly better posterior tibial
slope neutralization echoes these prior results. In addition,
we found, as in prior studies, no difference in coronal align-
ment between the 2 osteotomy techniques.

TABLE 3
Change in Anterior Tibial Translation
During Anterior Drawer Testing Based
on Osteotomy Type and ACL Statusa

Anterior Tibial Translation, mm

Deficient vs Native Osteotomy vs Native P Value

LCW
Medial 1.8 2.3 .54
Lateral 1.175 1.05 .87

MOW
Medial 2.725 2.325 .43
Lateral 2.5 2.65 .74

aACL, anterior cruciate ligament; LCW, lateral closing wedge;
MOW, medial opening wedge.

TABLE 4
Changes in Axial Alignmenta

LCW MOW P Value

External tibial rotation, deg 7.7 6 4 2.8 6 2.3 .009
Lateral patellar tilt, deg 5.6 6 3.9 2.4 6 0.9 .04

aData are reported as mean 6 SD. LCW, lateral closing wedge;
MOW, medial opening wedge.
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Another novel aspect of this study is looking at 2 differ-
ent osteotomy techniques and their effect on patellofemoral
kinematics. We demonstrated increased distal tibial exter-
nal rotation and lateral patellar tilt after LCW compared
with MOW HTO. One prior study looking only at MOW
found (similar to the present study) that MOW did not sig-
nificantly alter patellofemoral mechanics.47 The significant
difference between absolute rotation after LCW and MOW
appears to be related to the fibular osteotomy and the lat-
eral tibial cortical hinge preserved in MOW HTO, therefore
restricting excessive tibial rotation. Patellar tilt conse-
quently tends to follow the distal tibia as the osteotomies
are performed above the tibial tubercle. The clinical signif-
icance relating to our finding for increased tibial rotation
and patellar axial tilt is worthy of further investigation.
Patellofemoral alignment and kinematics have been shown
to predict risk for progression to patellofemoral arthritis.36

The effect of alterations in native patellofemoral mechan-
ics after HTO, however, is variably interpreted in the liter-
ature with no clear consensus on the clinical outcome of
this finding.28 Our current lack of understanding may be
a result of inattention to the differences between LCW
and MOW HTO. With regard to total knee arthroplasty
(TKA), however, it has been established that alterations
in patella mechanics associated with HTO may result in
more technically challenging TKA surgery, as well as
altered post-TKA kinematics.18,19,24

This study has certain limitations. First, this investiga-
tion was a laboratory study using fresh-frozen cadavers.
Although such studies provide valuable information for
biomechanical testing, our in vivo assessment is limited,
and we cannot account for the soft tissue and muscular
interplay responsible for dynamic stability in the knee
joint. Specifically, HTO is most commonly performed in
the setting of chronic ACL insufficiency and corresponding
laxity of knee soft tissue structures. In our study, the ACL
was sectioned acutely, and this may not be representative
of in vivo knee injury kinematics. The laboratory nature of
our investigation, however, paves the way for further clin-
ical assessments and research to better evaluate knee
instability in ACL-deficient patients undergoing HTO.
Another limitation of the current study is the testing appa-
ratus. Our laboratory design attempted to replicate the 3
commonly used physical examination maneuvers—faithful
replication of these tests requires an absence of axial load-
ing. However, this design choice limits the generalizability
of our findings as we do not submit our cadaveric speci-
mens to physiologic conditions and, as such, can make no
inferences as to how physiologic axial loading would alter
our findings. On the basis of the work of McLean et al,33

we suspect that adding axial load would likely mimic or
accentuate improvements in anterior tibial translation
found in this study. Our shift data were limited because
of the ineffectiveness of our machine at reproducing our
results. In addition, our postosteotomy kinematic testing
was inherently limited. We found that anterior tibial
translation was significantly altered only for the Lachman
but not for anterior drawer testing. Plastic deformation of
translation testing devices over several runs could poten-
tially contribute to decreased accuracy of anterior tibial

translation measurement; however, no significant defor-
mation was noted over the course of our own laboratory
investigations. Nonsignificant findings may have been
a result of supplementary restraining effects of the knee
soft tissue envelope augmenting HTO in vivo, which is
not faithfully reproduced in a cadaveric specimen. Specifi-
cally, we believe the overresection of the MCL during
MOW and laxity of the lateral side with LCW may cause
excessive anterior tibial translation in higher flexion at
time zero due to an absence of medial-side healing and
the lateral-side scarring that occur in vivo. Finally, techni-
cal considerations should be noted. Specifically, we believe
that, with the technique described in this study, plate posi-
tion likely has a negligible effect on the degree of posterior
tibial slope neutralization with MOW; however, this has not
been formally studied. As assessed by Noyes et al35 in com-
parison to LCW, MOW can be more technically challenging
with regard to controlling for multiplanar alignment. Noyes
et al described a 3-triangle concept with regard to MOW:
coronal (valgus) angle, the oblique opening-wedge angle
along the anteromedial tibial cortex, and the gap angle.
Attention is paid to these 3 triangles during MOW to appro-
priately correct axial alignment while maintaining or mod-
ifying tibial slope. The technical challenge of MOW was
attenuated in our study because all procedures were per-
formed by a single fellowship-trained surgeon performing
a high volume of MOW in routine practice.

CONCLUSION

LCW HTO demonstrates more reliable slope correction than
does MOW HTO. However, LCW is inferior to MOW in
maintaining neutral patellofemoral mechanics. More work
is needed to continue investigating the effect of MOW and
LCW HTO on knee kinematics in the ACL-deficient knee.
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