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Effect of Slope-Reducing Tibial Osteotomy
With Primary Anterior Cruciate Ligament
Reconstruction on Clinical and Radiological
Results in Patients With a Steep Posterior
Tibial Slope and Excessive Anterior Tibial
Subluxation

Propensity Score Matching With a Minimum
2-Year Follow-up
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Yang Liu,*" MD, Guanyang Song,** MD, and Hui Zhang,*"* MD
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Background: A steep posterior tibial slope (PTS) and excessive anterior tibial subluxation of the lateral compartment (ASLC) have
been considered to be associated with inferior graft outcomes in primary anterior cruciate ligament (ACL) reconstruction (ACLR).
Case series studies have demonstrated that combined slope-reducing tibial osteotomy can greatly improve knee functional
scores and stability in revision ACLR. However, there is currently no comparative study evaluating the clinical benefits of osteot-
omy procedures in primary ACLR.

Purpose: To assess the feasibility of combined slope-reducing tibial osteotomy and primary ACLR in patients with a steep PTS
and excessive ASLC and to explore the suitable threshold for osteotomy.

Study Design: Case series; Level of evidence, 4.

Methods: Between 2016 and 2022, of the 108 patients with ACL injuries who had a steep PTS (>15°) and a follow-up >2 years, 30
patients with excessive ASLC (>6 mm) underwent concomitant slope-reducing tibial osteotomy and ACLR (osteotomy group), and 78
patients underwent isolated ACLR (control group). Propensity score matching at a 1:2 ratio was used to match preoperative variables
between the 2 groups. After matching preoperative variables, 25 and 48 patients underwent combined surgery and isolated ACLR,
respectively. The primary outcome was ACL graft status (failure and laxity rates). The secondary outcomes were ASLC and anterior
tibial subluxation of the medial compartment (ASMC), KT-1000 arthrometer side-to-side difference (SSD), pivot-shift grade, and
second-look arthroscopic findings. Stratified analysis was performed with 1° PTS increments to explore the osteotomy threshold.

Results: Both groups were comparable in terms of age, sex, side, body mass index, PTS, graft diameter, time from injury to sur-
gery, ASLC, ASMC, KT-1000 arthrometer SSD, pivot-shift grade, and meniscal injuries (all P > .05). The mean PTS significantly
decreased from 18.2° to 6.7° (P < .001) in the osteotomy group. The 2-year rate of ACL graft laxity was 12.0% in the osteotomy
group and 35.4% in the control group, with a statistically significant difference (P = .033). There was no significant difference in the
2-year rate of ACL graft failure between the 2 groups (8.0% vs 12.5%, respectively; P = .559). The final follow-up data showed that
improvements in ASLC (4.5 vs 6.4 mm, respectively; P = .012) and ASMC (2.8 vs 4.5 mm, respectively; P = .014) were more sig-
nificant in the osteotomy group compared with the control group. On the second-look arthroscopic examination, the incidence of
graft roof impingement in the control group was significantly higher than that in the osteotomy group (22.9% vs 4.0%, respec-
tively; P = .039). No significant differences were observed between the 2 groups in terms of KT-1000 arthrometer SSD and
high-grade pivot shift (P > .05). Furthermore, stratified analysis revealed that the combined procedure significantly reduced
the ACL graft failure rate and improved the KT-1000 arthrometer SSD in patients with a preoperative PTS >16°.
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Conclusion: Slope-reducing tibial osteotomy combined with primary ACLR significantly decreased the amount of anterior tibial
subluxation, the incidence of graft roof impingement, and the graft laxity rate for patients with a steep PTS (>15°) and excessive
ASLC (>6 mm). Furthermore, in patients with a PTS >16°, the combined procedure improved anterior knee stability and reduced
the graft failure rate. Therefore, a PTS >16° plus ASLC >6 mm may be considered an appropriate indication for combining slope-
reducing tibial osteotomy with primary ACLR.

Keywords: posterior tibial slope; slope-reducing tibial osteotomy; osteotomy threshold; residual graft laxity; anterior tibial sub-

luxation; knee stability

Despite continuous improvements in surgical techniques for
anterior cruciate ligament (ACL) injuries, the failure rate of
primary ACL reconstruction (ACLR) remains between 11%
and 20%.2° The causes of ACLR failure are multifactorial.
Recently, great attention has been focused on inherent
bony morphology that correlates with an increased risk of
ACLR failure. Among the numerous bony variations, there
is growing evidence that a steep posterior tibial slope
(PTS) adversely affects knee kinematics.'»?° An increased
PTS generates a greater anterior shear force when an axial
load is applied to the knee, leading to anterior tibial sublux-
ation of the lateral compartment (ASLC).!! In patients expe-
riencing failed ACLR, both a steep PTS and excessive ASLC
are common findings.*%17

Consequently, combined tibial osteotomy to reduce
a steep PTS has been advocated during revision ACLR to
protect the revised ACL graft.»®192%33 Corresponding
clinical results have supported the effectiveness of this
combined procedure in decreasing a steep PTS, improving
knee stability, and minimizing recurrent failure. Consider-
ing the invasive and complex nature of osteotomy, there is
currently a paucity of literature examining the outcomes
associated with this combined procedure in patients with
ACL injuries. However, for patients with an inherently
high risk for graft failure, including a steep PTS and exces-
sive ASLC, the addition of slope-reducing tibial osteotomy
is potentially beneficial to prevent graft failure after pri-
mary ACLR.

To date, only one case series study has reported the
short-term results of slope-reducing tibial osteotomy dur-
ing primary ACLR, and the surgical indication was strictly
controlled as a PTS >13° and ASLC >10 mm.”® Within this
patient cohort, along with a 10° reduction in the PTS,
ACLR yielded satisfactory subjective scores, no residual
pivot shift, no graft reruptures, and a dramatic decrease
in ASLC at 2 years postoperatively. To further elucidate
the advantages of combined osteotomy compared with iso-
lated ACLR in complex cases with ACL injuries, direct
comparative analyses are required.

The purpose of this study was therefore to (1) compare
the clinical, radiological, and arthroscopic results between
combined slope-reducing tibial osteotomy versus isolated
ACLR in patients with a steep PTS and excessive ASLC
and (2) establish an appropriate threshold of the PTS for
slope-reducing tibial osteotomy.

METHODS

Patient Enroliment

This study was approved by the Ethics Committee of Beijing
Jishuitan Hospital, Capital Medical University, and we
obtained informed consent from the enrolled patients.
From June 2016 to June 2022, a continuous sample of
patients with a clinically diagnosed ACL injury who under-
went primary ACLR at our center was retrospectively
reviewed. Only patients with a preoperative PTS >15°
and ASLC >6 mm were included. Exclusion criteria were
as follows: (1) partial ACL injury, (2) bilateral ACL injury,
(3) combined posterior cruciate ligament injury or grade 3
medial collateral ligament injury, (4) preoperative hyperex-
tension >10° of the injured knee, (5) mild to severe coronal-
plane malalignment (varus/valgus >5°) of the injured lower
extremity, (6) history of surgery to the lower extremities,
and (7) final follow-up <2 years. Patients with a grade 1
or 2 medial collateral ligament injury and meniscal injury,
followed by meniscectomy or meniscal repair, were not
excluded. The mean age of the included patients was 29.5
years (range, 14-40 years), with 71% being male. Most inju-
ries were noncontact and occurred during sports activities.
The patient selection process is illustrated in Figure 1.

Grouping and Matching

During the recruitment period, all patients with a steep
PTS (>15°) and excessive ASLC (>6 mm) were informed
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Patients underwent isolated
primary ACLR between from
2016 to 2022
(n=507)

Patients underwent slope-reducing
tibial osteotomy combined with
primary ACLR from 2016 to 2022
(n=35)

Excluded:

* lack of standing weight-bearing full-
length lateral radiographs (n = 84)

* PTS <15 deg (n =248)

« partial ACL injury or bilateral ACL

Patients assessed for eligibility
(Osteotomy : Control = 34 : 119)

Follow up duration > 2 years

injuries (n = 34)

* combined PCL injury, posterolateral
corner injury, or grade 3 MCL injury
n=12)

« generalized joint laxity (Beighton
score >5) (n=5)

* history of knee joint surgery (n = 4)

Lost to follow-up or follow-up < 2 years

Propensity score matching
1:2 match

(Osteotomy: Control =4 : 41)

Matching variables:
* PTS, age, gender, side, BMI, TFIS,

Patients eligible for final analysis
(Osteotomy : Control =25 : 48)

graft diameter, ASLC, ASMC,
combined with meniscus injuries

Figure 1. Flow chart of patient enroliment. ACLR, anterior cruciate ligament reconstruction; ASLC, anterior tibial subluxation of
the lateral compartment; ASMC, anterior tibial subluxation of the medial compartment; BMI, body mass index; MCL, medial col-
lateral ligament; PCL, posterior cruciate ligament; PSM, propensity score matching; PTS, posterior tibial slope; TFIS, time from

injury to surgery.

about the surgical strategy to reduce the PTS and voluntar-
ily chose to undergo osteotomy or not. Because of the non-
random grouping method, propensity score matching was
used to reduce the selection bias and the effect of confound-
ing factors. Patients who underwent combined slope-
reducing tibial osteotomy (osteotomy group) were matched
1:2 with those who underwent isolated ACLR (control
group) based on age, sex, side, body mass index (BMI),
time from injury to surgery (TFIS), graft diameter, meniscal
status, preoperative PTS, and ASLC in extension (Figure 1).

Surgical Technique

ACL Graft Preparation. Autograft harvesting involved
making a vertical incision on the medial side of the tibial
tubercle to expose the pes anserinus. The sartorius fascia
was incised to expose the semitendinosus and gracilis ten-
dons, which were harvested as grafts for ACLR. All
patients underwent a single-bundle ACLR technique with
an 8-strand graft configuration using FiberWire (Arthrex)
for weaving and reinforcement.

Tibial Tunnel Placement. Arthroscopic surgery was per-
formed through the anterolateral portal to access the joint.
Using an ACL tibial guide, the joint was positioned at the
center of the footprint of the ACL tibial attachment site.
The tibial tunnel exit was placed at the level of the pes
anserinus and approximately 4 cm from the medial tibial
plateau (Figure 2A).

Slope-Reducing Tibial Osteotomy. At a distance of 2 cm
from the highest point of the tibial tubercle, a 2-mm
Kirschner wire (K-wire) was inserted, pointing toward
the posterior cruciate ligament tibial attachment site.
Then, another K-wire was inserted parallel to the first
one, approximately 2 cm apart on the lateral side, and its
position and direction were confirmed under fluoroscopy
(Figure 2B). These 2 K-wires determined the upper osteot-
omy plane. The osteotomy angle was measured using
a goniometer, and 2 additional K-wires were inserted to
confirm their positions, converging on the posterior cortex
of the tibia. These 2 K-wires determined the lower osteot-
omy plane. Lateral radiographs of the knee joint were
taken to confirm the angle between the upper and lower
osteotomy planes, which matched the preoperatively
planned angle (Figure 2C). The self-designed osteotomy
module in this study was set at 10°, with the correction
range between 8° and 12°. Osteotomy was performed along
the K-wires using an oscillating saw. After removing the
wedge-shaped bone fragment, a bone chisel was used to
partially cut the hinge of the posterior cortex of the tibia.
Fluoroscopic confirmation was performed to ensure that
the osteotomy depth reached the posterior cortex of the
tibia (Figure 2D). Gradually extending the knee joint while
applying pressure at the osteotomy site allowed for gradual
closure of the osteotomy surface, avoiding potential frac-
tures of the posterior tibial wall (Figure 2E). Fluoroscopic
confirmation of the corrected PTS was followed by fixation
using the TomoFix system (DePuy Synthes) (Figure 2F).
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Figure 2. Slope-reducing tibial osteotomy. (A) The tibial tunnel position was identified under fluoroscopy. (B) Kirschner wires were
used to determine the upper osteotomy plane at the distal tibial tuberosity, aiming toward the tibial insertion of the posterior cru-
ciate ligament. (C) The lower osteotomy plane was defined based on the targeted posterior tibial slope. (D) Osteotomy was per-
formed, and the wedge-shaped bone segment was removed. (E) The osteotomy site was compressed and closed, ensuring that
the posterior tibial cortex remained intact. (F) The osteotomy site was fixed using a plate and screw system.

For details on high tibial osteotomy, please refer to the
online Supplementary Video.

Femoral Tunnel Placement. Arthroscopic surgery was
performed through the anteromedial portal, and a low
anteromedial accessory portal was established. The knee
joint was flexed at 120°, and a true lateral view of the
knee joint was obtained under fluoroscopy. A guide pin
was inserted through the anteromedial accessory portal
to position the femoral tunnel using an inside-out tech-
nique. The tunnel diameter matched the size of the graft
and had a depth of 20 mm.

Graft Insertion and Fixation. The XO Button system
(ConMed Linvatec) was used for femoral-side fixation.
Using a traction wire, the ACL graft was introduced into
the tibial tunnel and then passed into the femoral tunnel.
After confirming proper flipping and fixation of the XO
Button, the joint was flexed 20 times to adjust the compli-
ance of the graft. The graft was tensioned, maintaining the
knee at 20° of flexion, and intratunnel fixation was per-
formed in the tibial tunnel using the Intrafix sheath and
screw system (DePuy Synthes). Subsequently, double fixa-
tion was achieved on the anterior cortex of the tibia using

4.5-mm AO/ASIF cortical screws and washers (DePuy Syn-
thes). The graft sutures were secured by wrapping them
around the screws and applying compression with the
washers.

Other Arthroscopic Procedures. Any additional intra-
articular injuries, such as meniscal tears, were addressed
accordingly. Meniscal tears were repaired based on their
characteristics, while complex or irreparable chronic
meniscal tears or defects required debridement. The
meniscal injury patterns and surgical details for both
groups are provided in Appendix Table Al (available in
the online version of this article).

Rehabilitation Protocol

Progressive rehabilitation began immediately after sur-
gery. A hinged knee brace was used for the first 4 weeks.
The brace could be unlocked, allowing passive range of
motion exercises from 0° to 90°. The knee joint was permit-
ted to achieve full extension (0°), but hyperextension was
avoided. Partial weightbearing started at 4 weeks
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Lateral weight-bearing
whole-leg radiographs

True lateral view
of the knee

The proximal
fitting circle of
the tibia

Tibial anatomic
axis

The distal fitting
circle of the tibia

Figure 3. Measurement of the posterior tibial slope. On true
lateral radiographs of the lower limb, best-fit circles were
formed at the proximal and distal cortices of the tibia to
determine the tibial anatomic axis. The angle between the
tangent to the medial tibial plateau and a line perpendicular
to the tibial anatomic axis was defined as the posterior tibial
slope.

postoperatively, followed by full-weightbearing walking at
6 weeks. Gradual return to preoperative sports activities
was expected within 9 to 12 months after surgery.

Data Collection

Age, sex, side, and BMI were recorded for all patients pre-
operatively. The timing of the initial ACL injury was estab-
lished based on patient recollection, and TFIS represented
the interval from the initial ACL injury to ACLR.

Physical Examination

A physical examination was performed with the patient
under anesthesia before initial surgery and at the time of
hardware removal (final follow-up). All examinations
were conducted by the senior author (H.Z.), who has >20
years of orthopaedic experience. The KT-1000 arthrometer
was used with maximal manual force and recorded the
side-to-side difference (SSD). The pivot-shift test finding

Slope-Reducing Tibial Osteotomy and ACLR 1385

Figure 4. Anterior tibial subluxation of the (A) lateral and (B)
medial compartments in extension. The circles in the dia-
gram represent the best-fit circles of the subchondral bone
of the posterior medial and lateral femoral condyles. Line
a is the tangent to the tibial plateau. A line (line b) was drawn
perpendicular to line a from the posterior margin of the tibial
plateau, and another line (line ¢) was drawn perpendicular to
line a from the posterior margin of the femoral condyles. The
distance between these 2 parallel lines represents anterior
tibial subluxation of the lateral compartment and anterior tib-
ial subluxation of the medial compartment.

was graded as negative, 1+ (glide), 2+ (clunk), or 3 +
(locking).

Measurement of PTS

Using the EOS system (EOS Imaging), anteroposterior and
lateral weightbearing whole-leg radiographs were obtained
for all patients preoperatively and for patients in the
osteotomy group at the final follow-up. The measurement
of the PTS was conducted on true lateral radiographs of
the knee with fluoroscopic control to ensure superimposi-
tion of the femoral condyles. The PTS was determined as
the angle between the tangent line of the medial tibial pla-
teau and a line perpendicular to the tibial anatomic axis
(Figure 3). This method, which provided a full-length
view of the tibia, was deemed suitable.?? In this study, 2
observers (M.D. and H.Z.) independently measured the
PTS.

Measurement of Anterior Tibial Subluxation

All patients underwent 1.5-T magnetic resonance imaging
(MRI) with the same protocol both preoperatively and at
the final follow-up. The patients were positioned supine on
the examination table, with a pillow placed under the entire
lower extremity to support knee extension and maintain
a neutral rotational position. Again, 2 independent
researchers (M.D. and H.Z.) measured ASLC and anterior
tibial subluxation of the medial compartment (ASMC) on
T2-weighted sagittal sequences using the method described
by Tanaka et al®? (Figure 4). The accuracy of PTS, ASLC,
and ASMC measurements in this study was 0.1°.



1386 Wang et al

Second-Look Arthroscopic Surgery

At the final follow-up, a routine second-look arthroscopic
examination was performed for all patients during hard-
ware removal by the senior author (H.Z.). The assessment
primarily focused on ACL graft continuity and tension.
Moreover, the presence of graft roof impingement during
passive knee motion was recorded based on the findings
reported by Watanabe and Howell®: (1) fractured or guil-
lotined bundles at the tibial insertion or (2) a cyclops
lesion. Other combined injuries, such as intercondylar
notch hypertrophy and cartilage damage, were also
evaluated.

Definition of Graft Laxity and Failure

In this study, patients who had any of the following at the
final follow-up were confirmed to have graft laxity: (1)
a KT-1000 arthrometer SSD >3 mm or a positive pivot-
shift test finding under anesthesia or (2) graft laxity with
probing on second-look arthroscopic surgery. Graft failure
was defined as complete discontinuity of graft fibers
observed on follow-up MRI or second-look arthroscopic
surgery.

Calculation of Sample Size

This study used the graft laxity rate as the basis for sample
size calculation. In the pilot study, 10 patients in the
osteotomy group and 20 patients in the control group
were enrolled, and the minimum 2-year outcomes showed
graft laxity rates of 21% and 40%, respectively. A contin-
gency table was constructed, and the effect size for the
chi-square test was 0.402. With an alpha of .05 and power
(1 — B) of 0.80, G*Power software (Version 3.1; Franz Paul)
calculated the minimum sample size needed to detect a dif-
ference in the graft laxity rate to be 49 patients.

Statistical Analysis

All quantitative data were tested for normality. Normally
distributed quantitative data were recorded as mean =+
standard deviation, while nonnormally distributed data
were recorded as median and interquartile range. Categor-
ical variables were presented as frequencies and percen-
tages. The differences in quantitative variables between
groups were analyzed using ¢ tests or Wilcoxon rank-sum
tests, while differences in categorical variables were ana-
lyzed using chi-square tests or Fisher exact tests. Strati-
fied analysis was conducted using the preoperative PTS
in 1° increments to evaluate differences in clinical, radio-
logical, and arthroscopic outcomes between groups. The
intraclass correlation coefficient®® and kappa statistic®!
were calculated to evaluate the reliability of the measure-
ment methods adopted in this study. All statistical analy-
ses were performed using the R package (Version 4.2.1)
and SPSS software (Version 26.0; IBM). The significance
level was set at .05.

The American Journal of Sports Medicine

RESULTS

Baseline Characteristics of Patients

Based on inclusion and exclusion criteria, 108 patients
with a preoperative PTS >15° and a follow-up >2 years
were enrolled, with 30 of them undergoing slope-reducing
tibial osteotomy. Using propensity score matching at
a 1:2 ratio, 25 patients in the osteotomy group and 48
patients in the control group were included in the final
analysis. Patient characteristics are summarized in Table
1. After baseline matching, the 2 groups were comparable
in terms of age, sex, side, BMI, TFIS, KT-1000 arthrometer
SSD, pivot-shift grade, PTS, ASLC, ASMC, graft diameter,
meniscal status, and follow-up period (all P > .05) (Table
1). Particularly, the mean PTS was 18.2° in the osteotomy
group and 17.9° in the control group (P = .458).

Reliability and Accuracy of Measurements

The interobserver intraclass correlation coefficients for
PTS, ASLC, and ASMC measurements were all >0.80, con-
firming that the assessment methods used in this study
have high reproducibility. See Appendix Table A2 (avail-
able online) for more reliability analysis details.

Physical Examination Findings

The mean postoperative KT-1000 arthrometer SSD in the
osteotomy group showed no significant difference com-
pared with that in the control group (1.2 vs 2.2 mm, respec-
tively; P = .149). The proportion of patients with a positive
pivot shift postoperatively was 8.0% in the osteotomy
group and 23.0% in the control group, with no significant
difference (P = .253) (Table 2). Compared with preopera-
tively, the KT-1000 arthrometer SSD significantly
decreased postoperatively in both the osteotomy group
(7.8 vs 1.2 mm, respectively; P < .001) and the control
group (7.6 vs 2.2 mm, respectively; P < .001). The propor-
tion of patients with a 2 + /3 + pivot-shift grade was also
significantly reduced from preoperatively to postopera-
tively in the osteotomy group (76.0% vs 0.0%, respectively;
P < .001) and the control group (60.5% vs 4.2%, respec-
tively; P < .001) (Table 3).

Radiological Outcomes

The PTS significantly decreased from 18.2° = 1.9° preopera-
tively to 6.7° = 2.0° postoperatively (P < .001) in the osteot-
omy group. At the final follow-up, the osteotomy group had
significantly less ASLC (4.5 vs 6.4 mm, respectively; P =
.012) and ASMC (2.8 vs 4.5 mm, respectively; P = .014) com-
pared with the control group (Table 2). Notably, patients who
underwent combined osteotomy showed significantly
decreased ASLC (7.6 to 4.5 mm, P = .002) and ASMC (5.1
to 2.8 mm, P = .034) from preoperatively to postoperatively.
In contrast, those undergoing isolated ACLR had no effective
correction of ASLC (6.7 to 6.4 mm, P = .856) and even a slight
increase of ASMC (3.8 to 4.5 mm, P = .051) from preopera-
tively to postoperatively (Table 3).
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TABLE 1
Baseline Characteristics of Patients®
Before PSM After PSM
Osteotomy (n = 30) Control (n = 78) P Value Osteotomy (n = 25) Control (n = 48) P Value

Age, y 30.6 =173 29.1 = 8.6 .404 29.7 + 6.9 30.0 + 8.9 .835
Male sex 23 (76.7) 54 (69.2) 444 20 (80.0) 31 (64.6) 173
Left side 12 (40.0) 40 (51.3) .293 9 (36.0) 23 (47.9) .456
BMI, kg/m? 252+ 29 24.0 = 3.3 .098 249 = 2.3 246 = 3.4 .738
TFIS, wk 24 (3-96) 8 (2-48) .186° 24 (3-48) 8 (2-48) .265°
SSD (KT-1000), mm 8.1+29 75+ 23 258 7.8 +28 7.8 +24 .987
Pivot-shift grade .430 428

Negative/l + 8 (26.7) 32 (41.0) 6 (24.0) 19 (39.6)

2+ 20 (66.7) 42 (53.8) 18 (72.0) 26 (54.2)

3+ 2 (6.7) 4(5.1) 1 (4.0) 3(6.3)
PTS, deg 182+ 19 17.3 + 1.8 .016 18.2 + 1.9 179 + 1.9 .458
ASLC, mm 8.4+ 34 5.9 + 3.8 .008 76+ 18 6.7 + 2.3 241
ASMC, mm 5.0 + 3.2 3.6 +3.1 .064 51+ 3.1 3.8 +3.2 144
Graft diameter, mm 85 * 0.6 92+ 11 .002 8.5+ 0.6 88 £ 1.1 .100
Lateral meniscal injury 10 (33.3) 43 (55.1) .042 9 (36.0) 24 (50.0) .324
Medial meniscal injury 21 (70.0) 32 (41.0) .007 16 (64.0) 21 (43.8) .101
Follow-up, mo 29.3 = 3.7 279 = 3.6 .252 29.6 = 3.5 28.8 = 3.4 .488

“Data are presented as mean + SD, n (%), or median (interquartile range). ASLC, anterior tibial subluxation of the lateral compartment;
ASMC, anterior tibial subluxation of the medial compartment; BMI, body mass index; PSM, propensity score matching; PTS, posterior tibial
slope; SSD, side-to-side difference; TFIS, time from injury to surgery.

*Mann-Whitney U test.

TABLE 2
Outcomes at Final Follow-up®
Osteotomy (n = 25) Control (n = 48) P Value

SSD (KT-1000), mm 1.2 +29 2.2+ 25 .149
Pivot-shift grade .253

Negative 23 (92.0) 37 (77.1)

1+ 2 (8.0) 9 (18.8)

2+ 0 (0.0) 2 (4.2)
ASLC, mm 4.5 *+ 3.6 6.4 * 2.3 .012
ASMC, mm 2.8 + 2.1 45 + 2.6 .014
Graft roof impingement 1 (4.0) 11 (22.9) .039
Graft laxity 3(12.0) 17 (35.4) .033
Graft failure 2 (8.0) 6 (12.5) .559
Cartilage injury (grade 1) 3 (12.0) 11 (22.9) .261
Cyclops lesion 1 (4.0) 6 (12.5) 242
Intercondylar notch hypertrophy 2 (8.0) 9 (18.8) .223

“Data are presented as mean + SD or n (%). ASLC, anterior tibial subluxation of the lateral compartment; ASMC, anterior tibial sublux-
ation of the medial compartment; SSD, side-to-side difference.

Second-Look Arthroscopic Findings

On the second-look arthroscopic examination, the incidence
of graft roof impingement was significantly higher in the
control group than that in the osteotomy group (22.9% vs
4.0%, respectively; P = .039). In the osteotomy group, no
adverse events such as infections, nonunion, or hardware
complications were reported at the osteotomy site.

Graft Laxity and Failure

At the final follow-up, the incidence of ACL graft laxity was
12.0% (3/25) in the osteotomy group and 35.4% (17/48) in
the control group, with a significant difference (P = .033).
The ACL graft failure rate was 8.0% and 12.5%, respec-
tively, in the osteotomy group and control group, with no
statistically significant difference (Table 2).
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TABLE 3
Preoperative and Postoperative Outcomes®

Osteotomy (n = 25)

Control (n = 48)

Preoperative Postoperative P Value Preoperative Postoperative P Value

PTS, deg 182 =19 6.7 £ 2.0 <.001 179 = 19 — —
SSD (KT-1000), mm 7.8+ 28 1.2*+29 <.001 7.8 *+24 2.2 * 25 <.001
Pivot-shift grade <.001° <.001

Negative 0 (0.0) 23 (92.0) 3(6.3) 37 (77.1)

1+ 6 (24.0) 2 (8.0) 16 (33.3) 9(18.8)

2+ 18 (72.0) 0 (0.0) 26 (54.2) 2 (4.2)

3+ 1(4.0) 0(0.0) 3(6.3) 0(0.0)
ASLC, mm 7.6 =18 45 * 3.6 .002 6.7 + 2.3 6.4 + 2.3 .856
ASMC, mm 5.1+ 31 2.8 £ 2.1 .034 3.8 +32 4.5 + 2.6 .051

“Data are presented as mean + SD or n (%). ASLC, anterior tibial subluxation of the lateral compartment; ASMC, anterior tibial sublux-
ation of the medial compartment; PTS, posterior tibial slope; SSD, side-to-side difference.

®Fisher exact test.

TABLE 4
Subgroup Analysis Based on Preoperative PTS®
PTS >16°
Osteotomy (n = 20) Control (n = 39) P Value
ASLC, mm 4.3 = 2.7 6.5 = 2.3 .005
ASMC, mm 24+ 1.6 44 +29 .016
SSD (KT-1000), mm 0.8 = 2.5 24+ 25 .023
Graft roof impingement 1 (5.0) 10 (25.6) .036
Graft laxity 3 (15.0) 16 (41.0) .035
Graft failure 0 (0.0) 6 (15.4) .021
PTS >17°
Osteotomy (n = 20) Control (n = 33) P Value
ASLC, mm 4.3 = 2.7 6.3 = 2.3 .012
ASMC, mm 24+ 1.6 43 + 3.1 .032
SSD (KT-1000), mm 0.8 = 2.5 2.2+ 21 .027
Graft roof impingement 1(5.0) 8 (24.2) .071
Graft laxity 3 (15.0) 15 (45.5) .023
Graft failure 0(0.0) 4(12.1) .046

“Data are presented as mean + SD or n (%). ASLC, anterior tibial subluxation of the lateral compartment; ASMC, anterior tibial sublux-
ation of the medial compartment; PTS, posterior tibial slope; SSD, side-to-side difference.

Threshold for Osteotomy

This study performed stratified analysis based on the pre-
operative PTS (in 1° increments), with the primary out-
come being the graft failure rate to determine the clinical
benefits of slope-reducing tibial osteotomy for different
patient groups. The analysis indicated that in patients
with a PTS >16°, combined osteotomy significantly
reduced the graft failure rate and improved the KT-1000
arthrometer SSD (Table 4).

DISCUSSION

The main findings of this study can be summarized as fol-
lows. For patients with a PTS >15° and ASLC >6 mm, (1)
combined slope-reducing tibial osteotomy with ACLR sig-
nificantly decreased the amount of anterior tibial subluxa-
tion, the incidence of graft roof impingement, and the graft
laxity rate compared with ACLR alone at a minimum 2-
year follow-up, and (2) patients with a PTS >16° benefited
significantly greater from the combined procedure in
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improving anterior knee stability and reducing the graft
failure rate. To our knowledge, this is the first comparative
study to investigate the benefits of combined slope-
reducing tibial osteotomy with primary ACLR.

Clinical and biomechanical studies have consistently
shown a strong correlation between a steep PTS and
increased stress within the ACL, leading to graft fail-
ure.?8 Lee et al'” found that patients with graft failure
had a significantly greater preoperative PTS compared
with those with intact grafts, which is consistent with
the findings of Christensen et al® based on follow-up
MRI. Causal analysis has demonstrated that the risk of
graft failure after ACLR is 4.5 times higher in knees
with a PTS >12° compared with knees with a relatively
flat slope.!” Multiple systematic reviews have also con-
firmed this association.?3%3® Yamaguchi and colleagues®’
measured changes in ACL forces and knee kinematics
before and after anterior closing wedge tibial osteotomy
in cadaveric specimens. Their study demonstrated that
PTS-reducing osteotomy significantly decreased ACL
forces and reduced anterior tibial subluxation for knee
loads. Similarly, Imhoff et al'* observed comparable
results in their cadaveric study and concluded that osteot-
omy could protect ACL grafts in revision surgery. Clini-
cally, slope-reducing tibial osteotomy is mainly used for
revision ACLR scenarios, and related studies”®19:2%:33
have reported satisfactory clinical outcomes: good knee
joint stability, high patient-reported functional scores,
and low graft failure rates.

Whether osteotomy can be combined with primary
ACLR remains uncertain. The surgical trauma caused by
osteotomy needs to be carefully considered. Although sur-
gical indications should be strictly limited, osteotomy
may provide significant benefits for patients at a high
risk of ACL graft failure, especially those with other risk
factors related to a steep PTS. Several studies have also
investigated the correlation between a steep PTS and ante-
rior tibial subluxation. Giffin et al'! found that when the
PTS increased from an average of 8.8° to 13.2°, ASLC rel-
ative to the femur increased by approximately 3.6 mm
using a robotic system. Similarly, Grassi et al'? measured
the anatomic parameters of the knee in patients with
ACLR failure and found that an excessive PTS (>13°) exac-
erbated ASLC (>10 mm) during knee extension. Song
et al?®?72® found that excessive (>10 mm) preoperative
ASLC after an ACL injury was associated with inferior
knee stability, a greater risk of graft roof impingement,
and a high ACL graft failure rate. These findings suggest
that a simultaneous increase in the PTS and ASLC may
indicate the need for PTS-reducing osteotomy.

The study conducted by Song et al?® preliminarily dem-
onstrated the clinical benefits of slope-reducing tibial
osteotomy in worst-case scenarios during primary surgery.
After combining osteotomy, excessive ASLC was corrected,
joint stability was significantly improved, and graft failure
rates were notably reduced. The results of the present
study indicate that for patients with both a steep PTS
and excessive ASLC, combined slope-reducing tibial osteot-
omy significantly improved both ASLC (4.5 vs 6.4 mm,
respectively; P = .012) and ASMC (2.8 vs 4.5 mm,
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respectively; P = .014), reduced graft roof impingement
(4.0% vs 22.9%, respectively; P = .039), and lowered the
ACL graft laxity rate (12.0% vs 35.4%, respectively; P =
.033) compared with ACLR alone. Studies have shown
that residual graft laxity after ACLR is associated with
inferior subjective knee function and an increased risk of
revision ACLR.!%!® Cristiani et al® quantified residual
graft laxity at 6 months after ACLR using the KT-1000
arthrometer SSD and categorized patients into 3 groups
(SSD <2 mm, 3-5 mm, and >5 mm). A follow-up of up to
5 years revealed that the revision rates for the 3 groups
were 3.8%, 6.6%, and 11.4%, respectively, with a statisti-
cally significant difference (P < .05). Compared with the
SSD <2 mm group, patients with an SSD of 3-5 mm and
>5 mm had a significantly increased risk of revision
ACLR (hazard ratio, 1.42 and 2.61, respectively; both P <
.01).5 Similarly, Lindanger et al'® found that patients
with an SSD of 3-5 mm at 6 months after ACLR had an
increased risk of revision surgery during a 25-year fol-
low-up. In a recent large cohort study, Fiil et al'® reported
that high residual laxity (SSD >3 mm) at 1 year postoper-
atively was significantly associated with a higher revision
rate within 2 years of initial surgery. These findings high-
light the importance of restoring normal knee laxity during
ACLR to reduce the risk of revision surgery.

The slope threshold for combining osteotomy with pri-
mary ACLR is unclear. Previous studies on revision ACLR
have generally suggested that osteotomy can be considered
for a PTS >12°. 18192933 Tt i5 considered that the osteotomy
threshold should be more stringent during primary surgery.
In addition, it should be noted that this study measured the
PTS using whole-leg radiographs, which tend to yield
results approximately 2° higher compared with short knee
radiographs used in previous studies.?1319:24:29:51

Furthermore, Ni et al?2 analyzed 25 cases of ACLR fail-
ure (case-control study; 50 control cases) and found that
patients with preoperative ASLC >6 mm were more likely
to experience graft failure (odds ratio, 9.9; P = .006). Based
on these important studies, the indication for slope-
reducing tibial osteotomy in the present study was a PTS
>15° combined with ASLC >6 mm. The results of stratified
analysis in the current study showed that in patients with
a PTS >16°, the addition of slope-reducing tibial osteotomy
to primary ACLR significantly reduced the graft failure
rate (0.0% vs 15.4%, respectively; P = .021) and further
improved anterior knee stability compared with ACLR
alone.

Another noteworthy finding is that the osteotomy proce-
dure effectively reduced the incidence of graft roof
impingement (4.0% vs 22.9%, respectively) compared
with the control group, while there were no significant dif-
ferences between the 2 groups in terms of cartilage dam-
age, intercondylar notch hypertrophy, and cyclops
lesions. The formation of graft roof impingement after
ACLR is typically considered a technical issue. Watanabe
and Howell®® found that if the tibial tunnel of the ACL
graft is positioned too anteriorly, it may lead to graft
impingement with the femoral intercondylar notch.
Despite ongoing efforts to optimize anatomic reconstruc-
tion clinically, the incidence of graft roof impingement
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remains between 2% and 27%.23*¢ The findings of the cur-
rent study suggest that correcting an excessive slope may
help to clarify the position of the ACL graft on the tibial
side.

Limitations

This study had the following limitations. First, precise true
lateral weightbearing whole-leg radiographs were not
always easy to obtain because of the torsional variability
of the lower extremities, which could compromise the reli-
ability of PTS measurements. Second, patient-reported
outcomes were not collected; thus, subjective knee function
between the groups was not compared. Third, outcome
assessors were not able to be blinded to surgical selections,
as the trace of osteotomy was easily found by macroscopy
and on MRI. Fourth, the retrospective nature of the study
introduced selection bias, although propensity score
matching was carefully applied to ensure comparability
between the 2 groups. Fifth, although the rehabilitation
protocols for both groups were consistent, differences in
recovery speed may exist. This factor was not accounted
for in this study and could potentially affect the results.
Last, but not least, the follow-up period was relatively
short, and more ACLR failures might occur with time.

CONCLUSION

Slope-reducing tibial osteotomy combined with primary
ACLR significantly decreased the amount of anterior tibial
subluxation, the incidence of graft roof impingement, and
the graft laxity rate for patients with a steep PTS (>15°)
and excessive ASLC (>6 mm). Furthermore, in patients
with a PTS >16°, the combined procedure improved ante-
rior knee stability and reduced the graft failure rate.
Therefore, a PTS >16° plus ASLC >6 mm may be consid-
ered an appropriate indication for combined slope-reducing
tibial osteotomy with primary ACLR.

A Video Supplement for this article is available online.
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