Original Research

Comparison of Posterior Tibial Slope
Measurement Methods Based

on 3-Dimensional Reconstruction

Jin-Gyu Kim,*™* MD @, Min Jung,*$ MD, PhD, Kwangho Chung,*! MD @, Hyun-Soo Moon,*’ MD,
PhD, Se-Han Jung,*® MD @, Youngjin Park,*" MD, and Sung-Hwan Kim,*$¥ MD, PhD

Investigation performed at Arthroscopy and Joint Research Institute, Yonsei University College
of Medicine, Seoul, Republic of Korea

Background: The posterior tibial slope (PTS) influences knee sagittal balance and is linked to anterior cruciate ligament (ACL)
injury and meniscal pathology. Various imaging modalities assess PTS, but differences in measurement techniques and reliability
remain a concern.

Purpose/Hypothesis: The purpose of this article was to evaluate the accuracy of calculating the lateral plateau slope using lateral
radiograph (LR) and magnetic resonance imaging (MRI)-derived asymmetry. It was hypothesized that measurement error would
be high and variable across imaging modalities and that 3-dimensional (3D) reconstruction would serve as a consistent and accu-
rate reference for PTS assessment.

Study Design: Cohort study (Diagnosis): Level of evidence, 2.

Methods: Between March 2020 and October 2023, ACL reconstruction patients were screened. PTS was measured on knee LRs,
tibial long-bone LRs (LLRs), preoperative MRI, and 3D-reconstructed images from postoperative computed tomography scans.
Two orthopaedic surgeons performed 2 measurements each. Reliability was assessed using intraclass correlation coefficients
(ICCs), and agreement was analyzed using Bland-Altman plots, considering =2° limits of agreement (LOA) as acceptable.

Results: Among 132 screened patients, 32 met the inclusion criteria. Intrarater reliability was high for LR and LLR (ICC, 0.86-0.93),
while interrater reliability was moderate for LR (ICC, 0.72) and excellent for LLR (ICC, 0.90). MRI showed moderate-to-good reli-
ability (ICC, 0.65-0.79) but high variability (43.75%-65.60% within LOA). Three-dimensional reconstructions demonstrated excel-
lent reliability (ICC, 0.93-0.97) with low variability. MRI-derived asymmetry (calculated as the difference between the PTS of the
lateral tibial plateau (LTP) and the medial tibial plateau) showed good agreement with 3D imaging (ICC, 0.81; 73.44% within LOA).
LLR had the highest agreement with 3D imaging for medial PTS (ICC, 0.88; 78.12% within LOA). No single method accurately
estimated lateral PTS, but combining LLR-based medial PTS with MRI-derived asymmetry improved agreement with 3D LTP
(ICC, 0.80; r = 0.826; P < .001).

Conclusion: Medial PTS measurement using anterosuperior and posterosuperior reference points in lateral views (LR and LLR)
proved to be highly accurate and consistent. In MRI, only the lateromedial PTS asymmetry demonstrated reliability and consis-
tency. To estimate lateral PTS, combining the LLR-based medial PTS with the MRI-derived lateromedial PTS difference yielded
intra- and interrater reliability comparable with existing methods but improved accuracy compared with MRI-based measure-
ments alone.
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Various studies have reported that the posterior tibial increased tibial slope is a well-established risk factor for
slope (PTS) influences knee sagittal balance and contrib- anterior cruciate ligament (ACL) rupture or degenera-
utes to several pathological events. 1%16:18:2021 Ay tion.1?1823:26 Notably, when the PTS exceeded 12°, the fail-

ure rate of ACL reconstruction significantly increased,
with graft maturation being also affected. In such cases,
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to increase tension on the meniscus root and contribute to
rotational instability, particularly when the lateral tibial
slope is elevated.®-19:20-27,29,31,32

Recent studies have highlighted the importance of both
overall PTS and mediolateral asymmetry. A systematic
review by Jiang et al'® reported a strong association
between increased lateral PTS (LPTS) and lateral meniscal
injuries in patients with ACL tears. Similarly, Dzidzishvili
et al® emphasized that lateromedial slope asymmetry is
linked to lateral meniscus root tears in ACL tear patients
and may contribute to rotational instability, emphasizing
the importance of considering plateau asymmetry along-
side individual slope values.®

However, because of varying measurement methods,
researchers have employed different techniques. On plain
radiographs, the reference points vary, with some using
the anterior/posterior cortical line and others defining
the axis based on the midcortical line assessed at a specific
distance distal to the tibial plateau.?® In magnetic reso-
nance imaging (MRI), measurement techniques vary
depending on the chosen axis, with Hudek et al’s'* method
being one of the most widely used.

Several studies have explored the correlation between
measurements obtained from the knee lateral radiograph
(LR) and the long-bone LR (LLR). Differences between
anatomic and mechanical axis (MA)-based measurements
have been identified, and studies have demonstrated a lin-
ear correlation when only half the tibia is imaged. There-
fore, this has led to efforts to infer the long-bone tibial
slope from half-tibia measurements.'24

Previous studies comparing imaging modalities have
typically analyzed 2 methods at a time: radiography versus
MRI or MRI vs computed tomography (CT).1%32 We
hypothesized that measurement error would be high and
variable across imaging modalities and that 3-dimensional
(3D) reconstructions would serve as a consistent and accu-
rate reference for PTS assessment. Additionally, we aimed
to evaluate the accuracy of calculating the lateral plateau
slope using LLR- and MRI-derived asymmetry.

METHODS

Inclusion and Exclusion Criteria

This study included patients who underwent primary ACL
reconstruction between March 2020 and October 2023 and
had preoperative radiographs, including lateral views of
the lateral knee and tibia, as well as preoperative MRI. In
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addition, patients who underwent immediate postoperative
CT for bone tunnel analysis were included in the study.

The exclusion criteria were as follows: osteoarthritis
classified as Kellgren-Lawrence grade >2, concomitant
fractures, and cases in which the preoperative bony anat-
omy was potentially deformed.

Plain Radiographs and MRI

All PTS measurements were independently performed by 2
orthopaedic surgeons specializing in sports medicine (J.-
G.K. and Y.P.), with each observer conducting 2 rounds
of evaluations for every imaging modality.

For the radiographic measurements, LRs of the knee
and LLRs of the tibia were used. For LR, measurements
were performed using the proximal anatomic axis (PAA)
as the longitudinal axis. The PAA was determined by
marking 1 point just distal to the tibial tubercle and
another at the midpoint of the anterior and posterior corti-
ces at the most distal level visible in the image. The line
connecting these 2 points was defined as the PAA.

For LLR, the measurement was based on the MA, which
is defined as the line connecting the midpoints of the
medial tibial plateau (MTP) and the tibial plafond. The tib-
ial plateau was defined by identifying the concave medial
plateau and drawing a line connecting the most anterosu-
perior and posterosuperior points. It has been reported
that distinguishing between the lateral tibial plateau
(LTP) and MTP on simple radiographs is challenging,
and several studies have not differentiated PTS into
medial and lateral components.>'° In this study, the ante-
rosuperior and posterosuperior points of the concave-
shaped MTP were identified and used to establish the pla-
teau plane. In cases where the concave shape of the MTP
was not visible, patients were excluded from the study
due to suboptimal imaging (Figure 1).

The method described by Hudek et al'* was imple-
mented. The sagittal slice selected for analysis was one
where the concave shape of the anterior and posterior tib-
ial cortices, intercondylar eminence, and tibial attachment
of the posterior cruciate ligament were visible. Two circles
were drawn within this sagittal slice: a proximal circle in
contact with the anterior, posterior, and cranial tibial cor-
tices and a distal circle in contact with the anterior and
posterior tibial cortices. The line connecting the centers
of these 2 circles was defined as the longitudinal axis.
The medial PTS (MPTS) and LPTS were evaluated in the
central sagittal slices, where the centers of the MTP and
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Figure 1. Using simple lateral radiographs (LRs) and long-
bone lateral radiographs (LLRs) as a measurement method,
when the medial tibial plateau appears concave, the anterosu-
perior (AS) point and posterosuperior (PS) point can be clearly
distinguished, and these points can also be identified at the
same location in 3-dimensional (3D) reconstruction. (A) LLR;
(B) simple LR; and (C) 3D lateral view (from the medial side).
Blue dots indicate the AS and PS points of the medial tibial
plateau. In (A), the 2 red dots denote the mechanical axis (tibial
plateau to ankle center), and in (B), the 2 red dots indicate the
anatomical axis (2 points distal to the tibial tuberosity).

LTP were visualized using the preserved longitudinal axis
for consistency (Figure 2).

3D CT Model Reconstruction and Measurement of PTS

Postoperative CT scans included not only the knee but also
the proximal femur and distal tibia. The Somatom Sensa-
tion 64 scanner (Siemens) was utilized, with a slice thick-
ness of 0.6 to 1.0 mm, a field of view ranging from 195 to
333 mm, and an acquisition matrix of 512 X 512 pixels.
Digital Imaging and Communications in Medicine data
were extracted from each patient’s picture archiving and
communication system (GE Healthcare). Using Mimics

Posterior Tibial Slope Modality and 3D 3

software (Version 17; Materialize), the proximal and distal
tibias were segmented to create a 3D volumetric model.

The tibial sagittal plane and MA were assessed using 3-
matic software (Version 17; Materialize). The centers of the
sMTP and LTPs were determined using a best-fit circle
method, referencing Jung et al.'” The center of each best-
fit circle was defined as the medial tibial center (MTC)
and lateral tibia center (LTC), respectively. A line connect-
ing these 2 centers was established, defining the tibial cen-
ter (TC) as the point on this line closest to the center of the
medial/lateral eminence. The center of the distal tibial pla-
fond was defined as the ankle center (AC). The MA was
defined as the line connecting the TC and AC. The tibial
coronal plane was defined as the plane passing through
MTC, LTC, and AC. Additionally, the sagittal plane was
defined as the plane perpendicular to the coronal plane
while passing through the TC and AC (Figure 3).

A 3D slicer (open-source software initially developed by
the Surgical Planning Laboratory at Brigham and Wom-
en’s Hospital, Harvard Medical School, and now main-
tained by the Slicer Community) was employed to define
the peripheral rim of each tibial plateau. Following a mod-
ified version of Amirtharaj et al’s' method, approximately
20 points were placed along the peripheral rims of both
the MTP and the LTP, evenly distributed over 180°. To
ensure consistency across cases, the curve formed by these
points was resampled to 60 points. The best-fit plane was
then computed for each plateau by determining the normal
vector of the plane that minimized the sum of the squared
distances from the 60 points (Figure 4).

The normal vectors of the medial and lateral plateau
planes were calculated using this method. Subsequently,
the PTS was measured using a 3-matic, determining the
angle between the MA and the vertical vector of the
medial/lateral plateau planes within the sagittal plane.
These angles are defined as the MPTS and LPTS.

Statistical Analysis

To assess the reliability of the MPTS and LPTS measure-
ments, 2 orthopaedic surgeons (J.-G.K. and Y.P.) indepen-
dently performed each measurement twice. Intraclass
correlation coefficients (ICCs) were calculated to evaluate
intrarater, interrater, and intermethod agreements.
According to the standard interpretation, ICC values
were classified as excellent (>0.90), good (0.75-0.89), mod-
erate (0.50-0.74), and poor (<0.50).

In addition, Bland-Altman analysis was performed to
calculate the 95% limits of agreement (LOA), quantifying
the variability between measurements. Furthermore, fol-
lowing the method described by Wen et al,32 we calculated
the proportion of measurements within a predefined clini-
cally acceptable range (<2°) for intrarater, interrater, and
intermethod comparisons across each imaging modality.
This range was defined based on Wen et al’s rationale
that, for the 12° cutoff value—used clinically to decide on
desloping osteotomy in revisional ACL procedures—an
error of >2° would significantly affect the surgical
decision-making process. A P value <.05 was considered
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Figure 2. Magnetic resonance imaging measurement of the posterior tibial slope. According to the method by Hudek et al,'* a ref-
erence line connecting the centers of the medial and lateral tibial plateaus was identified on the axial view (D). In this view, three
lines labeled 1, 2, and 3 correspond to (A), (B), and (C), representing the tibial center, medial tibial plateau center, and lateral tibial
plateau center, respectively. In the sagittal view, a line tangent to each plateau was drawn: (B) the medial plateau and (C) the
lateral plateau. (A) On the sagittal cut displaying the posterior cruciate ligament attachment, the tibial eminence, and where
the anterior cortex transitions into a concave shape, a proximal circle was drawn in contact with the anterior, posterior, and cranial
tibial cortices. Another circle was subsequently drawn with its center positioned on the first circle while remaining tangent to the
anterior and posterior cortices (sagittal view at the tibial center).

MTC ‘

Figure 3. (A) Best-fit circles for the medial and lateral plateaus were determined, with their centers designated as the medial tibial
center (MTC) and lateral tibial center (LTC), respectively, to establish the tibial sagittal plane and mechanical axis. Each circle was
constructed using 3 points: the most posterior, lateral, and anterior points, marked and then drawn as circles passing through
these points. The midpoint of the medial and lateral eminences along the line connecting MTC and LTC was defined as the tibial
center (TC). (B) The center of the tibial plafond was identified as the ankle center (AC). (C) The coronal plane was defined as the
plane passing through MTC, LTC, and AC. The sagittal plane (illustrated as the red plane in the figure) was defined as the plane
perpendicular to the coronal plane and passing through both TC and AC. The mechanical axis was defined as the line connecting
TC and AC.
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statistically significant. All statistical analyses were per-
formed using RStudio (Version 4.4.2; Posit).

RESULTS
Participant Selection

Between March 2020 and October 2023, 132 patients
underwent primary ACL reconstruction and had imaging
data available from preoperative LRs, LLRs, MRI, and
immediate postoperative CT scans. After applying the
exclusion criteria and conducting random selection, a final
group of 32 knees of 32 patients was included in the anal-
ysis. Among them, 24 were males and 8 were females, with
a mean age of 31.3 years (range, 13-60 years) and a mean
body mass index of 23.8 kg/m? (range, 17.4-31.6 kg/m?).

Reliability and Measurement Variability of PTS Across
Imaging Modalities

Radiographic Measurements. Simple radiographs,
including LR and LLR, demonstrated good to excellent
ICCs ranging from 0.72 to 0.93. Intrarater variability
was minimal, and the proportion of measurements falling
within the predefined acceptable LOA of +2° was high,
ranging from 87.5% to 93.75%.

However, interrater comparisons revealed greater mea-
surement error in LR, with a 95% LOA of —2.96° to 4.59°,
and only 68.75% of cases fell within the acceptable LOA
range. In contrast, LLR exhibited lower interrater mea-
surement error (95% LOA, —2.23° to 2.61°) and a higher
proportion of measurements (84.38%) within the accept-
able LOA range for both intra- and interrater assessments,
indicating better reproducibility compared with LR.

MRI Measurements. For the MRI-based measurements,
the intrarater reliability was moderate-to-good, with ICCs
ranging from 0.688 to 0.789 for the MTP and 0.649 to 0.704
for the LTP. Interrater reliability also demonstrated mod-
erate agreement, with ICCs of 0.723 and 0.771 for MTP
and LTP, respectively. However, substantial measurement
variability was observed in both the intra- and the inter-
rater comparisons, as reflected by the broad 95% LOA
range. Specifically, the intrarater 95% LOA values were
as follows: rater 1 (MTP, —5.08° to 4.80°; LTP, —5.36° to
5.73°) and rater 2 (MTP, —4.53° to 4.55°; LTP, —5.96° to
5.44°). The interrater 95% LOA was —4.41° to 4.77° for
MTP and —3.47° to 4.89° for LTP.

Moreover, the proportion of measurements within the
acceptable =2° LOA threshold was relatively low, high-
lighting a high degree of variability. Only 59.38% to
65.62% of MTP and 43.75% to 62.50% of LTP measure-
ments were within this range, indicating considerable
intra- and interrater discrepancies.

Despite the variability observed in individual MTP and
LTP measurements, the difference between these measure-
ments demonstrated significant reliability, with ICCs rang-
ing from 0.75 to 0.85. Measurement variability was also low
for this parameter, with intrarater 95% LOA values ranging
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Figure 4. (A) Best-fit circles centered at the medial tibial cen-
ter (MTC) and lateral tibial center (LTC) are created to estab-
lish the medial and lateral tibial plateau planes.
Approximately 20 points are manually placed along each cir-
cle, followed by resampling to 60 points. (B, C) Lateral views
illustrate the placement of points as close as possible to the
plane, followed by resampling. (B) represents the medial pla-
teau, while (C) represents the lateral plateau.

from —2.27° to 2.92° for rater 1 and —3.60° to 3.06° for rater
2, while interrater LOA was —2.81° to 3.86°. The proportion
of cases meeting the <2° LOA threshold was notably higher
(75.00% to 87.50%) than that noted with individual MTP or
LTP measurements, suggesting that relative differences
between the 2 may be more reproducible than absolute val-
ues of either parameter.

3D Reconstruction Imaging. Measurements derived
from 3D reconstruction imaging demonstrated excellent
reliability across all parameters (MTP, LTP, and LTP-
MTP), with ICC values >0.90. Furthermore, the measure-
ment variability was minimal, as indicated by the narrow
95% LOA range. More than 90% of the measurements fell
within the predefined =2° LOA, indicating high consis-
tency and reproducibility in this imaging modality
(Table 1).

Intermethod Correlation

The ICC and 95% LOA were calculated to evaluate the cor-
relation between various imaging modalities. The ICC
between LR and LLR was 0.71, and that between LR and
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TABLE 1
Intra- and Interrater Correlation, PTS Angles, and Variability Using 95% LOA and Acceptable Range (<2°)*

Plateau Modality Rater? ICC PTS Angle® Bias (95% LOA)? Difference <2° (%)

MTP LR rater 1 0.933 9.17 + 2.89 0.02° (-2.12 to 2.15) 93.75

rater 2 0.858 9.98 + 2.47 —0.12° (—2.84 to 2.59) 87.50

interrater 0.717 9.57 £ 2.70 0.82° (-2.96 to 4.59) 68.75

LLR rater 1 0.895 10.60 * 2.92 0.10° (—2.63 to 2.83) 87.50

rater 2 0.930 10.80 = 2.50 0.03° (-1.86 to 1.92) 93.75

interrater 0.897 10.70 = 2.70 0.19° (—2.23 to 2.61) 84.38

MRI rater 1 0.688 4.25 £ 2.90 —0.14° (-5.08 to 4.80) 59.38

rater 2 0.789 443 * 3.33 0.01° (—4.53 to 4.55) 59.38

interrater 0.723 4.34 + 3.10 0.18° (—4.41 to 4.77) 65.62

3D-reconstructed image rater 1 0.981 10.27 * 2.96 —0.08° (-1.22 to 1.06) 100.0

rater 2 0.985 10.31 = 2.89 0.09° (-0.91 to 1.08) 100.0

interrater 0.984 10.29 = 2.90 0.04° (—0.98 to 1.07) 100.0

LTP MRI rater 1 0.649 3.89 * 3.03 0.19° (-5.36 to 5.73) 43.75

rater 2 0.704 4.60 = 3.45 —0.26° (-5.96 to 5.44) 59.38

interrater 0.771 425 + 3.24 0.71° (-3.47 to 4.89) 62.50

3D-reconstructed image rater 1 0.971 9.69 + 3.37 —0.03° (-1.64 to 1.59) 100.0

rater 2 0.963 9.76 * 3.45 0.43° (-1.25 to 2.11) 93.75

interrater 0.953 9.73 + 3.38 0.06° (-2.01 to 2.13) 93.75

LTP-MTP MRI rater 1 0.852 -0.35 £ 2.37 0.32° (-2.27 to 2.92) 87.50

rater 2 0.796 0.17 = 2,51 —0.27° (-3.60 to 3.06) 75.00

interrater 0.746 -0.09 £ 2.44 0.53° (-2.81 to 3.86) 81.25

3D-reconstructed image rater 1 0.947 -0.57 = 2.71 0.05° (-1.73 to 1.84) 96.88

rater 2 0.937 -0.56 = 2.99 0.34° (-1.69 to 2.37) 90.62

interrater 0.926 -0.57 = 2.83 0.02° (-2.16 to 2.19) 96.88

23D, 3-dimensional; ICC, intraclass correlation coefficient; LLR, long-bone lateral radiograph; LOA, limits of agreement; LR, lateral radio-
graph; LTP, lateral tibial plateau; MRI, magnetic resonance imaging; MTP, medial tibial plateau; PTS, posterior tibial slope.

bRater 1 and rater 2 represent intrarater assessments, whereas interrater reliability was evaluated based on the difference between the
mean values of the 2 raters.

“Values are presented as mean *= SD.

9In the "Rater" column, the intrarater (rater 1, rater 2) rows compare the differences between the 2 repeated measurements of each rater.
The interrater row compares the difference between the 2 raters’ mean values, with bias and 95% LOA (in degrees) calculated by subtracting
rater 2’s values from those of rater 1.

TABLE 2
Intermethod Correlation and Variability Using 95% LOA and Acceptable Range (<2°)°

Intermethod® Plateau ICC Bias (95% LOA)¢ Difference <2° (%)%
LR-LLR MTP 0.71 —1.07° (-5.73 to 3.60) 64.06
LR-MRI MTP 0.38 5.23° (-1.87 to 12.34)
LR-3D MTP 0.63 —0.69° (-5.67 to 4.30) 57.81
LLR-MRI MTP 0.31 6.30° (-1.14 to 13.73)
LLR-3D MTP 0.88 0.38° (-2.72 to 3.48) 78.12
MRI-3D MTP 0.37 -5.92° (-12.92 to 1.08)

LTP 0.44 —5.36° (—12.66 to 1.94)

LTP-MTP 0.81 0.56° (—2.83 to 3.95) 73.44

%3D, 3-dimensional reconstructed image; ICC, intraclass correlation coefficient; LOA, limits of agreement; LLR, long-bone lateral radio-
graph; LR, lateral radiograph; LTP, lateral tibial plateau; MRI, magnetic resonance imaging; MTP, medial tibial plateau.

The difference between the 2 methods was calculated by subtracting the value of the second method from that of the first.

‘Intermethod comparisons were conducted, where a positive bias indicated that the first method tended to measure higher values,
whereas a negative bias indicated that the second method tended to measure lower values. All bias and 95% LOA values are expressed
in degrees.

9The proportion of cases within the acceptable range was calculated only for intermethod comparisons where the ICC was >0.6 and the
bias was <2°.
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Figure 5. Bland-Altman plots were generated for 4 method combinations where the intermethod bias was <2° and the intraclass
correlation coefficient was >0.6. Circle dots represent measurements by rater 1, while rectangular dots represent measurements
by rater 2. Red dots indicate differences within £2°, while black dots indicate differences exceeding =2°. The red dashed hor-
izontal line represents the mean bias, and the black dashed horizontal lines indicate the upper and lower limits of agreement (95%
limits of agreement). (A) LR vs LLR, (B) LR vs 3D, and (C) LLR vs 3D represent MPTS measurements. (D) MRI vs 3D represents the
LTP-MTP difference. 3D, 3-dimensional; LLR, long-bone lateral radiograph; LR, lateral radiograph; MRI, magnetic resonance
imaging; MPTS, medial posterior tibial slope; MTP, medial tibial plateau; LPTS, lateral posterior tibial slope; LTP, lateral tibial

plateau.

3D was 0.63, indicating a moderate correlation. The LR-
LLR bias was —1.07° (95% LOA, —5.73° to 3.60°), with
64.06% of cases falling within the acceptable LOA thresh-
old of 2°. The ICC between LLR and 3D was 0.88, repre-
senting a good correlation, with a bias of 0.38° (95%
LOA, —2.72° to 3.48°). Additionally, 78.12% of cases were
within the acceptable LOA.

By contrast, MRI (MTP) exhibited weak correlations
with LR, LLR, and 3D (MTP), with ICC values of 0.38,
0.31, and 0.37, respectively. The bias between LR and
MRI (MTP) was 5.23° (95% LOA, —1.87° to 12.34°), while
between LLR and MRI (MTP), it was 6.30° (95% LOA, —
1.14° to 13.73°). These results suggest that both LR and
LLR measurements were higher than MRI (MTP) values,
with high variability. The bias between MRI (MTP) and
3D (MTP) was —5.92° (95% LOA, —12.92° to 1.08°), indicat-
ing that MRI measurements tended to be lower than those
from 3D imaging.

For LTP measurements, the correlation between MRI
and 3D images was 0.44, indicating a poor correlation,

whereas the LTP-MTP difference demonstrated a good cor-
relation of 0.81, suggesting high consistency in this param-
eter. The MRI-3D bias for LTP was —5.36° (95% LOA, —
12.66° to 1.94°), demonstrating substantial variability
with MRI values being lower than those of 3D imaging.
Conversely, the LTP-MTP bias was 0.56° (95% LOA,
—2.83° to 3.95°), with 73.44% of cases within the accept-
able LOA threshold.

Overall, while LR and LLR demonstrated moderate-to-
good correlations with 3D imaging, MRI measurements
exhibited weak correlations with LR, LLR, and 3D imaging,
particularly for the MTP slopes. MRI also demonstrated
greater variability, particularly in lateral slope measure-
ments. However, the LTP-MTP difference exhibited high
consistency across modalities (Table 2 and Figure 5).

Predicting the Lateral Plateau Slope Model

Using a 3D reconstruction model with an extremely low
measurement error and excellent ICC as the reference
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standard, we confirmed that the MPTS measured using
the long bone demonstrated very high agreement. Addi-
tionally, the LTP-MTP difference measured on MRI
exhibited a highly significant correlation with 3D recon-
struction analysis.

When the LTP was calculated as the sum of the LLR-
based MPTS and the MRI-derived LTP-MTP difference,
the ICC with the 3D-reconstructed LPTS was 0.801. A
strong linear correlation was also observed (Pearson r,
0.826; P < .001) (Figure 6). In the intermethod comparison
of the predicted values and actual 3D values, the 95% LOA
was —4.955° to 3.186°. The proportion of data points within
the error margin of <2° was 54.69%.

DISCUSSION

This study introduces a more precise method for determin-
ing reference points in PTS measurement using 3D analy-
sis, which surpasses the accuracy of conventional
radiograph-based assessments. Additionally, our findings
highlight the significant inconsistencies in existing MRI-
based measurement techniques, particularly in distin-
guishing MPTS and LPTS. While individual MPTS LPTS
values exhibited remarkable consistency and accuracy,
we propose that calculating lateromedial PTS asymmetry
in MRI scans provides a more reliable measurement than
assessing separate medial and lateral values.

Multiple studies have confirmed that PTS affects the
knee sagittal balance, leading to increased anterior tibial
translation. Therefore, PTS contributes to various patho-
logical conditions. Notably, when the PTS exceeded 12°,
the failure rate of ACL reconstruction significantly
increased, with graft maturation also being affected. A
desloping osteotomy is recommended as revision sur-
gery.5812:22:26.28 Thig hhenomenon can be explained by bio-
mechanical studies, which demonstrate that an increased
slope leads to increased forces on the ACL graft.®%®
Additionally, an increased lateral tibial slope is associated
with a high likelihood of rotational instability.2”2°

Recently, the relationship between PTS and meniscal
injuries has gained increasing recognition. A systematic
review by Jiang et al'® reported that an increased LPTS
was associated with lateral meniscal injuries in patients
with ACL injuries. Dzidzishvili et al® conducted another
systematic review that further emphasized that, in addi-
tion to MPTS and LPTS, lateromedial slope asymmetry is
associated with lateral meniscus root tears in ACL tear
patients and may potentially contribute to rotational insta-
bility, highlighting the importance of considering plateau
asymmetry alongside individual slope values.®!®

As multiple studies have stressed the clinical signifi-
cance of PTS, determining an accurate cutoff value is
essential for guiding corrective strategies. Therefore, a con-
sistent and reliable measurement method is required to
achieve this goal. Although simple radiographs (LR and
LLR) are commonly employed, measuring the lateral pla-
teau can be challenging. As a result, MRI-based methods
including the technique introduced by Hudek et al,** which
separately measures the MPTS and LPTS, have been
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Linear Regression of Predicted LTP Model
Pearson r: 0.826 | p-value: < 0.001

3D(LPTS)
5

4 8 12 16
LLR(MPTS) + MRI(LTP-MTP)

Figure 6. The linear relationship between predicted lateral
posterior tibial slope (LPTS) and 3-dimensional (3D) recon-
struction image LPTS. The predicted LPTS is calculated as
the sum of the long bone lateral radiograph medial posterior
tibial slope (MPTS) and the magnetic imaging resonance
(MRI)-derived lateral tibial slope (LTP)-medial tibial plateau
(MTP) difference. A strong positive correlation is observed
between the predicted LPTS and the LPTS measured using
the 3D reconstruction image, with a Pearson correlation
coefficient of 0.826. The x-axis represents the predicted
LPTS, while the y-axis represents the actual LPTS obtained
from the 3D reconstruction image. LLR, long-bone lateral
radiograph.

widely adopted. Weiler et al®® reported excellent inter-
and intrarater reliabilities using conventional LR. Other
studies also documented high agreement between LR and
LLR.2* However, Dean et al” discovered that while LR-
based anatomic axis measurements aligned with LLR-based
MA measurements, LLR-based anatomic axis measure-
ments were significantly higher than LR measurements.

However, the reliability of MRI-based MPTS measure-
ment remains questionable. Wen et al®>? reported moder-
ate-to-good ICC values for measuring PTS using MRI,
but their 95% LOA were wide. When an acceptable LOA
was set at 2°, only 47.63% to 60.87% of the measurements
met this threshold. Additionally, studies comparing MRI
and simple radiography have demonstrated that MRI
measurements tend to be approximately 5° higher than
LR measurements, with LR being considered the more
accurate method.!! Our study identified a bias of 5.23°
when comparing LR and MRI measurements.

Attempts have been made to measure PTS using 3D
imaging techniques; however, these studies ultimately
relied on measuring PTS from sagittal slices of the recon-
structed 3D images.?® Our study adopted a relatively
direct approach, inspired by Amirtharaj et al,' who calcu-
lated the best-fit plane of the tibial plateau by minimizing
the sum of squared distances from peripheral rim points.
This plane was then projected onto the sagittal plane to
directly evaluate PTS.?°
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Our findings demonstrated good-to-excellent ICC for
both LR and LLR, with minimal intrarater error. However,
in interrater comparisons, LLR demonstrated superior
reliability, with a bias of 0.18° and 84.38% of the measure-
ments within an acceptable LOA of 2°. Conversely, the LR
had an elevated bias of 0.82° and an acceptable LOA rate of
68.75%. This discrepancy is likely attributed to differences
in the axis definition, as LLR uses the knee and ankle cen-
ters to define the MA, whereas LR relies on 2 points within
the proximal tibia. When comparing LLR to 3D
reconstruction—-based MPTS measurements, a bias of
0.38° (95% LOA, —2.72° to 3.48°) and an acceptable LOA
rate of 78.12% indicated high agreement.

In the MRI-based measurements, both MTP and LTP
exhibited moderate-to-good ICC values; however, signifi-
cant variability was observed. The proportion of measure-
ments meeting the acceptable LOA threshold ranged
from 43.75% to 65.62%, which was consistent with the find-
ings of Wen et al.®> However, the LTP-MTP difference
measurements exhibited better reliability, with ICC values
in the moderate-to-good range and acceptable LOA rates of
75.00% to 87.50%. Furthermore, when comparing LTP-
MTP asymmetry between MRI and 3D reconstruction
images, we observed an ICC of 0.81 and a bias of 0.56°
(95% LOA, —2.83° to 3.95°), indicating strong agreement.

The clinical implications of LTP-MTP asymmetry have
been well-established in previous studies. The asymmetry
has been linked to ACL degeneration and tears, serves as
a predictor of ACL reconstruction failure, and influences
both the occurrence and the repair outcomes of meniscus
root tears,*19:26:33,34

In summary, MPTS measurement demonstrated the
highest accuracy when performed using LLR that encom-
passed the entire tibia. Among the MRI-based measure-
ments, the LTP-MTP asymmetry metric exhibited
superior reliability and accuracy compared with individual
MTP or LTP values. Given the challenges of measuring
LTP on standard radiographs, we discovered that the
sum of the LLR-based MPTS (measured using the MA)
and the MRI-derived LTP-MTP difference exhibited good
reliability (ICC, 0.801) and strong linear correlation with
the 3D-reconstructed LPTS (Pearson r, 0.826; P < .001).
Although the variability observed in MRI-based LTP mea-
surement may appear similar to previous findings (95%
LOA, —4.955° to 3.186°; difference <2°, 54.69%), this com-
parison was conducted between different methods (inter-
method analysis using 3D reconstruction). However,
despite the comparable variability, our newly proposed
method, which specifically measures LPTS, demonstrated
a stronger correlation with actual 3D-reconstructed PTS
values, suggesting that it provides a more accurate reflec-
tion of true anatomic measurements.

Limitations

This study had several limitations. First, this was a retro-
spective single-center study, which limited the generaliz-
ability of our findings. Additionally, as the study focused
solely on patients with ACL rupture, the PTS values
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reported may not apply to the general population. This lim-
itation arises from the fact that we conducted postopera-
tive CT scans, including the distal tibia, and categorized
patients without arthritic changes within the 3D
reconstruction—capable cohort as part of the ACL recon-
struction group. Additionally, the limitations related to
gender distribution and the ACL patient cohort differ
from those of other studies, as our research focuses on eval-
uating measurement methodologies rather than drawing
direct clinical conclusions. Consequently, these factors do
not diminish the validity of our observations but rather
highlight the distinct nature of our approach. Additionally,
because this study does not aim to determine the clinical
relationship between ACL and PTS, a power analysis
was not performed. Finally, while Amirtharaj et al® pro-
posed an automated method for identifying peripheral
rim points in 3D imaging, our study relied on a manual def-
inition of these points, introducing a potential source of
measurement variability.

CONCLUSION

MPTS measurement using anterosuperior and posterosu-
perior reference points in lateral views (LR and LLR)
proved to be highly accurate and consistent. In MRI, only
the lateromedial PTS asymmetry demonstrated reliability
and consistency. To estimate LPTS, combining the LLR-
based MPTS with the MRI-derived lateromedial PTS dif-
ference yielded intra- and interrater reliability comparable
with existing methods but improved accuracy compared
with MRI-based measurements alone.

ORCID iDs

Jin-Gyu Kim
Kwangho Chung

https://orcid.org/0009-0005-7648-8334
https://orcid.org/0000-0003-3097-3332

https://orcid.org/0000-0001-8422-093X
https://orcid.org/0000-0001-5743-6241

Se-Han Jung
Sung-Hwan Kim

REFERENCES

1. Amirtharaj MJ, Hardy BM, Kent RN 3rd, et al. Automated, accurate,
and three-dimensional method for calculating sagittal slope of the
tibial plateau. J Biomech. 2018;79:212-217. doi:10.1016/j.jbiomech.
2018.07.047

2. Bao L, Rong S, Shi Z, Wang J, Zhang Y. Measurement of femoral
posterior condylar offset and posterior tibial slope in normal knees
based on 3D reconstruction. BMC Musculoskelet Disord.
2021;22(1):486. doi:10.1186/s12891-021-04367-6

3. Bernhardson AS, Aman ZS, Dornan GJ, et al. Tibial slope and its
effect on force in anterior cruciate ligament grafts: anterior cruciate
ligament force increases linearly as posterior tibial slope increases.
Am J Sports Med. 2019;47(2):296-302. doi:10.1177/03635465
18820302

4. Bernholt D, DePhillipo NN, Aman ZS, Samuelsen BT, Kennedy M,
LaPrade RF. Increased posterior tibial slope results in increased inci-
dence of posterior lateral meniscal root tears in ACL reconstruction
patients. Knee Surg Sports Traumatol Arthrosc. 2021;29(11):3883-
3891. doi:10.1007/s00167-021-06456-4

5. Clinger BN, Plaster S, Passarelli T, Marshall J, Wascher DC. Differen-
tiation in posterior tibial slope by sex, age, and race: a cadaveric



10 Kim et al

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

study utilizing 3-dimensional computerized tomography. Am J Sports
Med. 2022;50(10):2698-2704. doi:10.1177/03635465221108187

. Cruz CA, Mannino BJ, Pike A, et al. Increased posterior tibial slope is

an independent risk factor of anterior cruciate ligament reconstruc-
tion graft rupture irrespective of graft choice. J ISAKOS. Oct
2022;7(5):100-104. doi:10.1016/j.jisako.2022.04.002

. Dean RS, DePhillipo NN, Chahla J, Larson CM, LaPrade RF. Poste-

rior tibial slope measurements using the anatomic axis are significantly
increased compared with those that use the mechanical axis. Arthros-
copy. 2021;37(1):243-249. doi:10.1016/j.arthro.2020.09.006

. Dean RS, Larson CM, Waterman BR. Posterior tibial slope: under-

stand bony morphology to protect knee cruciate ligament grafts.
Arthroscopy. 2021;37(7):2029-2030. doi:10.1016/j.arthro.2021.05.006

. Dzidzishvili L, Allende F, Allahabadi S, Mowers CC, Cotter EJ, Chahla

J. Increased posterior tibial slope is associated with increased risk of
meniscal root tears: a systematic review. Am J Sports Med.
2024;52(13):3427-3435. doi:10.1177/03635465231225981

Farid AR, Pradhan P, Stearns SA, Kocher MS, Fabricant PD. Associ-
ation between posterior tibial slope and ACL injury in pediatric
patients: a systematic review and meta-analysis. Am J Sports Med.
2024;52(11):2911-2918. doi:10.1177/03635465231199649

. Gwinner C, Fuchs M, Sentuerk U, et al. Assessment of the tibial slope

is highly dependent on the type and accuracy of the preceding acqui-
sition. Arch Orthop Trauma Surg. 2019;139(12):1691-1697. doi:10.
1007/s00402-019-03201-y

Gwinner C, Janosec M, Wierer G, Wagner M, Weiler A. Graft survi-
vorship after anterior cruciate ligament reconstruction based on tibial
slope. Am J Sports Med. 2021;49(14):3802-3808. doi:10.1177/
03635465211049234

Hees T, Zielke J, Petersen W. Effect of anterior tibial bowing on mea-
surement of posterior tibial slope on conventional X-rays. Arch
Orthop Trauma Surg. 2023;143(6):2959-2964. doi:10.1007/s00402-
022-04507-0

Hudek R, Schmutz S, Regenfelder F, Fuchs B, Koch PP. Novel mea-
surement technique of the tibial slope on conventional MRI. Clin
Orthop Relat Res. 2009;467(8):2066-2072. doi:10.1007/s11999-009-
0711-3

Ihn HE, Prentice HA, Funahashi TT, Maletis GB. Posterior tibial slope
measured on plain radiograph versus MRI and its association with
revision anterior cruciate ligament reconstruction: a matched case-
control study. Am J Sports Med. 2024;52(12):2987-2995. doi:10.
1177/03635465241279848

Jiang J, Liu Z, Wang X, Xia Y, Wu M. Increased posterior tibial slope
and meniscal slope could be risk factors for meniscal injuries: a sys-
tematic review. Arthroscopy. 2022;38(7):2331-2341. doi:10.1016/j.
arthro.2022.01.013

Jung SH, Jung M, Chung K, et al. Factors causing unintended sagit-
tal and axial alignment changes in high tibial osteotomy: comparative
3-dimensional analysis of simulation and actual surgery. Am J Sports
Med. 2024;52(6):1543-1553. doi:10.1177/03635465241241539
Kodama Y, Furumatsu T, Tamura M, et al. Steep posterior slope of
the medial tibial plateau and anterior cruciate ligament degeneration
contribute to medial meniscus posterior root tears in young patients.
Knee Surg Sports Traumatol Arthrosc. 2023;31(1):279-285. doi:10.
1007/s00167-022-07095-z

Kolbe R, Schmidt-Hebbel A, Forkel P, Pogorzelski J, Imhoff AB,
Feucht MJ. Steep lateral tibial slope and lateral-to-medial slope
asymmetry are risk factors for concomitant posterolateral meniscus
root tears in anterior cruciate ligament injuries. Knee Surg Sports
Traumatol Arthrosc. 2019;27(8):2585-2591. doi:10.1007/s00167-
018-5279-6

Melugin HP, Brown JR, Hollenbeck JFM, et al. Increased posterior
tibial slope increases force on the posterior medial meniscus root.
Am J Sports Med. 2023;51(12):3197-3203. doi:10.1177/03635465
231195841

Messner MK, McGee AS, Elphingstone JW, et al. The relationship
between posterior tibial slope and pediatric tibial eminence fractures.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

The Orthopaedic Journal of Sports Medicine

Am J Sports Med. 2023;51(1):32-37. doi:10.1177/03635465221
137888

Napier RJ, Garcia E, Devitt BM, Feller JA, Webster KE. Increased
radiographic posterior tibial slope is associated with subsequent
injury following revision anterior cruciate ligament reconstruction.
Orthop J Sports Med. 2019;7(11):2325967119879373. doi:10.1177/
2325967119879373

Nazzal EM, Zsidai B, Pujol O, Kaarre J, Curley AJ, Musahl V. Consid-
erations of the posterior tibial slope in anterior cruciate ligament
reconstruction: a scoping review. Curr Rev Musculoskelet Med.
2022;15(4):291-299. doi:10.1007/s12178-022-09767-2

Ni QK, Song GY, Zhang ZJ, Zheng T, Cao YW, Zhang H. Posterior
tibial slope measurements based on the full-length tibial anatomic
axis are significantly increased compared to those based on the
half-length tibial anatomic axis. Knee Surg Sports Traumatol
Arthrosc. 2022;30(4):1362-1368. doi:10.1007/s00167-021-06605-9
Ravi V, Rehman M, Xia S, Chhabra A, Silva FD. Association of tibial
slope alterations with anterior cruciate ligament (ACL) injury and
mucoid degeneration. Skeletal Radiol. 2025;54(2):325-334. doi:10.
1007/s00256-024-04744-x

Sato D, Han M, Feeley BT, Ma CB, Majumdar S, Lansdown DA.
Higher posterior tibial slope and lower medial proximal tibial angle
of the knee are associated with delayed graft maturation after ante-
rior cruciate ligament reconstruction surgery with hamstring auto-
graft. Arthroscopy. 2025;41(7):2482-2491. doi:10.1016/j.arthro.2024.
10.044

Tanaka T, Gale T, Nishida K, Xu C, Fu F, Anderst W. Posterior tibial
slope and meniscal slope correlate with in vivo tibial internal rotation
during running and drop jump. Knee Surg Sports Traumatol Arthrosc.
2023;31(6):2366-2373. doi:10.1007/s00167-022-07163-4

Tollefson LV, Rasmussen MT, Guerin G, LaPrade CM, LaPrade RF.
Slope-reducing proximal tibial osteotomy improves outcomes in
anterior cruciate ligament reconstruction patients with elevated pos-
terior tibial slope, especially revisions and posterior tibial slope >12.
Arthroscopy. 2025;41(8):3184-2195. doi:10.1016/j.arthro.2024.10.
048

Wang D, Kent RN 3rd, Amirtharaj MJ, et al. Tibiofemoral kinematics
during compressive loading of the ACL-intact and ACL-sectioned
knee: roles of tibial slope, medial eminence volume, and anterior lax-
ity. J Bone Joint Surg Am. 2019;101(12):1085-1092. doi:10.2106/
JBJS.18.00868

Weiler A, Berndt R, Wagner M, Scheffler S, Schatka |, Gwinner C.
Tibial slope on conventional lateral radiographs in anterior cruciate
ligament-injured and intact knees: mean value and outliers. Am J
Sports Med. 2023;51(9):2285-2290. doi:10.1177/03635465231178
292

Weinberg DS, Williamson DF, Gebhart JJ, Knapik DM, Voos JE. Dif-
ferences in medial and lateral posterior tibial slope: an osteological
review of 1090 tibiae comparing age, sex, and race. Am J Sports
Med. 2017;45(1):106-113. doi:10.1177/0363546516662449

Wen D, Bohlen H, Mahanty S, Wang D. Posterior tibial slope meas-
urements of the medial and lateral plateaus vary widely between
magnetic resonance imaging and computed tomography. Arthros-
copy. 2025;41(6):1871-1878. doi:10.1016/j.arthro.2024.08.016
Wong CK, Man GCW, He X, et al. Large lateral tibial slope and lateral-
to-medial slope difference are risk factors for poorer clinical out-
comes after posterolateral meniscus root tear repair in anterior cruci-
ate ligament reconstruction. BMC Musculoskelet Disord. 2022;23(1):
247. doi:10.1186/s12891-022-05174-3

Ye Z, Xu J, Chen J, et al. Steep lateral tibial slope measured on mag-
netic resonance imaging is the best radiological predictor of anterior
cruciate ligament reconstruction failure. Knee Surg Sports Traumatol
Arthrosc. 2022;30(10):3377-3385. doi:10.1007/s00167-022-06923-6
Zeng C, Yang T, Wu S, et al. Is posterior tibial slope associated with
noncontact anterior cruciate ligament injury? Knee Surg Sports Trau-
matol Arthrosc. 2016;24(3):830-837. doi:10.1007/s00167-014-3382-x



