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Aims

Accurate identification of the ankle joint centre is critical for estimating tibial coronal align-
ment in total knee arthroplasty (TKA). The purpose of the current study was to leverage
artificial intelligence (Al) to determine the accuracy and effect of using different radiological
anatomical landmarks to quantify mechanical alignment in relation to a traditionally de-
fined radiological ankle centre.

Methods

Patients with full-limb radiographs from the Osteoarthritis Initiative were included. A sub-
cohort of 250 radiographs were annotated for landmarks relevant to knee alignment and
used to train a deep learning (U-Net) workflow for angle calculation on the entire database.
The radiological ankle centre was defined as the midpoint of the superior talus edge/tibial
plafond. Knee alignment (hip-knee-ankle angle) was compared against 1) midpoint of the
most prominent malleoli points, 2) midpoint of the soft-tissue overlying malleoli, and 3)
midpoint of the soft-tissue sulcus above the malleoli.

Results

A total of 932 bilateral full-limb radiographs (1,864 knees) were measured at a rate of
20.63 seconds/image. The knee alignment using the radiological ankle centre was accurate
against ground truth radiologist measurements (inter-class correlation coefficient (ICC) =
0.99 (0.98 to 0.99)). Compared to the radiological ankle centre, the mean midpoint of the
malleoli was 2.3 mm (SD 1.3) lateral and 5.2 mm (SD 2.4) distal, shifting alignment by 0.34°
(SD 2.4°) valgus, whereas the midpoint of the soft-tissue sulcus was 4.69 mm (SD 3.55) lat-
eral and 32.4 mm (SD 12.4) proximal, shifting alignment by 0.65° (SD 0.55°) valgus. On the
intermalleolar line, measuring a point at 46% (SD 2%) of the intermalleolar width from the
medial malleoli (2.38 mm medial adjustment from midpoint) resulted in knee alignment
identical to using the radiological ankle centre.

Conclusion

The current study leveraged Al to create a consistent and objective model that can estimate
patient-specific adjustments necessary for optimal landmark usage in extramedullary and
computer-guided navigation for tibial coronal alignment to match radiological planning.

Cite this article: Bone Jt Open 2022;3-10:767—776.
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Introduction mechanical axis in the coronal plane in order
Resection of the proximal tibia during total to obtain a desired tibial alignment.! For a
knee arthroplasty (TKA)is typically performed  traditional mechanical alignment target, the
with a saw cut oriented perpendicular to the tibial cut is neutral to the tibial mechanical
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Fig. 1

Workflow for final application of knee alignment deep learning model on Osteoarthritis Initiative database.

axis to optimize contact forces and TKA longevity.?> Prior
reports have shown that varus tibial alignment can result
up to a 3.2 times greater risk of failure compared with
neutral alignment and may even lead to collapse of the
medial tibial bone.? This misalignment may be accentu-
ated and unavoidable in cases where the tibial mechan-
ical and anatomical axes differ, such as in patients with
proximal tibia bowing deformities.® As such, identifying
the ankle centre is imperative to obtain accurate tibial
alignment measurements and potentially avoid adverse
events associated with tibial component malposition in
the coronal plane.

Contemporary methods of determining the optimal
tibial resection alignment and rotation are performed
predominately using three techniques: 1) with an extra-
medullary guide and drop rod using a combination or
subset of anatomical landmarks, including the anterior
tibial cortex or second metatarsal as a distal localization
point, with the goal of defining the mechanical axis distal
point as the ankle centre;"’? 2) an intramedullary tibial
alignment guide;*>'%'? or 3) robotic or computer-assisted
navigation, using registration and calibration of anatom-
ical landmarks (such as the medial and lateral malleoli) to
confirm in real-time the desired orientation of tibial cut
in the sagittal and coronal planes.” However, radiolog-
ically, the tibial mechanical axis uses the tibial plafond
centre or talus as the most distal extent; thus, contempo-
rary methods of tibial mechanical alignment and desired
resection planes in TKA may be subject to variations in
the coronal and sagittal planes.’ This is especially rele-
vant with extramedullary guides where the ankle centre

may be challenging to localize and is influenced by rota-
tional differences between the proximal tibia and ankle.™
Though several attempts have been made to understand
the associations between tibial alignment methods, land-
marks including ankle centre of rotation, and resultant
coronal plane resection angles, these studies are limited
by small sample sizes and methodology subject to
human error.6”'3

The use of artificial intelligence and deep learning to
identify and compare clinically relevant anatomical land-
marks for tibial bone resection is poised to overcome the
limitations in subjective variability and measurement time
burden inherent to human measurement. The purpose
of the current study was to determine the accuracy and
effect of using different radiological distal tibial anatom-
ical landmarks for knee alignment in relation to a tradi-
tionally defined radiological ankle centre. The authors
hypothesized that using anatomical landmarks that devi-
ated further from the ankle centre, such as with the use of
extramedullary guides dependent on soft-tissue, would
lead to greater deviations from the radiological tibial
mechanical alignment.

Methods

Patient and image selection. Patients with full limb stand-
ing radiographs from the Osteoarthritis Initiative (OAI)
were included. The public database consists of data col-
lected between 2004 and 2015 from 4,796 patients aged
between 45 and 79 years. Institutional Review Board
(IRB) approval was obtained at each institution involved
in the creation of the database. Inclusion criteria were
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Fig. 2
Hip-knee-ankle (HKA) angle, defined as angle subtended by the femoral and tibial mechanical axes (red lines). Positive values recorded as valgus and negative
values recorded as varus.
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Fig. 3
Distal anatomical landmarks based on colour. Orange = radiological ankle center. Blue = medial and lateral malleoli. Purple = soft tissue overlying malleoli.
Green = soft tissue sulcus.

individuals who had afull-limb radiograph available at the
earliest timepoint (12 months from baseline enrolment).
Exclusion criteria were patients who had already under-
gone a total or unicompartmental knee arthroplasty at
the time of obtaining full limb radiographs (Figure 1).
Knee alignment and distal tibial alignment land-
marks. The hip-knee-ankle (HKA) angle was measured as
the angle subtended by the tibial and femoral mechani-
cal axes. The femoral mechanical axis was defined as the
line from the femoral head centre to the most central and
superior point of the intercondylar notch of the distal fe-
mur. The tibial mechanical axis was defined as the line
from the centre point between the most superior points
on the two proximal tibial spines to a defined point on
the distal talus/tibia. Negative angles were defined as var-
us and positive values as valgus (Figure 2).

We investigated four different distal anatomical land-
marks to define the tibial mechanical axis that were clini-
cally relevant to the use of extramedullary tibial guides and
navigation-assisted knee surgery (Figure 3): 1) midpoint
of the superior talus edge/tibial plafond (i.e. the radiolog-
ical ankle centre);™ 2) midpoint of the line connecting the
most prominent point on the medial malleoli and lateral
fibula (i.e. intermalleolar line);"® 3) midpoint of the line
connecting the soft-tissue directly overlying the malleoli;
and 4) midpoint of the smallest soft-tissue width above
the malleoli (i.e. ankle soft-tissue sulcus).

Convolutional neural networks. Convolutional neural
networks (CNNs) are a type of deep learning network

used in computer vision tasks to identify features of inter-
est in images. A U-Net is a specific type of CNN capable
of classifying pixels as belonging to various objects.’ We
trained U-Nets to identify bone and soft-tissue landmarks
as objects on the radiographs to calculate knee align-
ment angles (Supplementary Material). The landmarks
included the femoral head, femoral condyles, proximal
tibial spines, talus, tibia, fibula, and soft-tissue (Figure 4).
All training and validation data were manually annotated
to establish ground truths for the model. Two separate
models were created for bone and soft-tissue, and pre-
dictions were overlayed to conduct analyses regarding
soft-tissue thickness (Figure 4).

Statistical analysis. The U-Net model’s performance for
landmark prediction was assessed using the multiclass
dice coefficient and foreground accuracy.”'® To ensure
accurate HKA angle calculation against human measure-
ments, the inter-class coefficient (two-way mixed, single
score, ICC3) was calculated against available radiologist
measurements from the OAI. For final analysis, the radi-
ological ankle centre was used as the comparison con-
trol for other distal tibial landmarks. Every image was re-
viewed and calibrated by the vertical ruler. Paired t-tests
were conducted to compare the approaches given that
all four measurements were performed on each knee.
Pearson’s R correlation analyses were performed to de-
termine the relationships between results and age, BMI,
tibia length, and femur length. Furthermore, secondary
analysis was conducted to determine what adjustment
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Fig. 4
Machine-learning workflow from input image to predicted alignment landmarks.

Table I. Hip-knee-ankle angle and comparison against Osteoarthritis Initiative radiologist measurements.

Mean paired difference from Absolute paired

1CC against OAI

Landmark Mean HKA angle (SD) OAIl measurements (SD) difference > 2° measurements

Talus -1.04 (3.67) 0.28 (0.69) 2.7% 0.99 (0.98 to 0.99)
Tibia/fibula malleoli -0.69 (3.61) 0.63 (0.70) 4.8% 0.99 (0.98 to 0.99)
Soft-tissue over malleoli -0.67 (3.62) 0.64 (0.70) 5.0% 0.99 (0.98 to 0.99)
Soft-tissue sulcus -0.39 (3.58) 0.93 (0.82) 14.1% 0.98 (0.97 to 0.98)

HKA, hip-knee-ankle; ICC, inter-class correlation coefficient; OAI, Osteoarthritis Initiative.

ratio using the intermalleolar line would provide the HKA
angle measured by the radiological ankle centre. All sta-
tistical analyses were conducted on a Jupyter Notebook
(Python) using the Scipy.stats package and Statsmodel
package.™

Results

Image cohorts. After image review and exclusion, knee
alignment analysis was conducted on a final cohort of
932 patients (1,864 knees). The cohort’s mean age was
61.5 years old (standard deviation (SD) 9.2), 53% (n =
491) were female, and mean BMI was 29.5 kg/m? (SD
4.5).

Deep learning workflow performance. Alignment angles
(1,864 knees; 7,456 HKA angles) using the four different

distal tibial landmarks were calculated at a rate of ap-
proximately 20.63 seconds/image (328 total minutes).
The bony landmark model had a dice coefficient of 0.87
and foreground accuracy of 0.94, whereas the soft-tissue
model had a dice coefficient of 0.98 and foreground ac-
curacy of 0.96 (Figure 4, model metrics in Supplementary
Figures a and b). To ensure that the HKA angle was accu-
rately measured by the machine-learning algorithm, the
HKA using the radiological ankle centre was compared
against available radiologist measurements from the
OA\, resulting in strong interobserver reliability (ICC 0.99
(0.98 to 0.99))* (Table I).

HKA angle comparison by tibial landmarks. The mean
HKA angle was -1.04° (SD 3.67°) using the radiological
ankle centre (Table I). Compared against the radiological
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Ankle centre offset (left, scatterplot) and hip-knee-ankle angle differences (right, histogram) based on landmarks relative to using the radiological ankle centre
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malleoli. Right = mm adjustment from intermalleolar centre.

ankle centre, the midpoint of the intermalleolar line was
2.27 mm (SD 1.29) lateral and 5.17 mm (SD 2.44) distal.
The HKA angle was significantly different (mean -0.69°
(SD 3.61°), p = 0.005) and 0.34° (SD 0.32°) more valgus
(paired differences against radiological ankle centre). The
midpoint of the soft-tissue overlying the malleoli was 2.39
mm (SD 1.58) lateral and 5.17 mm (SD 2.44) distal to the
radiological ankle centre. The HKA angle was significantly
different (mean -0.67° (SD 3.62°), p = 0.003) and 0.37°
(SD 0.35°) more valgus using this landmark. Finally, the
midpoint of the soft-tissue sulcus above the malleoli (sul-
cus) was 4.69 mm (SD 3.55) lateral and 32.40 mm (SD
12.45) proximal to the radiological ankle centre. The HKA
angle was significantly different (mean -0.39° (SD 3.58°),
p < 0.001) and 0.65° (SD 0.55°) more valgus (Figure 5).
BMI had a weak correlation with soft-tissue overlying
the tibia (r = 0.30, p < 0.001) and fibula (r = 0.33, p <
0.001); however, age, BMI, tibia length, and femur length
had weak correlations with knee alignment differences

between the different landmarks from the radiological
ankle centre (r < 0.10).

Proposed adjustment to approximate ankle joint centre
during TKA. To determine the necessary tibial landmark
adjustment using the intermalleolar line to replicate the
HKA angle formed by the radiological ankle centre, ra-
tios of the intermalleolar width from the medial malle-
oli were calculated for each knee. On the intermalleolar
line, measuring a point at a mean 46.3% (SD 2.1%) of
the intermalleolar width from the medial malleoli result-
ed in knee alignment measurements consistent with the
radiological ankle centre. This adjustment translated to a
2.38 mm (SD 1.37) shift medially from the intermalleolar
line centre to match the radiological ankle joint centre
(Figure 6).

Discussion
This study’s main findings are as follows: 1) a novel deep-
learning algorithm was developed, capable of accurately
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and rapidly calculating the HKA angle using four different
tibial anatomical landmarks; 2) comparison among HKA
measurement methods demonstrated that using the
soft-tissue sulcus proximal to the malleoli (i.e. where the
distal ankle clamp of an extramedullary guide usually
attaches) results in the largest coronal plane deviation
from the radiological ankle centre; 3) the algorithm was
able to quantify a precise adjustment necessary to match
a HKA measured using the radiological ankle joint centre,
suggesting that a point a mean 46.3% of the intermal-
leolar width from the medial malleoli (or 2.38 mm
varus adjustment) resulted in knee alignment measure-
ments identical to the radiological ankle centre in this
population.

The deep-learning model developed in this study
measured 932 bilateral full-limb radiographs (1,864
knees) at a rate of approximately 20.63 seconds/image.
The dice segmentation coefficient and foreground accu-
racy, which assessed the spatial overlap between the
deep-learning model predictions and established ground
truth annotations were above > 0.85 for both the bone and
soft-tissue segmentation models. This indicates excellent
segmentation results in accordance with previous studies
investigating this approach for automated deep-learning
orthopaedic measurements.??> However, compared to
previous studies, we also use segmentation to outline
soft-tissue in addition to bone on plain radiographs to
calculate the HKA angle.

Furthermore, the knee alignment angles using the
radiological ankle centre were highly accurate against
ground truth measurements made by trained radiol-
ogists. This is an important finding, suggesting that
the model predictions of tibial alignment are in accor-
dance with radiological measurements made in clinical
practice. Furthermore, the objectivity and speed of the
algorithm may have several clinical benefits. Indeed,
subjectivity inherent in human measurement may result
in inter-measurer and inter-subject variations, especially
when radiographs are difficult to measure because of
rotation or quality. This presents challenges when align-
ment measurements are needed for research purposes
or preoperative planning.?* Hess et al* performed a
systematic review of 15 studies in patients with osteo-
arthritic knees to better understand coronal alignment
variability, ultimately concluding that significant varia-
tion exists in the HKA angle as well as femoral and tibial
mechanical angles across populations, which may not
be appropriately accounted for when planning TKA.
Deep-learning-based identification of bony landmarks
can produce objective measurements and overcome
subjective limitations, allowing for more accurate
assessments and less variation in preoperative planning.
This has been demonstrated by multiple studies for
HKA,?2¢ although none have leveraged deep learning
to explore HKA based on different landmarks other than

the radiological ankle centre. Here, we present the use
of deep learning to measure the HKA based on several
clinically relevant landmarks used intraoperatively for
tibial alignment. Future studies are warranted to eval-
uate the performance of the deep-learning model in
external populations to confirm accuracy and reliability
across diverse cohorts of patients.

This study also provides insight into the quantitative
differences among clinically relevant distal reference
points and emphasizes the importance of understanding
the magnitude of deviation from the true ankle centre.
Compared to the radiological ankle centre, significant
coronal plane variations were identified based on the
distal tibial landmark. Specifically, the mean midpoint
of the malleoli was 2.3 mm (SD 1.3) lateral and 5.2 mm
(SD 2.4) distal to the ankle centre, and shifted knee align-
ment valgus by 0.34° (SD 2.4°). Using the soft-tissue
sulcus, the midpoint of measurement shifted 4.69 mm
(SD 3.55) lateral and 32.4 mm (SD 12.4) proximal to
the ankle centre, and shifted knee alignment valgus by
0.65° (SD 0.55°). Although a difference of 0.28° to 0.93°
between landmark use may represent small clinical signif-
icance, recent studies investigating the use of HKA angles
in phenotyping knees undergoing TKA use HKA angle
cutoffs of -2° to 2°.% Thus, these small deviations can
lead to systematic differences in classification of knees in
varus and valgus simply based on the landmarks used for
measurements for both research and clinical application.

Furthermore, the statistically significant variations
from the radiological ankle centre reported in this study
are consistent with literature examining associations
between anatomical variation and coronal plane align-
ment. Cinotti et al?® reported that the trajectory of the
anterior tibial cortex assumes three patterns including
curved, straight, and mixed courses, which intersect the
mechanical axis at different points. Depending on the
course, the difference in the angle between the cortex
and mechanical axis exceeded 3° in more than 35% of
cases. Asada et al° retrospectively examined 102 CT scans
in patients with osteoarthritic knees and used both the
tibial anteroposterior (AP) and transmalleolar (TMA) axis
as rotational reference axes of the knee and ankle joint,
respectively. They found that the mean offset distances
with reference from the tibial AP and TMA axes were
1.8 mm and 3.0 mm medial from the intermalleolar
midpoint, respectively. The proximal tibia cut varus devi-
ations ranged from 0.1° to 0.7° excluding the skin, and
0.1° to 1.1° including the skin. Finally, Siston et al' eval-
uated the accuracy of five anatomical and two kinematic
methods of determining the ankle centre in 11 subjects
using MRI. They found that establishing the midpoints of
the most medial and lateral aspects of the malleoli was
the most accurate method, conferring a mean 4.5 mm
of lateral error. Similar relationships have been identified
using computer-assisted navigation.” Thus, this trend
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towards lateral deviation of the assumed ankle centre is
consistent with this study’s results, and contributes plau-
sibility to the ability of deep-learning methods to accu-
rately quantify the true and projected tibial alignment.
Regardless of the alignment target, whether kinematic
or mechanical, a model to reliably identify the ankle
centre would be beneficial in preoperative planning
and surgical execution.

Based on this study, when performing tibial resec-
tions with extramedullary mechanical guides with the
distal ankle clamp centred within the soft-tissue sulcus, a
medial shift of 4.69 mm (approximately 5 mm) is recom-
mended. Care should be taken to perform secondary
checks with either the anterior tibial cortex, anterior
tibial tendon, or second metatarsal due to the variability
required for medial translation (+ 3.55 mm). However,
given that prior literature has suggested that the use of
extramedullary guides may lead to a higher incidence of
tibial tray malalignment due to mechanical axis outliers,?
and in conjunction with the current findings, we recom-
mend the use of the intermalleolar line to approximate
the ankle joint centre, as dependence on the soft-tissues
with other methods may result in more significant
valgus deviation.

Given the above findings, we also reported the neces-
sary clinical adjustment in tibial alignment using the
intermalleolar line to counteract the coronal deviations.
Measuring a point at 46.3% (SD 2.1%) of the intermal-
leolar width from the medial malleoli resulted in knee
alignment measurements consistent with the radiolog-
ical ankle centre. This ratio provides valuable information
from a large cohort of patients for computer navigation
and robotic systems that use a predetermined ratio for
determining the ankle centre based on medial and lateral
malleoli intraoperative registration. This translated to a
2.38 mm medial, or varus, adjustment when assessing
tibial alignment. Interestingly, we found that BMI did not
influence the mechanical alignment differences or need
for adjustments, which is consistent with previous liter-
ature.?” Regardless, results from prior literature and this
study suggests an overall tendency towards valgus misan-
gulation that should be addressed to approximate the
ankle centre during TKA. Though this proposed adjust-
ment was specific to the current population, the inherent
function of deep learning which uses patient-specific
radiographs allows for the rapid calculations neces-
sary for specific adjustments necessary on a patient-by-
patient basis. Future studies investigating the use of these
preoperative deep-learning patient-specific adjustment
ratios, intraoperatively, are of interest to determine if they
result in more accurate targeted knee alignment postop-
eratively in manual, computer-assisted, and robotic TKA.

First, the current study represents the performance
of the development and internal validation of a deep-
learning model, and external validation of this model is

imperative to confirm performance in patient populations
that may differ from those included in the OAI. Though
the proposed coronal plane adjustment to measure
the true ankle centre was determined to be 46.3% or
2.38 mm in this specific population, this adjustment
needs to be confirmed in independent populations and
with extramedullary and/or computer navigation guides.
Second, measurements of HKA angles using landmarks
other than the tibial plafond centre were not directly
compared against radiologist readings in a large cohort,
as these measurements were not available in the OAl and
are not routinely conducted on radiographs. Rather, the
measurements of HKA angles using other landmarks such
as soft-tissue and malleoli were compared against those
of the HKA angle using the tibial plafond as a reference.
All images were individually reviewed to ensure soft-
tissue and malleoli landmarks were accurate to produce
correct measurements before final analysis. As such, a
proportion of images were excluded for final analysis
after human review due to incorrect model prediction.
However, we argue that the purpose of this study was to
leverage deep learning to explore measurements rather
than to create a fully robust deep-learning model capable
of measuring every possible image accurately. Third, only
AP hip-to-ankle standing radiographs were available in
the OAI database, and therefore the influence of tibial
landmark selection on sagittal parameters such as tibial
slope and their association with coronal plane deviations
could not be studied. These coronal plane deviations
can be common in patients with osteoarthritis, and have
implications for surgical planning, overall postopera-
tive alignment, and implant survivorship.*3%3! Thus, the
relationship between coronal alignment and important
metrics (clinical, functional, survivorship) in the context of
measurements made by the deep-learning model remain
uninvestigated and are of interest for future studies.

In summary, the current study leveraged Al to create
a rapid and objective model that can estimate patient-
specific adjustments necessary to target the radiological
centre of the ankle. We found that the magnitude of
medial translation depends on the selected anatomical
landmarks which differ based on whether an extramed-
ullary or computer-guided navigation technique is used.
For mechanical alignment with extramedullary jigs, addi-
tional care must be taken to confirm accurate alignment
as the larger variability in the required medial shift may
contribute to tibial alignment error.

Take home message

- A deep-learning radiological analysis revealed deviations
in tibial mechanical axis measurements using different
anatomical landmarks relevant to total knee arthroplasty.

- A point at 46.2% of the distal limb intermalleolar line width from the
medial malleoli results in knee alignment identical to the radiological
talar/tibial plafond ankle centre.
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Supplementary material

c

Methods on deep-learning model creation and
performance.
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