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The Traditional Intramedullary Axis Underestimates
the Medial Tibial Slope Compared to Transmalleolar
Sagittal Axis in Image-based Robotic-Assisted
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The medial unicompartmental knee arthroplasty (mUKA) has been recognized as an
excellent treatment for medial knee osteoarthritis. The posterior tibial slope (PTS) is
measured radiographically with the intramedullary axis (IMA) to the tibial baseplate on
the sagittal plane radiograph. However, in most computer-navigated or robotic
mUKAs, the PTS is set from a transmalleolar axis (TMA).

The PTS difference was evaluatedbetween the sagittal TMA and the sagittal IMA of
patients undergoing a CT-based primary roboticassisted mUKA.

We retrospectively reviewed the preoperative computed tomography (CT) scans taken
according to the MAKO system protocol (Stryker) of 67 patients undergoing mUKAs. We
measured the angular difference between the IMA and the TMA in the sagittal plane.
Using the TMA to set the PTS the estimation of the slope of the medial tibial plateau
would increase by an average of 1.9 + 3.2 degreescompared to the IMA. Furthermore,
in nineknees, PTS was decreased.

Tibial components implanted with the help of a CT scan-based preoperative planning
MAKO will show an average of 1.9 degrees more than those measured on sagittal
radiographs potentially of concern for knee kinematics. A universal language is needed
to standardize the slope calculation and the respective reference axis used.

Isolated medial compartment osteoarthritis (OA) has been
reported to be present in 85%' of the knees presenting with
clinical OA and it remains a challenging problem due to its
economic and healthcare management implications. Surgical
management of unicompartmental knee arthritis includes
joint-preserving treatment such as arthroscopic debridement
or high tibial osteotomy (HTO) and no-joint preserving treat-
ment such as unicompartmental arthroplasty or total knee
arthroplasty (TKA).> These procedures have a finite life span
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in young and active patients, and concerns like functional
recovery and the ability to return to sports activities should
be considered. In recent years, the use of HTO for the treatment
of end-stage medial knee osteoarthritis has decreased.? It has
been demonstrated that HTO remains an attractive joint-pre-
serving procedure to avoid a knee arthroplasty for patients
younger than 50 years with low-grade unicompartmental
OAand a varus knee who have an extraarticular deformity of
the tibia* However, the HTO risk of failure increased
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dramatically for patients with OA who were rated as Ahlback
grade 2 or higher.* In the last decade, medial unicompartmental
knee arthroplasty (UKA) has been recognized as an excellent
treatment option for end-stage medial knee OA® and has been
increasingly used in clinical practice. It has the advantage of
minimal invasiveness, fast recovery, less bleeding, conservation
of functional knee structures, less soft tissue injury, and bone-
stock conservation.”- Knee function and patient satisfaction are
superior to total knee alrthroplasty.g'10 Recent studies have
shown that in patients aged 60 years or younger, UKA survival
rates are 90% at 10 years.11 Patients who underwent UKA had
better articular excursion, and were more satisfied and more
active, according to a functional assessment based on the Bristol
score.” The failure of UKA is associated with multiple factors
such as prosthesis design, surgeon experience, patient selection,
polyethylene (PE) quality, and intraoperative alignment and
fixation. In particular, the correct alignment and implant posi-
tion are paramount for the long-term survival of UKA since
those can alter the biomechanics of the knee, increasing liga-
ment strain and contact stresses.'?

Typical indications for UKA are a stable knee, functionally
intact lateral and femoropatellar compartments, correctable
(intra-articular) varus deformity, less than 10 to15 degreesof
fixed flexion deformity, and flexion beyond 100degrees.
Outside these indications, typically a patient should be
addressed to a total knee arthroplasty. The anterior cruciate
ligament (ACL) insufficiency, is reported as a relative contra-
indication for UKA implantation, leading to high failure
rates,'> however, many authors in the recent literature
reported no increased revision rate compared to convention-
al UKA.">"4The ACL forces after UKA are comparable to those
in native knees, indicating a similar role of the ACL in knees
following UKA.'> Suggs et al demonstrated in cadaveric
knees that Antero-Posterior stability of the knee after UKA
with an intact ACL was similar to that of the native knee,
while UKA with a deficient ACL showed more than twice the
knee movement under anterior tibial loading.'® The posteri-
or tibial slope (PTS) of the medial tibial plateau (MTP) is
considered an important anatomical factor that affects both
the ACL function and sagittal plane stability of the knee.!”
The PTS is defined as the posterior inclination of the plateau
relative to the tibial bone axis.'®

As originally described by the Knee Society Total Knee
Arthroplasty Roentgenographic Evaluation and Scoring Sys-
tem, the PTS is measured radiographically with a best-fit line
along the tibial canal to the tibial baseplate on the sagittal
plane radiograph. However, in most computer-navigated or
robotic medial unicompartmental knee arthroplasties
(mUKAs), reference points are taken from the malleoli, and
the PTS s set from a transmalleolar axis (TMA) rather than an
intramedullary axis (IMA) as it is traditionally measured
radiographically.'® There areno data, to our knowledge, on
the implications of the different methods in setting PTS for
mUKA. Therefore, this study aimed to assess the differences
between the TMA and the IMA of patients with knee arthritis
undergoing robotic-assisted mUKA with a preoperative com-
puted tomography (CT) scan (image-based).
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Materials and Methods

We retrospectively reviewed 103 patients who underwent
UKA at a single institution in our Institute performed by
three expert surgeons in robotic-assisted surgery between
September 2021 and December 2022.

We excluded patients who received an imaging-less, robot-
ic-assisted surgery including only patients who underwent an
image-based (CTscan) robotic-assisted surgery. Patients with
incomplete data or who did not give consent to be part of a
retrospective study were also excluded (~Fig. 1).

All surgical procedures were performed by using the
MAKO® robotic assistance (Stryker®, Mahwah) with the
patient in a supine position, and a tourniquet was routinely
inflated before making the skin incision. The same fixed-
bearing metal-backed cemented unicompartmental knee
prosthesis was implanted (RESTORIS MCK Partial Knee,
Stryker, Mahwah) with the assistance of the MAKO Robotic
system.

Data Acquisition

The patients had received preoperative CT scans as standard
of care, in order to plan the surgical procedure. The CT scans
were all obtained under the same protocol (200 mA, 120 kV,
slice spacing 0.625 mm, in-plane pixel resolution 0.488 mm),
corresponding to the requirements for a robotic TKA system
(Mako; Stryker, Mahwah, NJ), and included the hip, knee, and
ankle. A single MAKO Product Specialist segmented the CT
scans and reconstructed the 3D geometry of the tibia and
fibula. In the axial plane, a circle was placed with contact on
the posteromedial cortical and approximately 4 mm from
the posterolateral cortical, thus obtaining the first reference
(=Fig. 2A). Subsequently, we positioned the circumference in

no give the consent for a
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63 patients

103 patients
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— robotic assisted surgery
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—

Fig. 1 Flowdiagram with exclusion criteria.
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Fig. 2 (A-C) Center of the tibia calculated with MAKO Stryker software.

the coronal plane with contact to the medial and lateral
cortical, thus obtaining the second reference (~Fig. 2B).
Finally, the third reference was obtained by positioning the
circumference in the sagittal plane in contact with the
anterior and posterior cortical (=Fig. 2C). The threecentral
points of the obtained circumferences allowed us to obtain
the center of the knee. Therefore, the IMA was obtained as the
axis of the best-fit cylinder to the periosteal cortex of the
proximal tibia, between the most distal cross-section on the
CT scan at the knee level and the distal end of the tibial
tubercle. At least 130 mm of the proximal tibial shaft was
utilized to define the IMA. TheTMA was defined according to
industry standards as the line connecting the center of the
ankle with the center of the knee. The center of the ankle was
defined as the intermalleolar point located at 44% of the
intermalleolar distance from the medial malleolus. After
defining our reference points (center of the knee, anatomical
axis, center of the ankle, and TMA), the Mako protocol allows
us to calculate the tibial slope in relation to the dedication of
the anatomical (=Fig. 3A) or TMA (~Figs. 3B and 4).

Statistics

Two orthopaedic surgeons measured the angular difference
between the anatomic axis and the TMA. Differences were
reported as negative when the anatomic axis was anterior to
the TMA, resulting in a reduction of the posterior slope. We

SAGITTALE

then summarized the difference between both axes as the
mean and standard deviation.

Statistical analysis was performed through Prism 9.4
(GraphPad Software, Boston, MA). The Shapiro-Wilk test
was used to analyze the normality of the distributions.
Descriptive statistics (means, standard deviations [SDs],
ranges as appropriate) were reported to explain the data.
The measurements noted from the different methods were
compared using the Wilcoxon matchedpairs signed-rank
test. The difference of between males and females was
measured using the Mann-Whitney U test. Statistical signif-
icance was set as p-values < 0.05.

Results

Following the exclusion criteria, we extracted data from 67
patients. In total, 38 men and 29 women were included in the
retroprospective analysis, with an age range between 47 and
69 years (mean 62 years) and a body mass index rangebetw-
een 20 and 36 kg/m? (mean 28). Clinical data for all patients
are shown in =Table 1.

In 58 of the 67 knees, the IMA was anterior to the TMA,
resulting in an apparent reduction of the PTS on radiographic
measurements compared to MAKO CT measurements with
the TMA. Considering the overall population (n=67), we
observed a statistically significant difference between the

SAGITTALE

Fig. 3 (A) Slope calculated with the intramedullary axis.(B) Slope calculated with transmalleolar axis.
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Fig. 4 Simplified image of the use of axes for slope calculation using
CT with Mako protocol. Blue denotes the transmalleolar axis and red,
the intramedullary axis.

Table 1 Clinical data of the patients analyzed

Demographics of patients whose preoperative computed
tomographyscans were utilized in this study

Patient demographics Mean=+ SD Range
Age (years) 62+6 47-69
Weight (kg) 72 +£11 61-89
Height (cm) 169 +8 157-190
BMI (kg/m?) 28+4 20-36

Abbreviations: BMI, body mass index; SD, standard deviation.

measurement of the Transmalleolar Group (mean value +
SD;5.48 +0.87) and the Intramedullary Group (3.6 +1.57),
with p < 0.0001 (=Fig. 5A). The difference between both axes
was 1.9 + 1.8 degrees(average +SD) and ranged from 6.2 to
—2.7 degrees, with negative values corresponding to anIMA
anterior to the TMA. Furthermore, in nineknees, the slope
was increased. The reduction of the slope was <2 in 27 knees,
representing 40% of the cohort; between 2 and 4 in 23 knees,
representing 34% of the cohort; between 4 and 6 in 7 knees,
representing 10% and one knee over 6 (~Fig. 6).
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In the male population (n=238), the difference between
the groups was also significant with p <0.0001: Transmal-
leolar Group (5.464+0.92) and the Intramedullary Group
(3.67 +£1.39; =Fig. 5B). Similarly, for the female population
(n=29) the difference was significant (p <0.0001):Trans-
malleolar Group (5.51 +0.83) and the Intramedullary Group
(3.5+ 1.8; ~Fig. 5C).

Finally, comparing the differences between the two meth-
ods for males (1.79 4 1.78) and females (2.01 4 1.83), we did
not observe a statistically significant difference, with
p=0.5649 (~Fig. 5D).

Discussion

In our study, we found that the traditional IMA was
1.9 degreesanterior on the sagittal plane to the TMA; as
such, setting PTS from the TMA during a robotic UKA may
lead to an average of approximately 2degrees less PTS in
situations where surgeons who are new to the use of MAKO-
assisted technology and are accustomed to slope calculation
on X-rays and therefore accustomed to the use of the IMA.
The surgeons, implant designers, and robotic/computer nav-
igation system designers should be aware of this difference
as the accuracy and reliability of computer-navigated and
robotic devices can only be as good as the reference plans and
predetermined targets. We reported that referencing the
TMA rather than the IMA to set the PTS leads to 2degrees
less PTS. As the fibula and therefore lateral malleolus are
more posterior structures, the TMA lies posterior to the IMA
of the tibia. The angular difference between the sagittal
intramedullary and transmalleolar axes was 2degrees in
the majority (40%) of patients; however, in 11% of patients,
the angular difference was more than 4degrees, which could
have significant clinical implications. Although we do not yet
know the ideal PTS for each knee design and each patient,
significant variations in planned tibial slope to achieve tibial
slope can have significant kinematic implications in primary
UKA where mechanical alignment concepts are used and for
surgeons who are approaching the use of robot-assisted
technologies for the first time.

The best technique to measure the PTS on lateral X-rays is
still debated in the literature, and there is no consensus on
the best method. The most commonly used procedure is a
combination of four different methods used in previous
studies.'® The tangent to the MTP is considered the proximal
reference line in all four measurement methods. On the
lateral X-rays, the line connecting the top highest anterior
and posterior points of the medial plateau was taken into
account as the stable line for the tibial slope. As for
the second reference line, four different lines perpendicular
to one of the anatomic lines which all have been used in
earlier studies were selected: (1) anterior tibial cortex line,
(2) proximal tibial anatomic axis (PTAA), (3) posterior tibial
cortex line, and (4) proximal fibular anatomic axis
(PFAA; =Fig. 7). For all anatomic reference line drawings, a
starting point at the level of 15cm below the joint line
convenient for each reference line and a second reference
point 5 cm below the tibial tuberosity were used. For PTAA
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Fig. 5 (A-D) Graphical representation of the statistical results obtained.

intramedullary-transmalleolar angle difference
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Number of patients
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Fig. 6 The slope difference takes a negative value when the intra-
medullary axis is anterior to the transmalleolar axis. The table groups
the patients analyzed in relation to a range of slope differences.

and PFAA, the middle points of the tibia and fibula, respec-
tively, at these levels were defined as starting and passing
points. The angle between the tangent to the medial plateau
and each perpendicular line to the selected anatomic line
was measured as the tibial slope. Since the normal anatomic
tibial slope is in a posterior and downward direction, PTS
values were defined as positive (+), and anterior slope values
were defined as negative (—).

The ACL deficiency was included in the relative contra-
indications for UKA, however, Boissonneault et al proposed
that a functionally intact ACL is not always an essential
prerequisite for a successful UKA." To improve stability in
the ACL-deficient knee, the PTS may be reduced?? resulting
in a comparable femoral rollback to healthy knees®'and a
more stable knee in flexion."* When approaching a patient
with monocompartimental arthrosis in ACL-deficient knees,

The Journal of Knee Surgery © 2024. Thieme. All rights reserved.
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Fig.7 Four different methods of measuring tibial slope: anterior tibial
cortex (ATC), proximal tibial anatomic axis (PTAA), posterior tibial
cortex (PTC), and proximal fibular anatomic axis (PFAA).

the main features to take into account are the patient’s
biological age, functional demands, and primary symptoms.

The importance of knowing a reliable and accurate system
to measure PTS is important because it may affect the knee
function of UKA in patients candidate for this procedure but
with an ACL insufficiency. However, slope correction is not
the only technique that may enlarge the indications ofUKA in
patients with ligament deficiency. Indeed, the possibility to
perform an ACL reconstruction combined with mUKA is
considered'#1>20-21 byt the age and functional activity still
play a significant role in our decision. Elderly patients with
lower functional requests may benefit from the UKA without
ACL reconstruction. On the other hand, in younger patients
with isolated monocompartimental arthrosis, an ACL recon-
struction, regaining stability in their knee, is preferred. In the
subjective evaluation of these patients, mechanical pain is
usually present due to monocompartimental arthrosis, even-
tually associated with a swollen knee. On the other hand,
instability, even if ACL is deficient, may not be referred to as a
main symptom, probably because of the muscular status, the
functional requests, or the presence of posterior osteophytes
and capsule stiffness, which contribute to knee stability. In
those patients, ACL reconstruction may not be performed to
avoid further surgical steps and increasearthrofibrosis risk.

In the literature, authors comparing patients who under-
went medial UKA with patients with a medial UKA, present-
ing ACL deficiency reported no differences in kinematics and
kinetics, including knee joint moments.?’According to the-
literature, we feel confident to say that UKA combined with
ACL reconstruction is a preferable treatment option in young
and active patients with ACL deficiency and bone-on-bone

The Journal of Knee Surgery © 2024. Thieme. All rights reserved.

medial compartment arthritis. Simultaneous or staged ACL
reconstruction, although making the procedure more com-
plex, tends to provide superior outcomes, in particular in
younger and more active patients.23 However, in elderly,
with isolated UKA, correcting the PTS, without ACL recon-
struction may be a reasonable and attractive option.?> Of
note, some studies stated that the maximum contact stresses
on the PE insert and lateral articular cartilage as well as the
quadriceps force in normal and varus knee mUKA Finite
Element models with ACL deficiency were significantly in-
creased in the stance phase of the gait cycle, as compared with
those in a mUKA model without ligamentous deficiency.2*2>
The stance phase of gait begins when the foot first touches the
ground and ends when the same foot leaves the ground. This
finding further confirmed the importance of patient selection
because performing medial UKA in the presence of instability
due to ligamentous deficiency could result in an increase in
contact stresses on the PE insert and lateral articular cartilage,
leading to early implant loosening.?*%°

It is important to know how to calculate the slope and
which reference points to use, both in preoperative and
postoperative planning. This allows us to modify the result
in case of patients with anterior or posterior instability, such
as cruciate ligament injured knees. As already expressed, for
young patients there is an indication to perform mUKA and
ACL reconstruction, while in older patients the performance
of mUKA with slope variation to improve anteroposterior
stability plays an essential role. mUKA with a PTS reduction,
compared to the native knee, may be an alternative treat-
ment option for carefully selected patients. In these cases, it
is essential to have a proper reference to calculate and define
the slope pre-, intra-, and postoperatively.

The present study comes with several limitations. First, this
is a radiographic study of a small number of patients undergo-
ing primary robotic UKA at a single institution. For this study,
we assumed that since both robotic and computer-navigated
UKA techniques reference the TMA intraoperatively they
would yield similar results, and the effect would be similar.
Furthermore, as this was a radiographic study for proof of
concept, we did not correlate variations in slope with range of
motion, knee kinematics, or clinical outcomes. Computer-
navigated or robotic UKA that references the TMA may result
in twomore PTSs on the tibial component than if the tradi-
tional tibial IMA was referenced. As such, we recommend that
surgeons add 1.5 to 2 PTSs in order to achieve the desired PTS
on the IMA of sagittal postoperative radiographs and prevent
no correct sloping tibial components. Implant designers and
designers of computer-navigated and robotic-assisted devices
for primary UKA should also be aware of the angular difference
between the tibial IMA and the TMA when establishing
references during navigated UKA.

Conclusions

Tibial components implanted with the help of a CT scan-
based preoperative planning MAKO will show an average of
1.9 degrees more than those measured on sagittal radio-
graphs potentially of concern for knee kinematics. A
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universal language is needed to standardize the slope calcu-
lation and the respective reference axis used.
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