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Background: Tibiofemoral components rotational congruency affects the total knee arthroplasty (TKA)
success. The smart insert sensor (I-S) helps to establish tibial component rotation reciprocally to a fixed
femoral rotation. We aimed (1) to validate the use of I-S as a possible tool to reach reproducible recip-
rocal femorotibial rotation (RftR) in TKA independently from anatomic landmarks, reducing outliers in
combined and mismatched femorotibial rotation (CftR and MMftR, respectively) positioning and (2) to
validate the “curve-on-curve” method for a specific type of asymmetrical tibial component.
Methods: From February 2018, we conducted a prospective case-control study including 106 patients
undergoing TKA. Patients were divided into 2 groups based on the method used to establish tibial
component rotation: with the I-S use (group A, n ¼ 53) and with the standard “curve-on-curve” tech-
nique (group B, n ¼ 53). Rotational alignment was calculated using the Berger protocol with post-
operative computed tomography scanning. Alignment parameters measured were tibial and femoral
component rotations (tR, fR), the CftR, the MMftR, and the RftR.
Results: Intraoperative rotation measured by I-S correlated the best with RftR (r ¼ 0.84; P < .001) at the
post-operative CT scanning. No significant differences were found between groups A and B regarding all
types of rotation (fR: P¼ .774; tR: P¼ .467; CftR: P ¼ .847) except for MMftR (P ¼ .036) and RftR (P ¼ .023).
There were no outliers in group A but 27 and 12 outliers in group B for MMftR and CftR respectively (P <
.001; P ¼ .032).
Conclusions: The TKA components’ rotation established using a smart I-S intraoperatively is ascribable to
the RftR at postoperative computed tomography scan. The I-S helps reduce outliers in the CftR and
MMftR. An asymmetrical tibial base plate implanted using the curve-on-curve technique does not create
a neutral reciprocal femorotibial rotation significantly increasing the number of cases with mismatched
femorotibial internal rotation.
© 2024 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Total knee arthroplasty (TKA) is one the most common surgical
procedure, due to the general aging population, a long-life expec-
tancy, and high-demand performance in the elderly [1]. However,
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despite a reported survival rate greater than 90% at 10 years [2,3] it
is not a foolproof procedure, with about 20% of dissatisfied patients
in terms of function and pain [4,5] and about 4%-13% of unex-
plained painful TKAs [6]. Prosthesis components' malrotation could
be one of the causes of painful TKA. In particular, the tibial
component internal rotation often leads to a combined femorotibial
internal rotation and/or a combined mismatched femorotibial in-
ternal rotation [6,7]. Abdelnasser et al. [8] found that all types of
component rotation malalignment significantly worsen early
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Figure 1. The screenshot of the portable VeraSense orthosensor display shows the
rotation of the tibial component relative to the femoral one by connecting the medial
and lateral femorotibial contact points of the medial and lateral compartments during
the ROM. In this specific case, the rotation of the femorotibial contact points is 0� .
ROM, range of motion.
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Patient-Reported Outcomes Measures, while coronal and sagittal
limb malalignment has no significant effects on early Patient-
Reported Outcomes Measures. A correct tibial component rota-
tion allows a balanced extensor apparatus function creating the
optimal contact area between the patella and femur during the
knee range of motion (ROM), minimizing the risk of patellofemoral
pain [7].

Generally, if the aim is to reproduce a neutral mechanical
alignment of the lower limb, the femoral rotational positioning is
more guided by the standard instrumentation than the tibial
positioning making it more reproducible intraoperatively with less
margin of error degrees [9].

Therefore, considering the femur as having less variability in the
axial plane, we should then argue about the definition of appro-
priate components’ rotation and how the tibial component can be
defined as properly rotated while performing a mechanically
aligned TKA. Is it more important to set the tibial component
rotation by fully matching the anatomy of the tibial plateau with
asymmetrical components or to copy the tibial rotation on the
femoral component rotation regardless of tibial anatomic land-
marks thus avoiding conditions of incorrect combined or mis-
matched femorotibial rotation (CftR and MMftR, respectively)
potentially causing incongruent knee kinematics during the ROM?
There are no proven answers in literature to such questions yet.
Traditionally the tibial component rotation can be guided by lots of
different methods: the “curve-on-curve” (CoC) technique based on
the anterior tibial contour [10,11], the “self-seeking method”
[12,13], the “maximizing tibial coverage” [14], or anatomic land-
marks such as the “Akagi” line [15], the posterolateral tibial corner
and many others [11,16]. We introduced the use of a smart insert
sensor (I-S) to establish the tibial component rotation reciprocally
to a fixed femoral rotation achieved by a standard measured
resection technique in order to copy the femoral rotation on the
tibia avoiding potential components’ rotational mismatch.

The aims of the study were (1) to validate the hypothesis that
with the use of an I-S is possible to obtain a reproducible reciprocal
femorotibial rotation (RftR) in TKA independently from tibial
anatomic landmarks, reducing outliers in CftR and MMftR posi-
tioning; (2) to validate the CoC method for a specific type of
asymmetrical tibial component.

Material and methods

From February 2018, we conducted a randomized controlled
trial following 106 consecutive patients undergoing TKA. The in-
clusion criteria were the presence of a grade IV Kellgren-Lawrence
primary knee osteoarthritis at standing radiograph and a neutrally
aligned knee or a varus knee. The exclusion criteria were patient
younger than 60 years of age, a varus deformity more than 15� on
the coronal plane, the presence of a valgus knee, dementia, body
mass index >35, American Society of Anaesthesiologists of physical
health >3, history of knee or femur or tibia fractures, rheumatoid
diseases, previous ligamentous reconstruction, previous mayor
knee surgeries such as tibial tuberosity transposition, around the
knee osteotomies, and so on.

All patients were treated at the same institution by 2 ortho-
paedic surgeons highly specialized in knee surgery. According to
the study by Tanzer and Makhdom [17], a calibrated full-leg
weight-bearing radiograph, a weight-bearing anterior-posterior
view, a true lateral weight-bearing view, and a Laurin patellar view
were taken for every patient. A digital planning aiming for an
adjusted mechanical alignment was performed with the software
TraumaCad, version 2.0, system (BrainLab, Feldkirchen, Germany)
by 2 operators assuming the mean of the 2 analyses as the correct
values in order to reduce the interobserver reliability. The same
cemented posterior stabilized prosthesis design was implanted in
every case (Legion Primary Oxinium, Smith&Nephew, London, UK)
and the patella was replaced in every case.
Surgical technique

Prophylactic antibiotics were given starting from 60 minutes
before the incision (1 gram of vancomycin iv 60 minutes before
surgery, and 2 grams cefazolin iv 15 minutes preoperatively).

The surgical procedures were conducted under spinal anes-
thesia, with the patient in supine decubitus. A standard longitudi-
nal median knee approach and a medial parapatellar arthrotomy
were performed. The distal femoral cut and the tibial cut were
made following the principle of the measured resection technique
using an intramedullary guide both for the femoral and the tibial
cuts. The femoral rotationwas set at 3� of external rotation in every
case.

The axial tibial component positioning (tibial rotation posi-
tioning) method was achieved with 1 between 2 different tech-
niques: in the “case group,” group A (53 patients), it was
established by the use of the I-S by coupling the tibial rotationwith
the femoral rotation aiming to rotate the tibial component
between �3� and þ3� compared to the femur (this method was
figured as “Reciprocal Femorotibial Rotation Method”); in the
“control group,” group B (53 patients), it was established only by
the use of the CoC technique independently from the femoral
rotation positioning (this method was figured as “Tibial-Based
Rotation Method”). The selection to be part of the case or control
group was performed randomly at the moment of the tibial trial
component positioning with a surgeon assistant “blinded” in the
surgery room opening a sealed envelope containing the method to
be used to establish the tibial component rotation. The I-S used was
the VeraSense (OrthoSensor Inc., Dania Beach, FL, USA), a smart trial
insert with a microprocessor and nanosensors that wirelessly
transmits data in real-time to a portable graphic display. It mea-
sures and locates the load peaks at the medial and lateral femo-
rotibial interface and the contact points of the medial and lateral
compartment during the whole ROM. The display shows in real
time the tensions of the medial and lateral compartments, the
femorotibial tracking during the ROM, and the rotation of the tibial
component relative to the femoral one by coupling the medial and
lateral femorotibial contact points (Fig. 1). For each patient, we
recorded the displayed rotation taken between 10� and 20� of
flexion to potentially match the position of the knee during the
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postoperative computer tomography scan (CT scan) (see below the
“Postoperative radiological evaluation”).

Postoperative radiological evaluation

Two days after surgery, a rotational CT scan was taken to check
the axial components’ positioning. The knee was bent between 10�

and 20� during the acquisition of the CT scan. The following angles
were calculated by 2 independent observers:

- Femoral rotation (fR): angle formed between the surgical trans-
epicondylar axis and posterior femoral condyle

- Tibial rotation (tR): angle formed between tibial component axis
and the line between the geometric center of the tibial plateau
and the tibial tubercle tip, according to the method followed in
the study by Berger et al. [18].

- Combined femorotibial rotation (CftR): the result of the sum-
mation of femoral and tibial rotational angles (CftR ¼ fR þ (tR)).

- Mismatched femorotibial rotation (MMfrR): the absolute value
of the difference of femoral and tibial rotational angles
(MMfrR ¼ |fR e (tR)|).

- Reciprocal femorotibial rotation (RftR): angle between the
projected posterior femoral condyle on the tibial base plate and
the posterior keel line (Fig. 2).

Internal rotation was expressed by negative values, while
external rotation by positive values.

Radiological evaluations were performed by 2 knee-specialized
orthopaedic surgeons who were blinded to the rotational method
used and who were absent at the moment of both the surgery and
randomization.

Statistics

The sample size was calculated with the Fisher formula
considering a confidence interval (CI) of 95% with 5% of margin of
maximum error. We used Cohen's d to calculate the effect size. All
data were tested for normal distribution using the
KolmogoroveSmirnov test. The intraobserver and interobserver
reliability on CT measurement was assessed using intraclass cor-
relation coefficients with a 2-way mixed-effect model. Pearson's
correlation coefficient was used in group A to find which CT scan
rotational measurement correlated the best with the intraoperative
Figure 2. Superimposition of the axial CT femoral component slide where the surgical
transepicondylar axis (TEA) and posterior femoral condyle (PFC) were taken, and the
axial CT tibial component slide at the level of the posterior tibial component keel. The
reciprocal femorotibial rotation (RftR) is defined as the angle between the projected
PFC on the tibial base plate and the posterior keel line. In this specific case, the RftR is
0� . CT, computed tomography.
I-S measurement. A significance was accepted for P value of < .05.
For each group, we calculated the median, first quartile (Q1), third
quartile (Q3), interquartile range, and outliers. We defined the
Tukey fences with the following formula: Q1-1.5$interquartile
range and Q3þ1.5$interquartile range. Then we identified as out-
liers all values located outside the 2 fences.

Results

We enrolled 106 patients, with a mean follow-up of 32 months
(range: 24-38 months). Sixty-four patients were female (38 group
A, 26 group B) and 42 (15 group A, 27 group B)weremale. Themean
age was 65 years (range: 60-78), with a mean group A age of 63
years and group B of 69 years. Comparing the intraoperatively
rotational measurements showed by the I-S (meanþ 2.0�; standard
deviation ± 1.3) and the CT scan angles calculated postoperatively,
we found that the I-S rotational values correlated the most with the
RftR (RftR mean value 0.8�, standard deviation ± 1.3�; r ¼ 0.84, P <
.001). No significant differences were found between groups A and
B regarding all types of rotation at the postoperative CT scan
measurements (fR: P ¼ .774; tR: P ¼ .467; CftR: P ¼ .847) except for
the MMftR (P ¼ .036) and RftR (P ¼ .023) (Table 1). Interrater reli-
ability of degrees of rotation was 0.93 (95% CI: 0.91-0.96) for CftR,
0.96 (95% CI 0.93-0.97) for MMftR, and 0.94 (95% CI: 0.91-0.97) for
RftR. The intraclass correlation coefficient in between to observers
for fR was 0.91 (95% CI: 0.88-0.94) and for tR was 0.92 (95% CI: 0.89-
0.95).

There were no outliers in group A, but we found 27 and 12
outliers in group B for MMftR and CftR, respectively (P < .001; P ¼
.032) (Fig. 3).

Discussion

The present study showed that the use of a smart I-S helps
surgeons obtain a neutral reciprocal femorotibial components
rotation performing a mechanically aligned TKA. We demonstrated
that despite the use of an asymmetric tibial baseplate allows an
anatomic coverage of the tibial plateau when the CoC technique is
used it does not couple the tibial axial positioning with the femoral
axial positioning creating a potential mismatch in the femorotibial
rotation. This mismatch could eventually alter the knee kinematics
during the ROM thus determining conditions like good-looking but
painful TKAs or stiff knees [6,18]. Indeed, the internal rotation of the
tibial component causes a compensatory extrarotation of the leg
due to the coupling of the tibial and femoral components with an
increase of the Q angle and important consequences on patellar
tracking [9,19-21]. Similarly, in the case of external rotation of the
tibial component, the internal rotation of the leg is increased with a
reduction of the Q angle [22]. Modifying the native rotations be-
tween the femur and tibia changes the relative positions between
the origins of the ligaments and their function as well as the tension
of the capsule potentially resulting in postoperative pain. Modifi-
cation of the knee kinematics could also contribute to premature
wear and premature loosening of components [23,24]. Therefore, it
appears clear that positioning the components with the right
rotation is fundamental. This aspect has also been demonstrated to
maintain the screw-home mechanism at the end of the extension
and the femoral roll-back in the prosthetic knee [25].

Barrack and Burak [7] performed a rotational CT scan in 2
different groups, one with anterior knee pain and one pain-free
after a primary TKA. The authors found that patients with a com-
bined femorotibial component internal rotation were 5 times more
likely to experience anterior knee pain after TKA. In particular, they
reported a significant difference in combined component rotation
with the patients with anterior knee pain averaging 4.7�internal



Table 1
Postoperative CT scan measurements.

Values Femoral rotation Tibial rotation Combined FT rotation Mismatched FT rotation Reciprocal FT rotation

I-S CoC I-S CoC I-S CoC I-S CoC I-S CoC

Average (range) þ2.0
(�1.4/þ4)

þ1.8
(�2.1/þ4)

þ2.0 (0/þ4.2) þ6.8
(�8.2/þ9.4)

þ3.4
(�1.4/þ7.8)

þ2.0
(�7.9/þ11.4)

�0.2
(�1.9/þ1.3)

�6.0
(�10.4/þ10.7)

þ0.8
(�1.7/þ3.8)

þ2.5
(�7.2/þ8.4)

± St.Dev 1.2 1.5 1.0 5.9 2.0 1.2 0.9 6.8 1.3 4.9
Test stat. 0.774 0.467 0.847 0.036 0.023

þ, external rotation; �, internal rotation; CoC, curve-on-curve group; CT, computer tomography; FT, femorotibial; I-S, insert sensor group; St.Dev, standard deviation; test
stat., statistical P value.
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rotation compared with 2.6� external rotation in the control group.
The same case-control study was performed more recently by Bell
et al. [6]. They confirmed that the combined femorotibial compo-
nents’ internal rotation correlates with pain after TKA. Moreover,
they pointed out that an internal mismatched components’ rota-
tion can also worsen the outcomes.

Having said that, we should argue about what is the “right” axial
components’ positioning while performing a TKA with a mechan-
ical alignment concept in order to avoid an internal combined or
mis-matched components’ rotation. However, in both the afore-
mentioned studies what drove an internal combined or mis-
matched rotation was mostly an internally rotated tibial
component. Various techniques have been described for estab-
lishing proper rotation of the femoral component resulting in a very
small variability in the axial placement of the femoral component
[19]. On the other hand, there is less consensus for determining the
rotation of the tibial component. Themain bony landmarks that can
be used for the tibia are: the Akagi line with 9 variants [20], CoC
technique [26], self-adapting technique [27], the transmalleolar
axis of the ankle [28], the axis through secondmetatarsal bone [29],
the axis through the first intermetatarsal space [29], the axis of the
posterior tibial margin [30], mediolateral axis of the tibial plateau
[31]. Nevertheless, only a few of those axes are currently used
during the surgical procedure with variable results. In the sys-
tematic review made by Saffarini et al. [20] on CT scan, the best
accuracy and repeatability of different axes for tibial baseplate
rotation in TKA were found to be the original “Akagi line,” its
variant using the sulcus of the tibial spines as anterior landmark, as
well as the anterior tibial border and the CoC technique. The best
Figure 3. A. Boxplot of Mismatched rotational outliers in group A and group B. In group
rotational Outliers in group A and group B. In group B there are 12 outliers.
interobserver agreement was reported for “Akagi line” variants that
use the geometric center of the tibial plateau posteriorly and the
medial border of the tibial tuberosity, or the medial sixth of the
patellar tendon anteriorly.

It must be taken into consideration that all articles were based
on CT scan measurements, which may not represent the difficulties
of visualizing and locating anatomic landmarks intraoperatively.
Nowadays, there are a lot of assisting tools and new technologies
with the aim to help the surgeon minimize mistakes in axial
components’ positioning. In a recent meta-analysis, Huijbregts
et al. [32] compared tibial rotational positioning in patient-specific
instrumentation (PSI) and conventional technique with CT or
magnetic resonance imaging measurements. Of all the studies
considered, only one reported better rotational positioning of the
tibial component with PSI, so the authors concluded that PSI does
not lead to improvement in component placement. Schmitt et al.
[3] found that the numbers of rotational outliers were not signifi-
cantly reduced by 2 navigation systems vs conventional surgery
(9.1% and 21.7% vs 15.4%, P ¼ .506). Matziolis et al. [33] showed that
the rotational malalignment of the tibial component in the con-
ventional surgery was 7.5� ± 6.0�; in navigated surgery, the tibial
component showed a rotational malalignment of 6.9� ± 4.7� and
the difference was not significant. In their series Hernandez-
Vaquero et al. [5] compared component positioning in robot-
assisted surgery (RAS) and conventional surgery with post-
operative CT scan measurements. They found that in the entire
patient population, the tibial rotation changed by 5.28� but no
differences were found when comparing RAS and standard
instrumentation surgery.
B there is a greater scatter of data, and there are 27 outliers. B. Boxplot of combined
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However, the interpretation of these results must be taken with
caution. In fact, all these studies using new technologies were based
on the assumption of positioning the tibial component in relation
to anatomic tibial landmarks, such as the Akagi line or the CoC
technique, and so on. Those reports did not consider the fact that
with the principle of mechanical alignment, the femur is not
positioned anatomically, but usually with 3 degrees of external
rotation. Therefore, by reproducing an anatomic rotation in the
tibia even with asymmetrical components could collide with a fe-
mur that is not anatomically reproduced, thus leading to a rota-
tional mismatch.

With our study, we demonstrated that following the anatomy of
the proximal tibia with the standard CoC technique and the use of
an asymmetrical tibial base plate can lead to a mismatched internal
components’ rotation in a group of TKA implanted with an adjusted
mechanical alignment concept. At the same time, adding a smart I-
S to set the tibial rotation coupling the rotation of the femur avoids
an internal CftR or MMfrR positioning. Moreover, the rotation
values recorded intraoperatively with VeraSense Orthosensor
significantly matched with what we have called RftR at the post-
operative CT scan. This confirmed the fact that the I-S helps to
position the tibial component in the axial plane by coping with the
femoral component rotation achieving the goal of a neutral femo-
rotibial rotational alignment independently from tibial anatomic
landmarks and/or asymmetrical tibial base plates.

Therefore, by establishing a relative rotation of the tibial
component compared to the femur of 0�, the tibial component
position in the axial plane will be in line with the femoral
component rotation. In our study, patients of group A had more
reproducible rotations of the tibial components compared with
group B. In group A we found no relative rotations of the tibial
component both in internal and external rotation >5�, and no
outliers. For the relative tibial rotation in group A, we had values of
standard deviation smaller than that of group B (1.63 vs 7.44 P <
.05). Group A showed much less variability in tibial rotation posi-
tioning than group B, and the differencewas statistically significant.
In recent studies, it has been found that PSI surgery contributes to
the decrease of outliers due to rotation of the tibial component
[34,35], but there is no unanimous consensus in the literature [32].
Regarding navigation and RAS, no significant reduction in outliers
for tibial component rotation has been demonstrated [3,5,33].

With the present study, we demonstrated that with the prin-
ciple of performing a mechanical alignment TKA respecting the
anatomy of the tibia probably has less importance than with other
types of coronal alignments because reciprocal alterations of the
rotations between the femur and tibia are still created.

This study comes with some limitations. First, it has no com-
parable studies among the scientific literature, making our results
difficult to comparewith others; as mentioned previously, there are
studies describing the axial placement of the tibial component with
navigation, PSI or RAS, but the determination of the tibial compo-
nent is based on bony landmarks. Second, in the control group, we
did not place the tibial component with respect to the well know
Akagi line as the majority of the studies show in the literature. We
chose the CoC technique because of its interobserver reliability.
Finally, we used a single-design prosthesis with a PS insert and an
asymmetrical tibial baseplate without considering the potential
influence of different implant prosthesis designs on rotational
alignment. Nevertheless, there are no studies in the literature that
show a significant superiority of one design over another in terms
of clinical scores, ROM measures, radiographic evaluations,
complication and revision rates [36-38]. The present randomized
controlled trial just focused on a single prosthesis design to
enhance the accuracy of measurements at the postoperative CT-
scan in order to define a new method to calculate the
relationship between the femoral and tibial rotation at the post-
operative axial CT scan.

Conclusions

The TKA components’ rotation established using a smart I-S
intraoperatively is ascribable to the RftR at postoperative CT scan.
The smart I-S helps reduce the outliers in the CftR andMMftR when
compared to the use of a standard technique. The use of an asym-
metrical tibial base plate implanted using the CoC technique does
not create a neutral reciprocal femorotibial rotation significantly
increasing the number of cases with a potentially dangerous mis-
matched femorotibial internal rotation in mechanically aligned
TKA.
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