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Abstract

The main purpose of this article was to describe in
detail, from the perspective of the clinical end user, a
previously presented non-invasive methodology,
applied in the treatment of anterior cruciate ligament
injury, in which inertial sensors are used to quantify
the pivot shift test. The outcomes obtained and relati-
ve considerations were compared with findings emer-
ging from a review of the relevant updated literature.
The detailed description here provided covers the
system, the parameters identified and the testing pro-
cedure; it also includes the technical specifications of
the hardware, the features introduced in the updated
version of the software and the application of the
system in clinical practice.

The comparison of the technical considerations and
clinical results with the updated literature confirmed
the system’s optimal ergonomics, good reproducibility
and clinical reliability.

The novel approach here analyzed has been shown to
overcome the weaknesses of other available devices and
systems. Therefore, since it can be considered a new
paradigm in the quantification of pivot shift test, we
can recommend its routine use in clinical practice.
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Introduction

The anterior cruciate ligament (ACL) has been
demonstrated to play a key role in providing knee sta-
bility and controlling joint kinematics (1).
Accordingly, ACL injury has been reported to be one
of the most severe injuries in sports medicine (2), with
an estimated incidence of approximately 30.000 inju-
ries per year in Italy. This injury is seen across the
young population but also in middle-aged patients
and a high level of risk was observed in about 30% of
Italian males and 20% of Italian females engaged in
sports (3). ACL reconstruction has thus been found to
be one of the most commonly performed procedures
in sports medicine (4), having a critical impact on
National Health Service (NHS) costs.

Short-term knee stability and functional outcome
have usually been reported to be good-to-excellent in
approximately 85 to 95% of patients. In the long
term, however, ACL injury could be a cause of disabi-
lity in about 30 to 50% of the young and productive
population (4). Affected patients are indeed predispo-
sed to subsequent injuries, muscle weakness and
osteoarthritis (5). Therefore, ACL injury is a life-chan-
ging situation for many patients (6). Moreover,
although correction of the joint laxity in the sagittal
plane is usually the main objective of ACL reconstruc-
tion, the success of the surgery may well be compro-
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mised by residual rotational laxity which can affect the
graft and may contribute to long-term joint degenera-
tion (7-9). For these reasons a correct clinical asses-
sment of knee joint laxity, with a view to predicting
the functional behavior of the ACL, is a critical aspect
of the management of the diagnosis-treatment-rehabi-
litation process.

The literature contains numerous clinical tests desi-
gned to objectively identify the ACL lesion, each with
its own specificity and sensitivity towards the ligament
tear (10-17). At present, the pivot shift test is the
benchmark for ACL injury assessment, since it has
been reported to be correlated with reduced sports
activity and complete or partial tear of the ACL (18,
19). Historically, the pivot shift test was used for clini-
cal evaluation of ACL deficiency and knee instability
(18-20), and it is widely used for subjective assessment
of rotatory knee laxity in combination with outcome
scores such as the International Knee Documentation
Committee score (21). However, although the pivot
shift test has been widely investigated, a valid objecti-
ve measurement is still lacking. The main problem is
that the test itself involves combined loading of the
joint, inducing movements in more than one degree of
freedom during knee flexion-extension motion; this
makes it difficult to determine a single synthetic para-
meter quantifying the pivot shift test outcome.
Recent reviews have highlighted the

importance, in present-day clinical

in a specific clinical condition (ACL injury) and also
present literature data on its reliability and clinical use-
fulness. Support for the introduction of this system
comes from the fact that the methodology seems to
specifically introduce a new paradigm into the quanti-
fication of the pivot shift test.

Equipment

The system, an evolution of the one reported by
Lopomo et al. (26, 27), consists of an inertial wireless
sensor, linked to a tablet PC equipped with dedicated
software (KiRA, Orthokey LTD, Lewes, Delaware,
DE, USA) (Fig. 1).

The sensor embeds a three-axial accelerometer (+ 6 g
range, with g = 9.80665 m/s?) and three orthogonal
gyroscopes (+ 2000 dpm range), for a total weight of
10 g. The sampling rate is set at 110 Hz and the data
transmission to the tablet PC is based on Bluetooth 2.0
standard. The tablet PC is a commercial model (Iconia
Tab, W500 series, Acer, Taipei, Taiwan) that has
Windows 7 (Microsoft Corporation, Redmond,
Washington, USA) as its operating system. Dedicated
software was developed by the company in order to
manage both the communication with the sensor, the
acceleration data acquisition and the patients’ database.

practice, of quantifying the pivot shift
maneuver during the assessment of
ACL injuries (22-24), also underli-
ning the different technologies that
have been developed to this end (25).
In 2012, Lopomo et al. introduced
and validated a novel methodology in
which a three-dimensional accelera-
tion signal, acquired by means of
dedicated acceleration sensors and an
integrated system, was used to quan-
tify the pivot shift (26, 27).

The main purpose of the present
report was to provide a description of
this non-invasive methodology from
the point of view of the clinical end
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user. In particular, the authors descri-
be the practical use of this technology

Fig. 1. Graphical representation of the described system (KiRA, Orthokey Ltd, Lewes,
Delaware, DE, USA), showing the tablet PC (on the left) running the dedicated acquisition soft-
ware, and the sensor (on the right). Courtesy of Orthokey Ltd, Lewes, Delaware, DE, USA.
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Ergonomics

Following the indications provided by Lopomo et al.
(26), the sensor is mounted non-invasively on the
patient’s skin, close to the knee joint; it is securely
fixed on the tibia, between the lateral aspect of the
anterior tuberosity and Gerdy’s tubercle, by means of
a hypoallergenic band (Fig. 2). This position ensures
optimal stability and minimizes skin artifacts during
the maneuver. Moreover, this position is also justified
by the fact that the lateral compartment of the knee
joint has been found to be the one most influenced by
the presence of the pivot shift phenomenon (28, 29).

Software design and features

The software running on the tablet PC, dedicated to
communication with the sensor and to the acquisition
of patient data, was developed by the manufacturer
(Orthokey Ltd, Lewes, Delaware, DE, USA) in accor-
dance with several specific requirements, both clinical
and technical. Specifically, different features were
incorporated into the software in order to facilitate the
execution and the acquisition of the test. The tested
version includes: automatic Bluetooth detection,
built-in Bluetooth configuration, use of touchscreen
technology to improve ergonomics, automatic extrac-
tion of pivot shift features, analysis of both the injured

il

Fig. 2. Acceleration sensor set-up: the sensor was posi-
tioned between the lateral aspect of the anterior tubero-
sity and Gerdy'’s tubercle.

diately.

and the contralateral limb, a patient management tool,
a camera-embedded system for reporting, and on-line
report generation.

As regards the automatic extraction of the pivot shift
features, as also reported by Signorelli et al. (30), the
modulus of the spatial acceleration measured by the
sensor is used as the base signal against which to iden-
tify the different pivot shift events. Specifically, reco-
gnition of the pivot shift events is based on calculation
of the sample-by-sample Pearson’s correlation coeffi-
cient obtained between a specific template — defined
on the set of trial patients — and the corresponding
portion of the signal (30). Once the pivot shift events
have been defined, the system is able to extract the
components of the acceleration reached, specifically
identifying the range of obtained acceleration (i.e. the
amount of acceleration between maximum and mini-
mum values within the selection window) and the
mean slope of the corresponding curve, which specifi-
cally provides an indication of the smoothness of the
identified phenomenon (Fig. 3).

If the automatic identification of the pivot shift event
is not good or if the end user realizes that the identi-
fied event is not associated with the best execution of
the maneuver, the end user himself can move the iden-
tification window on the screen and manually high-
light the correct portion of the signal, in order to
obtain the correct corresponding numerical values.
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Fig. 3. Typical acceleration trend during a pivot shift test acquisition The parame-
ters range and slope are reported on the right side of the acquisition panel. The
comparison between the injured and the contralateral limb can be performed imme-
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Fig. 4. Workflow for pivot shift acquisition and data management.

Testing procedure

Once the sensor has been fixed, the patient is assessed
in the manner described in the literature (18, 19, 31)
and using the standardized maneuver as reported by
Hoshino et al. (32). In particular the patient lies on
the couch in supine position with both limbs extended
and the tester, who remains laterally positioned with
respect to the patient, performs the following steps: 1)
grasps the patients limb by the ankle, lifting it; ii)
grasps the foot and rotates the tibia internally (about
20 degrees); iii) grasps, with the other hand, the late-
ral portion of the leg at the level of the superior tibio-
fibular joint and increases the force applied to obtain
internal rotation; iv) while keeping the tibia internally
rotated, applies a valgus stress on the knee and slowly
flexes the joint; v) having reached 60-70 degrees of fle-
xion, stops the movement; vi) returns the limb to the
initial neutral position. Standardization of the proce-
dure is fundamental to reduce both intra- and
inter-tester variability (Fig. 4). Furthermore,
using this system, it is possible to track the
evolution of the laxity of each specific patient

(Fig. 5).

Literature review

Lopomo et al. (26), analyzing 66 patients,
found the method to show good reliability in

the healthy limbs, the injured knees showed a higher
acceleration range (with a statistical difference of 1.6 +
1.5 m/s?) and a higher slope (with a statistical diffe-
rence of 8.6+13.7 m/s3).

The same research group also analyzed the reliability
of the method, comparing it with a navigation system
(27). In particular they evaluated the position of the
sensor in 15 consecutive surgeries, reporting a good
value of average root mean square (RMS) error in test-
retest positioning (less than 6 mm). Moreover, mean
RMS displacement due to soft tissue artifacts was
reported to be less than 5 mm. They also reported a
mean acceleration waveform correlation of about 0.9
in inter-patient similarity analysis and a good positive
correlation between the measurements performed by
the inertial sensor and the antero-posterior accelera-
tion value estimated by the navigation system.

Recent studies have also analyzed, on an 7% vitro setup,
the reliability of use of the inertial sensor in discrimi-

identifying the pivot shift phenomenon when
used on the injured limb (interclass correla-
tion coefficient above 90% for the accelera-
tion range and above 80% for the slope).
Moreover, they reported that, compared with
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Fig. 5. Example of pivot shift quantitative analysis tracking during follow-ups.
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nating the grade of the pivot shift, compared with an
electromagnetic system used as a gold standard (33,
34). Ahldén et al. (33), reported a good correlation
between the slope and the maximum acceleration
measured by the sensor and the average pivot shift
grade. Moreover, Araujo et al. (34) found that the
inertial sensor demonstrated from moderate to good
correlation with the reference measurement for the
acceleration parameter.

From the more clinical point of view, Berruto et al.
(35), in a case series of 100 patients analyzed by three
physicians with different levels of expertise, reported
that the use of the presented methodology was both
promising and reliable. They also highlighted that the
analyzed efficacy was strictly related to a learning curve
and to the proper execution of the pivot shift test. In
any case, the proposed methodology has the inherent
value of being easy to set up and easy to use in both
the clinic and the operating room.

Conclusions

Quantification of the pivot shift phenomenon can be
considered one of the major issues facing the orthope-
dists involved in ACL surgery.

A previously proposed non-invasive, portable and
user-friendly methodology (26, 27) was here analyzed
from the point of view of the clinical end user, in order
to support the usefulness of this novel approach in the
quantification of the pivot shift test. Details about the
technology, the practical procedure and the method
used for the data analysis were presented. In particular,
the specifically designed and developed features
embedded in the system used have been found to be
effective in clinical practice. The system’s ergonomics,
here highlighted, ensured ease of use for both acquisi-
tion and patient data management. Moreover, litera-
ture reports have also highlighted the ability of the
setup to minimize soft tissue artifacts, which are not a
negligible problem when considering the routine use
of this device. Finally, from the clinical point of view,
the defined methodology allowed the definition of a
brief set of parameters able to discriminate pathologi-
cal behavior in ACL-injured knees. The literature also
contained good results concerning the reliability of the

system for use in clinical practice and applications.
Summarizing, from the point of view of the clinical
end user, this novel approach has been shown to over-
come the weaknesses of other devices, including navi-
gation systems (29, 36, 37) and electromagnetic trac-
kers (38-41), and is thus suitable for routine use in cli-
nical practice, since it seems to constitute a new para-
digm in the quantification of the pivot shift test.
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