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Abstract

Purpose: The aim of this study was to determine the inter- and intra-observer reliability of knee laxity assessment
using a non-invasive navigation system in a population of healthy young athletes. It was hypothesized that knee
laxity parameters recorded using non-invasive computer navigation would demonstrate good inter- and intra-
observer reliability.

Methods: Healthy volunteers aged between 18 to 30 years were recruited to the study. Static and dynamic knee
laxity parameters including anterior tibial translation and tibial rotation during the pivot shift test were recorded on
awake patients using non-invasive computer navigation by two independent observers: at the first visit each athlete
was evaluated by the consultant and resident surgeons independently; 6 weeks after the first visit all the
participants were re-tested only by the resident surgeon. Inter- and intra-observer reliability was calculated and then
interpreted according to Cicchetti’s criteria.

Results: One hundred healthy volunteers were recruited to the study, of these 38 were women (38%), and the
average age was 25.5 ± 2.4 years. According to Cicchetti’s criteria the intra- and inter-observer reliability for static
measurements were fair for anterior tibial translation (0.572 and 0.529, respectively) and excellent for total passive
tibial rotation (0.859 and 0.883, respectively). For the dynamic measurements of translation and rotation during the
pivot shift maneuver both measurements demonstrated good to excellent reliability with intra and inter observer
reliability ranging from 0.684 to 0.936.

Conclusion: Non-invasive navigation for the assessment of knee laxity is associated with fair to excellent inter- and
intra-observer reliability in a population of healthy volunteers.
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Background
The Lachman and Pivot Shift (PS) tests are respectively
recognized as the most sensitive and specific physical
examination tests for the diagnosis of anterior cruciate
ligament (ACL) rupture [1, 15] . However, these tests,
particularly the PS, have large subjective components to
them and this limits their inter- and intra-observer reli-
ability. Noyes et al. [25] reported that grading of the PS
test is inaccurate and irreproducible and suggested that
the use of the PS should be viewed with caution. Despite
this, the PS test is reported in the majority of studies
evaluating ACL-injured patients. However, considerable
effort has been made to try and reduce some of the sub-
jective aspects of these tests. This has included a prefer-
ence to perform them under anesthesia (to minimize the
effect of guarding and apprehension), using standardized
examination techniques, and also utilizing technology to
try and avoid the requirement for the observer to esti-
mate tibial translation and rotation. This technology has
included the use of electromagnetic sensors [5, 12, 13,
22], accelerometers [10, 18, 20], image analysis [11, 23]
and navigation systems [14, 17], all of which have been
developed and evaluated for their role in reducing sub-
jectivity and improving inter- and intra-observer reliabil-
ity in the assessment of knee laxity parameters.
Computer-assisted navigation offers a unique advantage
over the other technologies mentioned, in that it is able
to precisely quantify motion with 6 degrees of freedom
(DoF) [19]. However, traditional navigation systems are
not frequently used to assess knee laxity parameters due
to their invasive nature and the requirement to affix the
transmitter attachment to bone using metal pins. For
that reason, the use of non-invasive navigation systems
has been considered as an alternative.
The aim of this study was to determine the inter- and

intra-observer reliability of knee laxity assessment using
a modified OrthoPilot ACL navigation system, with non-
invasive skin markers, in a population of healthy young
athletes. It was hypothesized that knee laxity parameters
recorded using non-invasive computer navigation would
demonstrate good inter- and intra-observer reliability.

Methods
Institutional review board approval was granted for this
study (IRB number blinded for journal review). Prospect-
ive recruitment of healthy athletes aged between 18 and
30 years was undertaken between January and August
2019. Invitations to participate in the study were sent to
the coaching staff and all team members of sports teams
(running, soccer, volleyball, rugby, and tennis) based at
the (institution blinded for journal review) sports center.
All participants provided informed consent and no fi-
nancial incentives were provided for study participation.
Volunteers were only excluded if they had a history of

previous knee injury or surgery, or a body mass index
(BMI) > 25 kg/m2.
All participants underwent evaluation of knee laxity

parameters using a custom-made modification of the
OrthoPilot ACL navigation system (version 2.0, B. Braun
Aesculap, Tuttlingen, Germany) which allowed the re-
flective marker and transmitter arrays to be attached to
the lower limbs of the athletes in a non-invasive manner
using hypoallergenic custom-made elastic bandages and
Velcro tape. The arrays were attached in a standardized
manner at 15 cm proximal, and 25 cm distal to the upper
pole of the patella (Fig. 1).
Prior to any data acquisition, the volunteers were

placed in a supine position on the examination table and
a calibration process for the navigation system was
undertaken. This involved placing the athletes’ dominant
knee between 180 and 200 cm from the camera, and
then using the navigation system to acquire anatomic
bony landmarks requested by the software (tibial tuber-
osity, the anterior crest of the tibia and the medial and
lateral points of the tibial plateau). Following this, static
registrations of knee joint kinematics were recorded by
placing the knee in full extension (0 degrees) and then at
90 degrees of flexion. (Fig. 2). Subsequently, registration
of kinematics during passive range of motion between

Fig. 1 Photograph demonstrating the standardized placement of
femoral and the tibial markers at 15 cm superior and 25 cm distal to
the superior pole of the patella
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full extension and 90 degrees of flexion was undertaken.
This completed the calibration process.
Two examiners independently performed physical

examination of the dominant knee of each athlete. The
main examiner was an experienced orthopaedic surgeon
(consultant surgeon), the co-examiner was a fifth-year
resident in orthopaedic surgery (resident surgeon). All
participants underwent knee laxity examination on two
separate occasions. At the first visit (time zero) each ath-
lete was evaluated by the consultant and resident sur-
geons independently, and in a non-sequential manner.
Six weeks after the first visit all the participants were re-
tested only by the resident surgeon; the co-examiner was
blinded to the outcomes of the previous physical
examination.
The following knee laxity parameters were recorded

during physical examination using the navigation
software.

� Static evaluation
� Anterior tibial translation (ATT) at 30° of flexion

(Lachman maneuver) [26] expressed in
millimeters (mm);

� Passive total range of tibial rotation (ROT) at 30°
of flexion, expressed in degrees. Rotation was
calculated as the total range of rotation because
the system was not able to calculate internal and
external rotation separately.

� Dynamic evaluation
� Anterior-posterior (AP) tibial translation and

maximal tibial internal rotation (IR) during the
PS maneuver expressed in millimeters and

degrees, respectively. The PS maneuver was
performed according to Galway and MacIntosh
[8]; the knee was passively flexed from full
extension to 40° - 50° of flexion with manual
application of internal tibial torque and valgus
stress with the hip abducted and flexed.

Statistical analysis
All analyses were performed using SPSS software (ver-
sion 25.0; SPSS, Chicago, Illinois, USA). Statistical sig-
nificance was set at p < 0.05. The inter- and intra-
observer reliability of all knee laxity parameters evalu-
ated was calculated using the intraclass correlation coef-
ficient (ICC) and evaluated according to the criteria of
Cicchetti (poor; reliability coefficient is below 0.4, fair;
between 0.4 and 0.59, good; between 0.6 and 0.74 is
good, excellent; greater than 0.75) [6]. A fixed ICC
model was used, in which both subjects and raters are
assumed to be randomly selected from a wider pool of
possible subjects and raters (i.e., the two-way random ef-
fect model) in order to evaluate absolute agreement.

Results
One hundred volunteers were recruited to the study.
Demographic details are reported in Table 1.
All volunteers underwent non-invasive knee laxity as-

sessment and there were no complications related to the
examination process.
Static evaluation: the mean static ATT at 30° of knee

flexion (Lachman maneuver) at time zero was 10.7 mm
(SD ± 1.5) and 11mm (SD ± 1.4) for consultant and resi-
dent operators respectively; the mean static ROT at 30°

Fig. 2 Photograph demonstrating the calibration procedure. This involves acquiring anatomic bony landmarks as requested by the software
(tibial tuberosity, anterior crest of the tibia medial tibial plateau of the tibia lateral tibial plateau of the tibia). The calibration procedure proceeds
with the static registration of the articular kinematics of the knee which consists of recording full extension of the knee at 0 degrees and then
flexion of the knee at 90 degrees
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of knee flexion at time zero was 31.1° (SD ± 4.8) and
31.4° (SD ± 4.5) for consultant and resident operators
respectively.
Dynamic evaluation: the mean dynamic AP tibial

translation at time zero was 12.5 mm (SD ± 6.9) and
13.3 mm (SD = ± 6.9) for consultant and resident opera-
tors respectively; the mean dynamic maximal tibial IR
during the PS maneuver at time zero was 12.9° (SD ±
4.9) and 12.7° (SD ± 4.5) for consultant and resident op-
erators respectively. During the dynamic evaluation, the
kinematic information was relayed to the computer and
used by the software to display real-time images demon-
strating the two components of the PS phenomenon.

(Fig. 3) Knee laxity parameters and results of the static
and dynamic navigated evaluations are reported in
Table 2.
The results of the evaluation of inter- and intra-

observer reliability for each test are comprehensively re-
ported in Table 3 and Fig. 4. In summary, the inter-
observer correlation ranged from fair for ATT (0.572) to
excellent for ROT (0.859), and for the dynamic compo-
nents of the PS (0.936 for AP tibial translation, and
0.903 for IR). For intra-observer correlation, the ICC
was fair for ATT (0.529), good for dynamic IR (0.684)
and excellent for the other components analyzed (0.883
for ROT, and 0.837 for dynamic AP tibial translation).
When the reliability coefficient is below 0.4, the level of

significance is poor; when is between 0.4 and 0.59 the
level of significance is fair; when it is between 0.6 and
0.74 is good; when is over 0.75 is excellent.

Discussion
The main finding of this study was that the use of non-
invasive navigation for the assessment of knee laxity in
healthy volunteers is associated with fair to excellent in-
ter- and intra-observer reliability. This is an important
finding because to our knowledge, although the use of
this technology has previously been reported, the inter-
and intra-observer reliability in awake subjects has not.
In a recent study investigating the use of non-invasive

navigation to evaluate the PS, Maeda et al. [21] demon-
strated moderate correlation with the clinical grade of

Table 1 Demographic details and characteristics of the study
population

Total (n = 100)

Age at inclusion, mean ± SD 25.5 ± 2.4

Gender: female, n (%) 38 (38)

BMI (kg/m2), mean ± SD 21.1 ± 5.3

Dominant side: left, n (%) 17 (17)

Type of sports participation, n (%)

Running 36 (36)

Soccer 27 (27)

Volleyball 20 (20)

Rugby 9 (9)

Tennis 8 (8)

Fig. 3 Quantitative pivot shift maneuver analysis using the non-invasive navigation system. The navigation screen during the pivot shift
meneuver, with the X-axis representing the knee flexion angle, the left Y-axis representing tibial translation relative to the femur (+; anterior
translation), and the right Y-axis representing tibial rotation relative to the femur (+; internal rotation). The yellow line represents tibial translation,
and the green line represents tibial rotation
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PS, and also with measurements obtained using com-
mercial transmitters fixed to the bone at the time of
ACL reconstruction. In conjunction with the current
study, these findings suggest that non-invasive naviga-
tion could be a potentially useful modality in the clinical
assessment of knee laxity. However, the current study
recruited a population of healthy volunteers. The ration-
ale for this was based upon the ability to rapidly recruit
a large study population in order to undertake a “proof
of concept” evaluation prior to embarking on a clinical
study. It is the opinion of the authors that the findings
of this study support this technology and justify that fur-
ther validation is performed with ACL-injured patients.
Although the PS is a cornerstone of knee laxity assess-

ment, it has several major limitations. There is a clear
need for further study on this topic because it is well
recognized that evaluation of knee laxity parameters in
contemporary practice remains very subjective. This
subjectivity is a major factor contributing to the broad
ranges of inter- and intra-observer reliability reported
for PS evaluation, and this limits the importance that
can be attributed to the data obtained. Recently, numer-
ous devices have been developed and evaluated in order
to try to quantify the PS test more objectively [27]. This
has included navigation systems [14, 17], electromag-
netic systems [5, 12, 13, 22], accelerometers [10, 18, 20]
and image analysis devices [11, 23]. However, in a recent
systematic review Grassi et al. [9] concluded that no
“gold standard” methodology for the evaluation of the
pivot shift has been established. For this reason the pub-
lication of inter- and intra-observer reliabilities is likely

to be useful in aiding comparisons between these tech-
nologies and defining their roles in clinical practice.
Rotatory knee instability in the ACL-deficient knee is

an abnormal, complex three-dimensional motion com-
prised of translation and rotation of the tibia along its
axis and is commonly called “antero lateral rotatory in-
stability” (ALRI). ALRI can be evaluated by manual test-
ing consisting mainly of the PS test, which was firstly
described by Slocum and Larson in 1968 [26]. More re-
cently, Bull and Amis described the PS phenomenon as
a sudden rotation of the tibia relative to the femur oc-
curring in an ACL-injured knee under a valgus torque at
low angles of knee flexion [2]. They also stated that the
PS phenomenon is composed of both rotation of the
tibia about its long axis, and a translational component
related to the anterior subluxation of the lateral tibial
plateau, followed by its sudden reduction [2–4]. The
navigation system used in the present study allowed a
real time calculation of these two components of the PS
phenomenon.
Although conventional navigation (with osseous fix-

ation) is well validated in the evaluation of the PS test
[10, 16, 24] the use of non-invasive navigation requires
independent validation because of some potential limita-
tions. This includes the possible movement between the
surface transmitters and the skin, and also between the
transmitters and the osseous anatomy of the subjects
evaluated. Despite these concerns, the results of the
current study demonstrate good to excellent inter- and
intra-observer reliability of the system for the evaluation
of the pivot shift maneuver suggesting that the degree of

Table 2 Knee laxity parameters and results of the static and dynamic navigated evaluation

Time zero Retest

mean (± SD) Senior Resident Range (v.min - v.max) Resident Range

Static anterior tibial translation (ATT) (Lachman test); (mm) 10.7 (± 1.5) 11 (± 1.4) 6–15 10.8 (± 1) 8–13

Static total passive tibial rotation (ROT) (degrees) 31.1 (± 4.8) 31.4 (± 4.5) 17–48 31.7 (± 4.3) 22–45

Dynamic AP tibial translation (Pivot shift maneuver); (mm) 12.5 (± 6.9) 13.3 (± 6.9) 3–35 12.4 (± 5.9) 5–34

Dynamic maximal tibial IR (Pivot shift maneuver); (degrees) 12.9 (± 4.9) 12.7 (± 4.5) 3–29 11.4 (± 3.3) 5–22

Table 3 Results of intra- and interobserver reliability ICC

Interclass correlation coefficient 95% Confidence interval

Lower Bound Upper Bound Sig.

Static anterior tibial translation (ATT) (mm); (Lachman test) Inter Observer 0,572 0,366 0,712 < 0,001

Static anterior tibial translation (ATT) (mm); (Lachman test) Intra Observer 0,529 0,304 0,682 < 0,001

Static total passive tibial passive rotation (ROT) (Degrees) Inter Observer 0,859 0,791 0,905 < 0,001

Static total passive tibial passive rotation (ROT) (Degrees) Intra Observer 0,883 0,826 0,921 < 0,001

Dynamic AP tibial translation (mm); (Pivot shift maneuver) Inter Observer 0,936 0,904 0,958 < 0,001

Dynamic AP tibial translation (mm); (Pivot shift maneuver) Intra Observer 0,837 0,756 0,89 < 0,001

Dynamic maximal tibial IR (degrees); (Pivot shift maneuver) Inter Observer 0,903 0,856 0,935 < 0,001

Dynamic maximal tibial IR (degrees); (Pivot shift maneuver) Intra Observer 0,684 0,517 0,792 < 0,001
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error is likely small and that non-invasive navigation is a
potentially useful tool for objective quantification of ro-
tational and translation kinematics of the tibia during
the PS test. For static evaluation of ATT (Lachman test)
the ICC was only fair, but it should be considered that
the accuracy of the navigation system is ±1 mm, and in
88% of the tests the difference between observations was
within ±2mm. Possible explanations of the fair agree-
ment in static ATT evaluation (Lachman test) are multi-
factorial and include accuracy of the system, skin
motion artefacts rather and differences in technique be-
tween operators. Despite that, the findings are promis-
ing, but it is important to note that this was a
preliminary study on healthy subjects. Therefore, further
studies are needed to evaluate whether data acquired
from non-invasive navigation correlates with the clinical
grade of PS in ACL-injured patients.
Although the non-invasive navigation system demon-

strated fair to excellent reliability it is also important to
note its disadvantages when compared to other tech-
nologies intended for the purpose of objective measure-
ment of the PS. The main disadvantage is the need for
specialist equipment and its associated costs, lack of
portability and the space required for storage, making
them relatively impractical in the office or pitch-side set-
ting [7, 10]. Clearly there is a need to improve the tech-
nology in order to include cameras and software in a
portable device such as a computer or a laptop.
The main limitation of this study was that a compari-

son with standard navigation techniques (using bony fix-
ation) was not possible. Furthermore, the evaluation was
performed in awake volunteers. It is recognized that PS
evaluation is more reliable in patients under general an-
aesthesia [7, 11]. However, it is also the case that the PS
test is routinely performed without anaesthesia in daily
practice, and so it was important to determine the ICC

in this scenario. An additional limitation is that the
study participants were healthy subjects with normal
knee kinematics, and this could theoretically lead to
higher Inter- and intra-observer reliabilities than if in-
jured knees with abnormal kinematics had been studied.
A further limitation was that no correlation was under-
taken between the clinical grade of PS (typically graded
according to the IKDC classification) and knee laxity
data acquired with non-invasive navigation. Therefore,
the results of this study cannot be extrapolated to the
evaluation and grading of the pivot shift test in ACL in-
jured knees. However, the results of this study demon-
strate fair to excellent reliability and this provides
justification for a clinical study.

Conclusion
Non-invasive navigation for the assessment of knee lax-
ity is associated with fair to excellent inter- and intra-
observer reliability in a population of healthy volunteers
with normal knee kinematics.
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