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Abstract

Purpose The purpose of this study was to evaluate three

different non-invasive measuring devices for the pivot shift

phenomenon with reference to direct bony movement

measured by an electromagnetic device rigidly attached to

the tibia and femur.

Methods A lower body cadaveric specimen was prepared

to create a positive pivot shift in both knees. Twelve expert

knee surgeons from worldwide performed their preferred

pivot shift technique three times in each knee. After

watching an instructional video, the examiners used a

standardized technique to perform three additional pivot

shift maneuvers in each knee. An electromagnetic tracking

system, rigidly attached to femur and tibia, was used to

provide reference measurements during the pivot shift test.

Three different devices were correlated to the reference

method and evaluated in this study: (1) Electromagnetic

tracking system with skin sensors; (2) Triaxial acceler-

ometer system; (3) Simple image analysis.

Results When results from both pivot shift techniques

(preferred and standardized) were combined, the electro-

magnetic tracking system with skin sensors showed posi-

tive correlation with the reference measurement for

acceleration and translation parameters (r = 0.88 and

r = 0.67, respectively; both P \ 0.01); The triaxial

accelerometer system demonstrated good correlation with

the reference measurement for acceleration (r = 0.75;

P \ 0.001). The image analysis system was poorly corre-

lated to the translation of the reference measurement

(r = 0.24; P \ 0.01).

Conclusion The electromagnetic tracking system with

skin sensors provided the best correlation with the refer-

ence method. The triaxial accelerometer showed also a

good correlation and the image analysis system showed a

positive, but poor correlation with the reference method.

More research is needed in order to validate simple and

non-invasive devices for clinical application.

Keywords ACL � Pivot shift � Quantitative analysis �
Acceleration � Anterior tibial translation

Introduction

The pivot shift test is a manually performed exam to

clinically address knee rotational laxity in anterior cruciate

ligament (ACL) deficient patients [1, 2]. Quantitative

assessment of the pivot shift test is flawed by numerous

different techniques and subjective clinical grading [3, 4].

In an attempt to address these inconsistencies, many

studies have been conducted to decompose the pivot shift
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movement into quantifiable parameters [5–13]. As a con-

sequence, anterior tibial translation and acceleration of

tibial reduction have emerged as more stable criteria to

evaluate the pivot shift [14], while others such as rotational

measurements were shown not to be consistent, even if the

test is performed by the same examiner [8, 14]. Several

devices have been developed to quantitatively assess these

components of the pivot shift phenomenon [9–13, 15],

including non-invasive devices that can be used in the

clinical setting [7, 11]. Appropriate validation of those

systems has yet to be determined, particularly compared to

the actual bony movement.

The purpose of this study was to evaluate the capacity of

three different non-invasive devices, i.e., electromagnetic

device, triaxial accelerometer, and simple image analysis,

to quantitatively evaluate the pivot shift phenomenon with

reference to direct bony movement measured by an elec-

tromagnetic device attached to the tibia and femur. It was

hypothesized that the non-invasive application of the

electromagnetic device would demonstrate greater corre-

lation with the reference method compared to a triaxial

accelerometer and the simple image analysis system.

Materials and methods

A whole lower body cadaveric specimen (male; age

70 years) was used in this study. A fluoroscopic exam was

conducted prior to the test to confirm the absence of frac-

ture or other bony pathology. The knees were examined

arthroscopically to confirm the absence of previous injury

or osteoarthritis. The ACL was transected in both knees to

create a positive pivot shift. The anterior horn of the lateral

meniscus was additionally severed in the right knee to

increase the pivot shift grading in this side.

An electromagnetic tracking system (LIBERTYTM,

Polhemus, VT), capable of providing 6� of motion kine-

matics, was used for direct measurements of the knee

motion and it was considered in this study as the refer-

ence method to obtain measurements for the pivot shift

test. The electromagnetic sensors were rigidly fixed to the

femur and tibia using two 4.0-mm K-wires and a plat-

form, allowing the rotation and orientation of the sensors

to be accurately tracked. The knee kinematics coordinate

system defined by Grood and Suntay [16] was digitally

configured after digitizing the three-dimensional (3-D)

position of the anatomical landmarks using another sensor

as previously described [16, 17]. From the knee kine-

matics data, the anterior tibial translation and tibial

acceleration for the pivot shift test could be calculated

[3, 7, 18–22]. This electromagnetic system had a root

mean square accuracy of 0.76 mm for position and 0.158
for orientation [23].

Three non-invasive measurement devices were con-

comitantly used in the specimen to provide quantitative

information on the pivot shift test for correlation with the

reference method (Fig. 1):

1. Electromagnetic tracking system Used with sensors

attached to the skin to provide tibial acceleration and

anterior tibial translation measurements non-invasively.

The electromagnetic sensors were applied to the skin on

the thigh and calf by means of a plastic brace fixed by

circumferential Velcro� straps 10 cm above the supe-

rior pole of the patella and 7 cm below the tibial

Fig. 1 The electromagnetic tracking system for direct measurement (1) and the three devices tested in this study: electromagnetic tracking

system attached to the skin (2), triaxial accelerometer (3), and image analysis system (4)
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tubercle, respectively. The results were calculated as

described in previous studies [3, 7, 18–22].

2. Triaxial accelerometer system KiRA, Orthokey LLC,

Lewes, DE, USA: This device was attached to the

lateral aspect of the shank between the tibial tuberosity

and Gerdy’s tubercle by a tape surrounding the

proximal aspect of the leg. This system was wirelessly

connected to a laptop computer with Bluetooth (Blue-

tooth SIG, Inc., Kirkland, WA, USA) where the knee

movement analysis was conducted as described in a

previous study by Lopomo et al. [11]. Previous on-site

testing demonstrated that the accelerometer employed

in this experiment did not interfere with the electro-

magnetic field created by the electromagnetic tracking

motion systems, which was simultaneously utilized in

this experiment.

3. Simple image analysis This system was utilized to

measure the anterior tibial translation of the lateral

aspect of the knee. For this method, small target

stickers (Staples, Framingham, MA, USA) were placed

on bony landmarks of the lateral aspect of the knee,

i.e., the lateral femoral epicondyle, Gerdy’s tubercle,

and fibula head. Movement of the stickers was

captured using a digital camera (Nikon COOLPIX

S8100, Nikon Corp., Tokyo, Japan) and the movies

were analyzed frame by frame to calculate anterior

tibial translation of the lateral compartment using

Image J Software (NIH, Bethesda, MD, USA).

Twelve expert knee surgeons from worldwide per-

formed the pivot shift test three consecutive times on each

knee using their preferred technique. A standardized pivot

shift technique was then presented to each surgeon by use

of an instructional video. Subsequently, the surgeons

performed additional three pivot shift tests in each knee

using the instructed technique. Data from the three mea-

suring devices were collected simultaneously during

each test. The relationship between each of the three non-

invasive measurements and the reference measurement

was analyzed for each technique individually and for the

technique’s results combined. Surgeons were blinded to

each other’s tests.

Statistical analysis

Pearson correlation coefficient was used to address the

relationship between each of the non-invasive measuring

devices and the reference method.

Statistical significance was set at P \ 0.05. All statisti-

cal calculations were performed using PASW Statistics

18 (formerly SPSS Statistics, IBM Corp., Armonk, NY,

USA).

Results

The electromagnetic tracking system with skin sensors

showed the best correlation with the reference measure-

ment for both translation (r = 0.67; P \ 0.01) and accel-

eration (r = 0.88; P \ 0.01) parameters.

The triaxial accelerometer system demonstrated mod-

erate correlation with the reference measurement for the

acceleration parameter when the standardized technique

was applied (r = 0.51; P \ 0.01). However, when the

preferred technique was utilized or when the results of both

techniques were analyzed together the correlation was

good (r = 0.78 and r = 0.75, respectively; P \ 0.01).

The simple image analysis system was poorly corre-

lated to the translation of the reference measurement

when the standardized technique was used for the pivot

shift test (r = 0.32; P \ 0.05) or when the results of both

techniques were combined (r = 0.24; P \ 0.01). When

the preferred technique was applied, the results showed

no statistical significance correlation with the reference

method.

The results for each system are reported in Table 1.

Anterior tibial translation and tibial acceleration during

a single test as recorded by each of the three measurement

systems are shown in Figs. 2 and 3, respectively.

Table 1 Correlation for each device and the reference method for surgeons’ preferred pivot shift technique, standardized technique, and both

techniques’ results combined

Measurement Method Preferred technique Standardized technique Techniques combined

Anterior tibial translation Electromagnetic system 0.63** 0.70** 0.67**

Image analysis NS 0.32* 0.24**

Acceleration of tibial reduction Electromagnetic system 0.90** 0.66** 0.88**

Triaxial accelerometer 0.78** 0.51** 0.75**

Pearson correlation coefficient of the non-invasive measurements compared to the direct bony measurement

NS no statistically significant relationship

* Statistically significant relationship, P \ 0.05

** Statistically significant relationship P \ 0.01
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Discussion

The most important finding of this study was that all three

non-invasive tested devices were capable of quantitatively

assessing kinematic components of the pivot shift phe-

nomenon, however, providing variable measurements.

The hypothesis under study was proven as the results

demonstrate that the electromagnetic tracking system

attached to skin is the most valid among the three tested

devices. The electromagnetic tracking system can calculate

objective measurements for both components of the pivot

shift test: Anterior tibial translation and tibial acceleration

in the reduction phase of the pivot shift. Moreover, the

measurements collected by this device showed the best

correlation with the reference method for both anterior

tibial translation and tibial acceleration.

The pivot shift test has been used as the gold standard

test to diagnose ACL deficiency with specificity as high as

98% [24]. However, its subjective nature and numerous

different techniques applied by different examiners

increase the variability of the pivot shift test. The sensi-

tivity of the pivot shift test is reported in the literature

ranging from 18 to 48% [15, 25–28]. In this study, a

standardized pivot shift maneuver was introduced to the 12

expert surgeons. Although a limited time to acquire the

new technique (2-min video instruction), the surgeons

could adequately perform the test providing good correla-

tion between non-invasive and direct measurements.

Additionally, the translation measurement by simple image

analysis was correlated to the bony movement only when

the standardized technique was used. Therefore, the use of

a standardized pivot shift test maneuver may ultimately

decrease the test variability and therefore increase the test

sensitivity.

In an attempt to objectify the pivot shift test, some

authors also reported measurements from invasive devices

such as navigation systems [13, 29]. Despite reliable

parameters obtained with this method, its clinical use

remains debatable and not affordable for most of surgeons

due to the higher costs implied, extra time in the operating

room, and invasiveness. The different devices tested in the

present study, on the other hand, are characterized by their

non-invasiveness, potentially making them more applicable

in a clinical setting.

The electromagnetic tracking system has the advantage

of comprehensive evaluation of the pivot shift test by

including both translation and acceleration.

In addition to a previously demonstrated high inter

examiner repeatability of measurements [7] and more

consistent results between examiners obtained by using the

standardized technique, a good correlation to bony motion

was demonstrated in the present study. This system’s dis-

advantages are the cost ($20,000 plus software which is

currently available only for research), possible interference

with wireless networks and the electromagnetic field, and

possible skin motion artifacts.

Fig. 2 A sample of tibial

anterior translation

measurement results from the

same testing session. a Direct

electromagnetic (EM)

measurement (sensors fixed to

bones). b Indirect EM

measurement (sensors attached

on the skin). c Simple image

analysis

Fig. 3 A sample of tibial

acceleration measurement

results from the same testing

session. a Direct EM

measurement (sensors fixed to

bones). b Indirect EM

measurement (sensors attached

on the skin). c Triaxial

accelerometer
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The triaxial accelerometer showed a moderate correla-

tion with the acceleration measured by the electromagnetic

system attached to the bone when the standardized tech-

nique was applied. On the other hand, a good correlation

was shown when the preferred technique or when the

results of both techniques were combined. These results

may reflect the more consistent pattern of acceleration

provided by the technique surgeons are already familiar

with and the lack of practice of the standardized technique

before the testing. The triaxial accelerometer has the

advantage of being a wireless system that is easy-to-use in

the office setting. The costs are around $3,000 plus origi-

nally developed software whose availability is also limited.

However, the acceleration component of the pivot shift

phenomenon is not an intuitive concept and still not com-

pletely understood. Therefore, further validation is warranted

to explore the clinical and biomechanical meaning of the

pivot shift tibial acceleration component.

Conversely, anterior tibial translation is a very intuitive

concept. While the Lachman test determines anterior tibial

translation of the central joint, the pivot shift test deter-

mines anterior tibial translation of the lateral compartment

[5]. The image system analysis takes advantage of this

characteristic and proposes to describe the pivot shift test

by means of a quantitative measurement of anterior tibial

translation of the lateral compartment during the dynamic

testing motion. This system is cheap ($100 for a digital

camera; the software download is free on the Internet),

simple, and easily understandable. However, in the present

study the image analysis system showed poor correlation to

the actual bony movement (r = 0.32; P \ 0.01). Future

analyses are necessary to improve the technology and its

repeatability.

The technology used for measuring the complex phe-

nomenon of the pivot shift has been improved over the past

few years. Further research to simplify the complexity of

the devices will improve their applicability. Ideally, the

pivot shift test would be performed using a standardized

technique and utilizing a highly repeatable, non-invasive,

and quantitative measurement system that can be used in a

clinical setting at affordable cost. This study provides the

initial steps toward the development of simple and inex-

pensive devices to quantify the pivot shift phenomenon.

Limitations of the study include the use of only speci-

mens with obvious instability. There was no comparison to

the intact knee. There were also no comparisons to other

clinical tests or outcome scores.

Conclusion

Among the three devices tested, the electromagnetic

tracking system provided the best correlation (good) with

the reference method. The triaxial accelerometer showed

also a good correlation and the image system analysis

showed a positive, but poor correlation with the electro-

magnetic tracking motion system directly attached to the

femur and tibia. Future research is planned to further

standardize both the pivot shift test maneuver as well as

quantitative measurement devices. Ultimately, the goal is

to have a universally available and affordable device that

can be used in the office to assess clinical outcome of ACL

reconstruction surgery.
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