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ACL-reconstructed and contralateral knee (n.s.). Tibial 
acceleration in contralateral knees was consistent pre- and 
post-operatively (n.s.).
Conclusion Tibial acceleration measurement demon-
strated increased rotational laxity in ACL-injured knees and 
its reduction by ALCR. Additionally, consistent measure-
ments were obtained in ACL-intact knees at different time 
points. Therefore, tibial acceleration during the pivot shift 
test could provide quantitative evaluation of rotational sta-
bility before and after ACL reconstruction.
Level of evidence III.
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Introduction

The pivot shift test [10, 11] is routinely performed to assess 
rotational laxity of the knee in a clinical setting and may 
also be used to detect residual rotational laxity in anterior 
cruciate ligament (ACL)-reconstructed knees in which 
anterior laxity has been successfully reduced. Owing to the 
clinical impact of the rotational knee laxity on knee func-
tion [20, 27] and long-term osteoarthritis [18], meticulous 
evaluation of the rotational laxity is highly desirable, espe-
cially for follow-up after ACL reconstruction.

Although several quantitative evaluation systems for the 
pivot shift test have been developed [5–8, 14, 16, 17, 21, 
25, 26, 28–30, 32, 35], the clinical benefits of those sys-
tems have not been verified [31]. Tibial acceleration dur-
ing the pivot shift test can be measured by a non-invasive 
system such as the electromagnetic system [14] or the 
accelerometer [4, 29, 30, 32], and was reported to have the 

Abstract 
Purpose Tibial acceleration during the pivot shift test is a 
potential quantitative parameter to evaluate rotational lax-
ity of anterior cruciate ligament (ACL) insufficiency. How-
ever, clinical application of this measurement has not been 
fully examined. This study aimed to measure and compare 
tibial acceleration before and after ACL reconstruction 
(ACLR) in ACL-injured patients. We hypothesized tibial 
acceleration would be reduced by ACLR and tibial accel-
eration would be consistent in the same knee at different 
time points.
Methods Seventy ACL-injured patients who underwent 
ACLR were enrolled. Tibial acceleration during the pivot 
shift test was measured using an electromagnetic measure-
ment system before ALCR and at the second-look arthros-
copy 1 year post-operatively. Tibial acceleration was 
compared to clinical grading and between ACL-injured/
ACL-reconstructed and contralateral knees.
Results Pre-operative tibial acceleration was increased 
stepwise with the increase in clinical grading (P < 0.01). 
Tibial acceleration in ACL-injured knee (1.9 ± 1.2 m/s2) 
was larger than that in the contralateral knee (0.8 ± 0.3 m/
s2, P < 0.01), and reduced to 0.9 ± 0.3 m/s2 post-opera-
tively (P < 0.01). There was no difference between 
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best correlation to the clinical grading among several knee 
kinematics measurements [24]. In this context, the poten-
tial utility of the acceleration measurement for follow-up 
after treatment can be highly expected. The previous stud-
ies [14] indicated the quantitative measurement of tibial 
acceleration in the only ACL-deficient and ACL-intact 
knees using the electromagnetic system, but tibial accelera-
tion of ACL-reconstructed knees has not been ever reported 
and is still unknown. Thus, the ability to detect differences 
in acceleration before and after surgical treatment should 
be confirmed, and consistent measurements should be 
achieved in the same knee at different time points. There-
fore, the purpose of this study was to measure and com-
pare tibial acceleration during the pivot shift test before and 
after ACL reconstruction in patients with ACL injury. We 
hypothesized that tibial acceleration during the pivot shift 
test would be reduced by ACL reconstruction and that tibial 
acceleration measurements would be consistent in the same 
knee at different time points.

Materials and methods

Patients with unilateral ACL injury who were sched-
uled to undergo ACL reconstructions between 2007 and 
2011 in our hospital were prospectively enrolled in the 
study. Patients who had fractures, cartilage injuries, pos-
terolateral corner injuries, and other knee ligament inju-
ries, including medial collateral ligament and posterior 
cruciate ligament injuries in the ipsilateral or contralateral 
knee, were excluded. After obtaining informed consent for 
participation, a total of 70 patients (39 male/31 female, 
28.4 ± 10.7 years old) were selected (Table 1). Informed 
consent was obtained from all individual participants 
included in the study.

Diagnosis of the ACL deficiency was made on the 
basis of clinical findings and magnetic resonance imaging 
(MRI), and was arthroscopically confirmed subsequently. 
ACL ruptures were categorized into either complete or 
partial tear. The diagnosis of partial ACL tears was made 
with a previously reported procedure [2]. Briefly, partial 
ACL tears were suspected during a physical examination in 

the outpatient clinic based on the presence of a hard end-
point or delayed hard endpoint during the Lachman test or 
a low-grade pivot shift test. MRI was also used as a diag-
nostic tool for partial ACL tears, as previously reported 
[36]. However, in the present study, the definitive diagno-
sis of partial ACL tears using MRI was difficult using our 
standard protocol; therefore, partial ACL tears were finally 
confirmed by an experienced surgeon using arthroscopic 
inspection during the reconstructive surgery. In these cases, 
an ACL augmentation procedure that preserved the remain-
ing ACL bundle was performed for either the anterome-
dial bundle (AMB) or the posterolateral bundle (PLB). For 
patients with complete ACL tears, either anatomic single-
bundle or double-bundle reconstruction was performed [9]. 
Consequently, 45 anatomic double-bundle reconstructions 
and 13 anatomic single-bundle reconstructions for ACL 
complete tears, and 12 augmentation procedures for ACL 
partial tears (2 AMB partial tears and 10 PLB partial tears) 
were performed. All patients followed the same post-opera-
tive programme. Jogging was permitted 4 months after sur-
gery, with a gradual return to full sports activity, including 
competitive sports, 8 months after surgery [9].

The pivot shift test was performed, as described by Gal-
way and MacIntosh [11], according to whom the hip was 
abducted and the knee was passively flexed from full exten-
sion with internal tibial torque and valgus stress applied 
manually to the knee. Two experienced surgeons were 
instructed to perform the pivot shift manoeuvres as simi-
larly as possible before this study. Routine clinical grad-
ing of the pivot shift test was determined by the examiner 
according to the International Knee Documentation Com-
mittee (IKDC) forms: none (−), glide (+), clunk (++), or 
gross (+++) [13].

Tibial acceleration during the pivot shift test was meas-
ured using an electromagnetic device (Liberty, Polhemus, 
Colchester, VT, USA, Fig. 1a, b) as previously described 
[14, 19]. This system consists of a transmitter that produces 
an electromagnetic field and three electromagnetic receiv-
ers. Two of the receivers were firmly attached on the thigh 
and the calf with a plastic brace and were used to track the 
femoral and tibial motion, respectively. Each femoral and 
tibial coordinate system was configured based on the three-
dimensional position data of anatomic landmarks that were 
digitized by the third receiver, providing six degree-of-
freedom knee kinematics according to Grood and Suntay 
[12]. The electromagnetic device had a root-mean-square 
accuracy of 0.76 mm for position and 0.15° for orientation 
when it was used within 106 cm of a transmitter-to-receiver 
separation and when there was no interference from mag-
netic materials [33]. Knee kinematics data were acquired 
with 240 Hz during the pivot shift test, and the tibial accel-
eration was then calculated from the tibial anteroposte-
rior translation over time. The peak acceleration for the 

Table 1  Patient profile

Patient profile

Patient number 70

Sex (female/male) 31/39

Age (y.o.) 28.4 ± 10.7

ACL reconstruction procedure  
(double/single/augmentation)

45/13/12

Meniscal tear (medial/lateral) 15/6
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tibial posterior shift, or reduction movement, was utilized 
as the representative value for the tibial acceleration dur-
ing the pivot shift test [14]. The three times intra-examiner 
repeatability of the tibial acceleration measurement during 
pivot shift test was 0.2 m/s2 [14]. The quantitative meas-
urement and manual clinical grading of the pivot shift test 
was repeated in both knees at the time of ACL reconstruc-
tion and second-look arthroscopy that was performed at the 
time of removal of the screw at 1 year after reconstructive 
surgery. All measurements were performed under general 
anaesthesia. There was no case of re-injury in the study 
during follow-up. The study was approved by the Institu-
tional Review Board (IRB) in the hospital.

Statistical analysis

Statistical analysis was performed using a statistical soft-
ware package (StatView 5.0, Abacus Concepts Inc., 
Berkeley, CA, USA). The one-way analysis of variance 
(ANOVA) was used to compare each value of tibial accel-
eration, and post hoc analysis was performed using Fisher’s 
protected least significance difference test. P value <0.05 
was considered statistically significant. A priori power 
analysis showed that at least 64 subjects were required to 
compare the value among four groups using ANOVA with 
an effect size of 0.5, a power of 0.90, and an alpha error of 
0.05.

Results

For the pre-operative clinical grading in the pivot shift 
test, 4 patients’ condition was classified as none (−), 30 
patients’ as glide (+), 33 patients’ as clunk (++), and 3 
patients’ as gross (+++). On the other hand, there were 
68 patients whose condition was classified as none (−) 
and 2 patients whose condition as glide (+) at the 1-year 
follow-up (Table 2). Pre-operative tibial acceleration during 
the pivot shift test in each clinical grading was 0.9 ± 0.4, 

1.3 ± 0.6, 2.2 ± 0.8, and 5.2 ± 2.7 m/s2, respectively, 
which was increased stepwise with the increase in clinical 
grading of the pivot shift test (P < 0.01, Fig. 2).

Prior to the ACL reconstruction, tibial acceleration 
during the pivot shift test was larger in the ACL-injured 
knee (1.9 ± 1.2 m/s2) than in the contralateral intact knee 
(0.8 ± 0.3 m/s2, P < 0.01). Meanwhile, ACL reconstruction 
significantly reduced tibial acceleration to 0.9 ± 0.3 m/s2 
at the 1-year follow-up (P < 0.01), which was equivalent to 
that of the contralateral knee (n.s.). In addition, the acceler-
ation measurement in the contralateral knees was consistent 

Fig. 1  Acceleration measure-
ment during the pivot shift 
test using an electromagnetic 
measurement system. a The 
knee movement was monitored 
by the electromagnetic device. b 
Peak acceleration for the tibial 
posterior movement (pivot shift 
reduction) was calculated as the 
tibial acceleration

Table 2  Manual evaluation of the pivot shift test at pre- and post-
operation

Pivot shift test Pre-operation Post-operation

None (−) 4 68

Glide (+) 30 2

Clunk (++) 33 0

Gross (+++) 3 0

Fig. 2  Tibial acceleration during the pivot shift test of each clinical 
grading at pre-operation. The tibial acceleration was significantly 
increased stepwise with an increase in clinical grading (P < 0.01)
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before ACL reconstruction and at the follow-up (0.8 ± 0.3 
and 0.8 ± 0.3 m/s2, respectively, n.s.) (Table 3).

Discussion

The main findings of the present study were that larger 
rotational laxity in the ACL-deficient knee and its reduction 
to a normal level by ACL reconstruction were detected by 
measuring the tibial acceleration during the pivot shift test 
using the electromagnetic system. We demonstrated that 
rotational instability in the ACL-injured knees was reduced 
by ACL reconstruction. Additionally, consistent measure-
ments were obtained in the ACL-intact knees at different 
time points, i.e. in pre- and post-operative assessments. 
Furthermore, tibial acceleration evaluated with the electro-
magnetic system was correlated with clinical grading of the 
pivot shift test similarly to previous reports [14], indicating 
the usefulness of the measurement of tibial acceleration.

Objective and meticulous assessment of the rotational 
laxity, or the pivot shift test, is eminently desirable to 
improve clinical care for patients with ACL injury. Mean-
while the result of the pivot shift test after ACL reconstruc-
tion is correlated with knee function, patient satisfaction 
[20, 27], and long-term osteoarthritis (OA) [18], and the 
clinical grading of the pivot shift test has been subjectively 
classified into only four grades of instability in a normal 
clinical setting. Over the last 10 years, tibial acceleration 
of the pivot shift test has been focused on because of its 
relationship to clinical grading [14, 24, 26, 30]. Labbe 
et al. [24] reported that the acceleration and velocity of the 
tibial translation were more related with clinical grading 
than with simple knee kinematics such as tibial translation 
and rotation, deepening the meaning of the current study 
findings.

Clinical impact and usability of the electromagnetic 
system for the pivot shift acceleration were appreciated 
in this study similarly to that reported in previous reports 
[14, 22]. A wide variety of biomechanical evaluations 

after ACL reconstruction have been conducted, from a 
highly controlled static test using a robotic system [38] to a 
dynamic functional test using radiostereometry (RSA) [37]. 
Although both evaluations can provide important feedback 
for the ACL treatment, these tests need extensive laboratory 
set-up and are not usable in the normal clinical setting. On 
the other hand, the pivot shift test is readily applicable in 
the clinical setting and could be a “bridge” between sim-
ple static biomechanical tests and functional dynamic kin-
ematics tests [34]. In order to quantify the pivot shift test, 
several devices have been developed in addition to the 
electromagnetic system [6, 8, 14, 25], such as a navigation 
system [5, 7, 17, 26, 28, 35], an accelerometer [3, 4, 21, 29, 
30, 32], and an image analysis using the iPad [16]. Kopf 
et al. [21] quantified the pivot shift phenomenon by using 
the accelerometer. Zaffagnini et al. [40] reported significant 
reductions after double-bundle ACL reconstruction regard-
ing the posterior acceleration of tibial reduction during the 
pivot shift test (from 1600 ± 1200 to 450 ± 225 mm/s2, 
P < 0.05) [39], which supports our present findings. These 
reports and the present study indicate that acceleration 
could be one of the best key to quantify the pivot shift test. 
Moreover, some of these systems require rigid fixation with 
bone pins [3, 5, 7, 17, 26, 28, 32, 35], while other non-inva-
sive systems including the electromagnetic system seem to 
be preferable for clinical use.

Even though the intra-examiner repeatability of the 
acceleration measurement was quite acceptable [14, 24], 
the acceleration was still susceptible to the difference of 
test manoeuvres across examiners [23]. Kuroda et al. [23] 
demonstrated that the Lachman test is performed in a simi-
lar fashion but has a wide variation in the amount of tibial 
translation across surgeons, while the pivot shift test has 
variability in performance of the manoeuvre but could pos-
sibly be measured reliably by the tibial translation of the 
pivot shift and/or its acceleration. Hoshino et al. [15] dem-
onstrated that standardized manoeuvre of the pivot shift 
test provided a more consistent acceleration measurement. 
In the present study, it was verified that the tibial accelera-
tion measurement was consistent at different time points 
and between two different surgeons who were advised to 
perform the test in the same manner. Therefore, the accel-
eration measurement with a standardized testing procedure 
could overcome the problem of the variation of the pivot 
shift test manoeuvre.

Despite the important findings in this study, there are 
several limitations. First, ACL reconstruction involved 
ACL augmentation as well as anatomic single- and dou-
ble-bundle reconstructions. However, our main focus was 
to evaluate the clinical usability of the rotational laxity 
measurement between pre- and post-surgical treatment 
for the ACL-injured knees and not to compare the differ-
ent surgical techniques. As the clinical effects of those 

Table 3  Tibial acceleration during the pivot shift test at pre- and 
post-operation

ACL-injured knees have larger acceleration than the contralateral 
knees and the ACL-reconstructed knees (*P < 0.01), and the accel-
eration in the reconstructed knees was comparable to that in the con-
tralateral intact knees (n.s.). Tibial acceleration in the contralateral 
knees was consistent between pre- and post-operatively (n.s.)

ACL injured and  
reconstructed

ACL intact P value

Pre-operation 1.9 ± 1.2 0.8 ± 0.3 *P < 0.01

Post-operation 0.9 ± 0.3 0.8 ± 0.3 n.s.

P value *P < 0.01 n.s.
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ACL reconstruction techniques have already been estab-
lished [1, 9], those reconstruction techniques can be sim-
ilarly used as the standard effective ACL reconstruction 
procedures in the current study. Second, the post-opera-
tive evaluation was performed at 1 year after reconstruc-
tive surgery; thus the long-term results might be differ-
ent from the present results. Again, this study did not aim 
to test the clinical outcome of some ACL reconstruction 
procedures. Thus, the long-term, or at least 2-year fol-
low-up does not seem to be necessary for this study pur-
pose. Moreover, in our clinical routine, the second-look 
arthroscopy was scheduled at the time of tibial screw 
removal around 1 year after surgery, and the comparable 
evaluation of the pivot shift test under general anaesthe-
sia could only be acquired in that time frame. Third, dur-
ing the manually provoked pivot shift test, the speed of 
the procedure, the angle of hip abduction, and the magni-
tude of force applied to the knee were not exactly equal 
in each test or among examiners. However, the pivot shift 
test was performed by two experienced surgeons who 
were advised and instructed to perform the test in a con-
sistent manoeuvre. A previous report demonstrated that 
instruction of a standardized pivot shift test procedure 
to multiple examiners significantly reduced their test-
ing variability [15]. The inter-examiner variability was 
reduced as much as possible. Fourth, there was observer 
bias at the time of acceleration measurement in this 
study. However, when the examiner performed accelera-
tion measurement and clinical grading of the pivot shift 
test, the examiner did not know the results of the accel-
eration because the acceleration was calculated later in 
another place after the six degree-of-freedom knee kin-
ematics data were acquired in the operation room. Thus, 
the observer bias was supposed to be minimal.

The clinical relevance of this study is that tibial accel-
eration during the pivot shift test measured by the EMS can 
provide quantitative evaluation of rotational stability before 
and after ACL reconstruction.

Conclusion

Quantitative evaluation of the pivot shift test was done by 
using the electromagnetic measurement system under gen-
eral anaesthesia, and the results revealed that the rotational 
instability observed in ACL-injured knees was reduced by 
ACL reconstruction at the time of second-look arthroscopy. 
Additionally, consistent measurements were obtained in the 
ACL-intact knees at different time points, before and after 
surgery. Therefore, tibial acceleration during the pivot shift 
test could provide quantitative evaluation of rotational sta-
bility before and after ACL reconstruction.
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