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Reliability of a Novel Automatic Knee
Arthrometer for Measuring Knee Laxity
After Anterior Cruciate Ligament Ruptures
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Background: The accuracy of existing devices for measuring knee laxity is adversely affected by examiner reliability.

Purpose: To compare the accuracy of a novel automatic knee arthrometer (AKA) to that of the KT-2000 arthrometer for measuring
knee laxity after anterior cruciate ligament (ACL) ruptures.

Study Design: Cohort study; Level of evidence, 2.

Methods: We measured anterior displacement and the anterior displacement difference (ADD) at 134 N of anterior force in 221
healthy volunteers and 200 patients with ACL ruptures. All trials were performed by the same 2 examiners. We first analyzed the
effects of examiner, side assessed, and device type using the intraclass correlation coefficient (ICC), t test, and F test. We then
used the receiver operating characteristic curve to compare the diagnostic value of the measurements between devices.

Results: In repeated measurements for a single healthy volunteer, there were no differences in the variance of the measurements
between sides according to the AKA (standard deviation of right vs left knee for examiner A: 0.43 vs 0.58 mm, respectively [P = .39];
for examiner B: 0.49 vs 0.77 mm, respectively [P = .81]), while the KT-2000 measurements showed differences (standard deviation
of right vs left knee for examiner A: 1.47 vs 0.80 mm, respectively [P = .02]; for examiner B: 1.78 vs 0.91 mm, respectively [P = .01]).
The ADD assessed by the AKA was not significantly different between examiners A and B (0.50 vs 0.75 mm, respectively; P = .27;
ICC = 0.83), but the KT-2000 showed a difference (1.07 vs 2.01 mm, respectively; P = .01; ICC = 0.55). The ADD of 20 healthy
volunteers assessed by the AKA was less than that by the KT-2000 (0.98 vs 1.41 mm, respectively; P = .04). When comparing the
diagnostic value of the 2 devices in the sample of 200 patients with ACL ruptures and 200 healthy controls, the area under
the receiver operating characteristic curve for the AKA was larger than that for the KT-2000 (0.93 vs 0.87, respectively; P < .01), and
the threshold values were 1.75 and 2.73 mm, respectively.

Conclusion: The AKA can be used to determine the degree of knee laxity in ACL injuries and to provide indications for treatment.
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The anterior cruciate ligament (ACL) plays an important
role in the stability of the knee, as the primary function of
the ACL is the restraint of anterior tibial translation. An
ACL rupture is a common sports injury with serious long-
term negative effects, such as lower extremity dysfunction,
low levels of physical activity, and the early development
of knee osteoarthritis.>®%* The measurement of knee lax-
ity is crucial for treatment strategies and postoperative
recovery'®®® and is commonly obtained by clinical exami-
nations such as the Lachman, anterior drawer, and pivot-
shift tests.2® These tests are not objective, and the results
are influenced by the experience of the examiner, patient
cooperation, and the duration between the injury and
examination.!82!
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Several devices have been investigated to quantify knee
laxity, but a gold-standard instrument has not been estab-
lished.®® Among these devices, the KT-1000/2000 arthrom-
eter (Medmetric) was first introduced in the early 1980s
and is the most widely used knee laxity measurement
device.'''® However, examiners need to pull the tibia
anteriorly by manual force when using the KT-1000/
2000, which may be a physical challenge for them, and
poor reproducibility and unreliable results have been
reported.!”:3?

There is a need for a more accurate knee laxity measure-
ment instrument in sports medicine. To this end, we
invented an automatic knee arthrometer (AKA) and assem-
bled the device in our university laboratory. It was designed
according to the biomechanical characteristics of abnormal
anterior tibial displacement in patients with ACL ruptures.
This study aimed to assess the reliability and effectiveness
of the AKA vs the KT-2000 by comparing (1) the influence of
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Figure 1. (A) Diagrammatic drawing and (B) photograph of the automatic knee arthrometer during the examination. A, electric
track; B, slider; C, hook-and-loop fastener; D, force sensor; E, displacement sensor; F, patella pad; G, padding; H, emergency

terminate button.

examiner experience and tested side on the measurements
and (2) the effectiveness of knee laxity measurements and
auxiliary diagnosis of ACL ruptures. We hypothesized that
the AKA would have better performance in measuring knee
laxity than the KT-2000.

METHODS
Study Participants

This study was conducted in accordance with the Declara-
tion of Helsinki and received ethics committee approval. All
participants signed an informed consent form. During this
study, none of the participants indicated discomfort, and
none of the trials were stopped prematurely.

Between July and December 2020, a total of 221 healthy
volunteers were included; none of them had a history of
knee injuries, and all knees were pain free during the pre-
vious 3 months. In addition, 200 patients with ACL rup-
tures from our institution were enrolled. These patients
were diagnosed by sports medicine specialists based on clin-
ical manifestations and imaging results and were hospital-
ized and awaiting further surgery. We excluded patients
aged <18 or >45 years, those with combined multiple knee
ligament injuries, and/or those with limited knee range of
motion (unable to flex to 20°-30°).

Arthrometer Examinations

During the AKA examination, the participant lay on an
examination bed with the knees flexed at 20° to 30° and with
a padded support under both knees. This position is similar

to that for the Lachman test to enhance relative tibial dis-
placement. The AKA device consists of an electric slide, force
sensor, and displacement sensor. A pad was placed over the
patella, secured by both hands of the examiner, and the
slider of the electric slide was secured to the participant’s
lower leg by a hook-and-loop fastener (Figure 1).

Each participant was instructed to relax his or her lower
limbs as much as possible, and the test was started by a
computer program. The slider (with a 24-V power supply)
moved at a constant speed of 0.5 mm/s, pulling the tibia
anteriorly. The device was first set to zero to fit the
participant’s leg. The slider continuously moved, and rela-
tive displacement of the tibia and patella was obtained,;
displacement was constantly measured by a sensor. The
force sensor, situated at the leg-and-slider connection,
allowed for simultaneous measurements of the force
pulling the tibia. When the force achieved a set value (134
N in this study, but this can be set at 0-300 N by the pro-
gram), the slider stopped automatically, and the test was
complete for one leg (see the Video Supplement for a dem-
onstration of the testing procedure). In case of acute patient
discomfort, a button on the upper side of the device could be
pushed to terminate the test (Figure 1).

For the KT-2000 arthrometer examination, the partici-
pant assumed the same position as for the AKA, and mea-
surements were collected according to the manufacturer’s
instructions. Using the right leg as an example, the device
was first secured to the lower leg by a hook-and-loop fas-
tener. The patellar side was secured by the left hand of the
examiner, and the examiner’s right hand applied tensile
force to the device until 134 N was achieved, at which time
an indicator light lit up.
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For each participant, both legs were examined using both
devices. The KT-2000 tests were performed first. If the par-
ticipant showed no obvious discomfort, then tests with the
AKA were performed. The devices were checked to ensure
that they were properly fitted each time. The left leg was
assessed first for the healthy volunteers, and the uninjured
leg was examined first for the patients with ACL ruptures.
For both knees, anterior displacement (AD) and the AD
difference (ADD) at 134 N were calculated. All data were
collected on a computer by plotting a force-displacement
curve.

Examiners

There were 2 examiners who performed the trials in the
study. Examiner A had 10 years of experience with the
KT-2000 and 6 months of experience with the AKA, and
examiner B (H.M.) had no experience with either device.
Both examiners were right-handed, and neither were
involved in the development of the AKA. Before the study,
both examiners were trained in the use of the devices.

Study Protocols

Overall, 3 protocols were designed to compare the effective-
ness and reproducibility of measuring knee laxity and
providing an auxiliary diagnosis of an ACL rupture. As the
KT-2000 is one of the regularly used tools before ACL recon-
struction (ACLR) at our institution, our tests for patients
with ACL ruptures were performed the day before surgery.
The patients’ surgery records were reviewed as the gold
standard for ACL ruptures, and no misdiagnosis was found.
The healthy volunteers were tested as they came to our
examination room.

Protocol 1. The 2 examiners performed tests on the same
healthy participant (a 28-year-old man) using both devices
for 10 consecutive days (ie, 10 times per examiner). For
every test, AD of both knees was measured, and the ADD
was calculated. We evaluated the effect of which side was
measured by comparing the standard deviations of AD for
each knee between the devices. In addition, we compared
the mean ADD between examiners and evaluated the effect
of examiner reliability. Finally, we compared the ADD mea-
sured by the same examiner between the devices to evalu-
ate the devices’ accuracy in detecting a difference in knee
laxity of the healthy participants.

Protocol 2. A single examiner (examiner A) performed
tests on 20 healthy participants (12 male and 8 female;
mean age, 26.5 years) using both devices, and the mean
ADDs of both knees were calculated. We examined the dif-
ference in measurements using each device to determine
the device effect.

Protocol 3. A single examiner (examiner A) performed
tests on 200 patients with ACL ruptures (132 male and 68
female; mean age, 30.2 years) and 200 healthy participants
(113 male and 87 female; mean age, 25.3 years) using each
device. Using an ADD at 1.5 and 3.0 mm as threshold
values, we compared the effectiveness of the 2 devices in
diagnosing ACL ruptures.
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TABLE 1
Anterior Displacement in a Single Healthy Participant®
Right Knee, Left Knee, P P
mm mm Value®  Value®
KT-2000
Examiner A 3.57 £1.47 3.43 £ 0.80 .79 .02
Examiner B 3.72+£1.78 3.47+£0.91 .70 .01
AKA
Examiner A 3.05+£0.43 3.13 £0.58 73 .39
Examiner B 3.38 £0.49 3.08 £0.77 .32 .81

“Data are shown as mean = SD. Bolded P values indicate sta-
tistically significant differences (P < .05). AKA, automatic knee
arthrometer.

P values for the difference in the mean between right and left
knees.

P values for the difference in the SD between right and left
knees.

Statistical Analysis

The ¢ test was used to compare the mean AD and ADD in
protocols 1 and 2; the F test was used to determine the
significance of the variance of data spread (ie, the difference
in the standard deviations) relative to the mean AD. The
intraclass correlation coefficient (ICC) was determined to
test the reliability between examiners. In protocol 3, the
diagnostic sensitivity and specificity at each threshold
(ADD at 1.5 and 3.0 mm) were calculated for both devices.
The receiver operating characteristic (ROC) curve was ana-
lyzed. The area under the ROC curve (AUC) was calculated,
and the difference in the AUC between the 2 devices was
assessed by the Z test. Statistical analysis was performed
using SPSS software (version 24.0; IBM) and MedCalc (ver-
sion 19; MedCalc Software).

RESULTS
Protocol 1

A significant effect of side tested was observed with the KT-
2000 arthrometer. The standard deviation of the mean
measurements on the nondominant side (in which the
patella pad was secured by the left hand of the examiner
while the right knee of the participant was tested) was
significantly larger than the standard deviation on the
dominant side (in which the patella pad was secured by the
right hand of the examiner while the left knee of the par-
ticipant was tested), as tested by both the experienced
(examiner A) and inexperienced (examiner B) examiners
(examiner A: 1.47 vs 0.80 mm, respectively [P = .02]; exam-
iner B: 1.78 vs 0.91 mm, respectively [P = .01]), while the
mean values of the right vs left knees were not significantly
different (Table 1). This was not the case for the AKA in
which both the standard deviations of the means and the
mean values themselves were not significantly different
between sides (Table 1).

A significant examiner effect was observed with the KT-
2000; the mean ADD measured by examiner A was
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TABLE 2
Anterior Displacement Difference in a Single
Healthy Participant®
AKA, mm KT-2000, mm P Value®
Examiner A 0.50 1.07 .01
Examiner B 0.75 2.01 <.01
P value® 27 .01 —

“Bolded P values indicate statistically significant differences
(P < .05). AKA, automatic knee arthrometer.

P values for the difference between devices tested with the
same examiner.

°P values for the difference between examiners with the same
device.
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Figure 2. Anterior displacement difference in 20 healthy par-
ticipants as measured by the automatic knee arthrometer
(AKA) and KT-2000 arthrometer. The error bars indicate
95% Cls. *Statistically significant difference (P < .05).

significantly less than that by examiner B (1.07 vs 2.01 mm,
respectively; P = .01), and the ICC was 0.55 (P = .04). The
mean ADD tested by the AKA showed no difference
between examiners A and B (0.50 vs 0.75 mm, respectively;
P = .27), and the ICC was 0.83 (P < .01). A significant
device effect was observed; the mean ADD tested by the
AKA was lower than that by the KT-2000 for both the expe-
rienced and inexperienced examiners (examiner A: 0.50 vs
1.07 mm, respectively [P = .01]; examiner B: 0.75 vs
2.01 mm, respectively [P < .01]) (Table 2).

Protocol 2

The mean ADD of the 20 healthy participants was signifi-
cantly less with the AKA compared with the KT-2000 (0.98
vs 1.41 mm, respectively; P = .04), showing a device effect
as well. One participant had an ADD of 3.53 mm using the
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Figure 3. Anterior displacement (AD) at 134 N in the healthy
and injured knees of a patient with an anterior cruciate liga-
ment rupture (right knee) as tested by the automatic knee
arthrometer. The AD was 7.87 mm in the healthy knee and
14.08 mm in the injured knee, with a difference of 6.21 mm.

TABLE 3
Diagnostic Sensitivity and Specificity at Differential
Laxity Thresholds®

AKA KT-2000
1.5 mm 3.0 mm 1.5 mm 3.0 mm
Sensitivity, % 92 86 91 83
Specificity, % 89 95.5 67 88.5

“AKA, automatic knee arthrometer.

KT-2000, which led to a false-positive error at a threshold of
3.0 mm (Figure 2). The number of false positives recorded
at the 1.5-mm threshold for the AKA and KT-2000 was 2
and 6, respectively.

Protocol 3

Figure 3 shows the difference in AD between the healthy
and injured knees of a patient with an ACL rupture as
tested by the AKA. The diagnostic sensitivity and specific-
ity of the AKA and KT-2000 at differential laxity thresholds
of 1.5 and 3.0 mm are shown in Table 3. The sensitivity was
similar between the devices, but the specificity of the AKA
was higher at both thresholds. The ROC curves of the AKA
and KT-2000 for diagnosing ACL ruptures are shown in
Figure 4. The AUC of the AKA was 0.93 (P < .01), and the
threshold value was 1.75 mm. The AUC of the KT-2000 was
0.87 (P < .01), and the threshold value was 2.73 mm. The
difference between the 2 AUCs was significant (0.06;
P = .02). A sample of 200 patients from the positive group
(patients with ACL ruptures) and 200 from the negative
group (healthy controls) achieved 87% power to detect an
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Figure 4. Receiver operating characteristic curves for sensi-
tivity and specificity in the diagnosis of anterior cruciate liga-
ment injuries for the automatic knee arthrometer (AKA) and
KT-2000 arthrometer.

observed difference in the AUC between the 2 devices using
a 2-sided Z test at a significance level of 0.05.

DISCUSSION

The present study introduced the AKA, a new device for
determining knee laxity, and compared it with an often-
used device, the KT-2000 arthrometer. The main result was
that the AKA showed superior reproducibility in measuring
knee laxity regardless of the examiner’s experience
(ICC =0.83; P <.01). At the same time, the AKA provided
better effectiveness for an auxiliary diagnosis of ACL rup-
tures (AUC = 0.93; P < .01) with a lower threshold value
(1.75 mm).

Knee laxity measurements in ACL injuries have great
value for treatment options. A higher grade of knee laxity
probably indicates concomitant injuries in addition to the
ACL rupture. Musahl et al?® found that the medial menis-
cus functions in a secondary critical role for tibial anterior
stability in cadaveric models of ACL ruptures. An antero-
lateral aspect of capsular and medial collateral ligament
injuries was reported to significantly increase knee laxity
when combined with ACL ruptures.®3! In recent years, a
worse prognosis for patients with a high degree of knee
laxity after ACL ruptures was suggested. Magnussen
et al*? showed that high-degree anterior knee instability
was associated with a significantly increased risk of ACLR
failure. Alm et al* demonstrated that high-grade anterior
knee laxity is a risk factor for revision ACLR failure as well.
Cristiani et al'® reported that a preoperative ADD >5 mm
is associated with an increased risk of having abnormal
anterior knee laxity at 6 months after primary ACLR. Alm
et al® defined an ADD >6 mm as measured by the Rolimeter

Reliability of a New Automatic Knee Arthrometer 5

as high-grade knee laxity in patients with graft failure after
primary ACLR. They reported that additional lateral extra-
articular tenodesis in patients with revision ACLR and
high-grade anterior instability significantly reduces the
risk of revision failure and improves postoperative func-
tional outcomes.® Therefore, knee laxity should be carefully
considered before ACLR to provide an indication for tar-
geted treatment of concomitant injuries as well as addi-
tional procedures, such as lateral extra-articular
tenodesis, augmentation of the anterolateral ligament, or
medial stabilization,* which may improve the outcomes for
patients with high-degree knee laxity.®

Knee laxity is frequently assessed by surgeons through
clinical examinations, including the Lachman, anterior
drawer, and pivot-shift tests.! However, these tests are
manually operated, which is influenced by subjective fac-
tors, including the experience of examiners and compliance
of patients, leading to varying sensitivities and specifici-
ties. The KT-1000/2000 is the most widely used device for
measuring knee laxity. The KT-2000 has the same design
as the KT-1000, with the addition of a displacement-force
curve to present results.?® Abulhasan et al’ summarized
KT-2000 sensitivity as ranging from 0.50 to 0.9773° and
specificity from 0.70 to 0.93.223° They found several rea-
sons accounting for poor reproducibility of the device: the
experience level of operators, the amount of force used in
tests, and involuntary or defensive hamstring contrac-
tions.! One disadvantage of the examination process is that
anterior force is applied completely manually; thus, the test
is significantly influenced by examiner factors. Herein, we
introduced and evaluated a novel automatic device that
may solve this problem.

In our study, an effect for which side was used was found
for the KT-2000 but not for the AKA. During the examina-
tion by both devices, maintaining the position of the patella
pad is the key to accurate measurements of knee laxity, as
it is the base point of both anterior force and the measure-
ment. When testing different legs with the KT-2000, the
examiner needs to use opposite hands to apply enough
counterforce to secure the patella pad. The patella pad is
more likely to move when secured by the nondominant
hand of the examiner, leading to inconsistency in measure-
ments between the left and right legs of healthy partici-
pants. Collette et al® also reported this side-dependent
effect of the KT-2000, which is consistent with our finding.
We believe that this effect can lead to system errors when
measuring knee laxity with the KT-2000. On the other
hand, the AKA pulls the tibia automatically, as the electric
slide operates the pull force instead of the examiner, and
the only remaining requirement is to secure the patella pad
with both hands at a symmetric position for both knees. In
this way, the AKA location is under improved control, and
the results show improved reproducibility.

Previous studies have indicated that the experience of
the examiner is another factor affecting the reliability of
KT-1000/2000 knee laxity measurements. The ICC
between examiners has ranged from 0.43 to 0.95.52%27 The
KT-2000 provides improved accuracy when used by an
experienced examiner and the device is properly positioned
and fixed over the joint line. The results of the present
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study indicate that the AKA had a smaller examiner
effect and higher ICC in healthy participants, as the inex-
perienced examiner achieved the same results as the expe-
rienced examiner. It appears that the AKA can be used by
examiners with different levels of experience; the results
can then be compared with a uniform standard.

We found similar sensitivity but better specificity in the
auxiliary diagnosis of ACL ruptures with the AKA com-
pared with the KT-2000 using 1.5 and 3.0 mm as the
threshold, respectively. This demonstrated good repeatabil-
ity of the AKA, leading to fewer false-positive cases in
healthy participants. The diagnosis threshold of the KT-
2000 is still controversial.® Myrer et al,?® using an ADD
>2 mm as a threshold, reported a false-positive rate of
14% with the KT-2000 at a force of 134 N and suggested a
threshold >3 mm to avoid false positives. Using a lower
threshold will increase the sensitivity of the diagnosis but
will significantly reduce the specificity of the KT-2000,
while the extent of this for the AKA is not obvious. This
phenomenon indicates that, with the KT-2000, the ADD
of many healthy participants is between 1.5 and 3.0 mm,
while it is <1.5 mm for more participants measured by the
AKA. It shows that the AKA has improved repeatability, as
we consider that, under ideal conditions, the ADD of a
healthy participant is close to 0 mm.

The higher specificity and lower threshold resulted in a
larger AUC for the AKA, which indicates a higher auxiliary
diagnosis value for ACL ruptures. Clinically, magnetic res-
onance imaging is the most accurate examination tool to
diagnose ACL ruptures.?® The measurement of knee laxity
is affected by the factors of participant, examiner, and arth-
rometer, leading to varying diagnosis values of knee arth-
rometers among ACL surgeons. At present, there is no
consensus on which device is the most accurate for knee
laxity measurements.?* Except for the KT-1000/2000, sev-
eral other arthrometers have been introduced. The GNRB
arthrometer, developed in 2005, is driven by a microcalcu-
lator and has a split drive and measurement design. Robert
et al>” demonstrated that the GNRB has significantly bet-
ter reproducibility of measurements than the KT-1000.
Lerat et al'® developed a measure for displacement of the
tibia with respect to the femur on radiographs under a 9-kg
constraint on the tibia; the sensitivity and specificity were
87% and 90%, respectively, at a 6-mm threshold. The Roli-
meter is another manual measurement instrument of knee
laxity; the sensitivity and specificity reported were 89% and
95%, respectively.!?

In recent years, there has been increasing evidence that
the degree of knee laxity has clinical relevance in ACL
treatment. To obtain objective results, it is only possible
to use an arthrometer to quantify knee laxity precisely.?’
We believe that the higher auxiliary diagnosis value for
ACL ruptures is based on the accurate measurement of
AD in every examination using the AKA. The automatic
force generation and detection structure reduce system
errors not only from the examiner, as mentioned, but also
the device. The AKA pulls the tibia anteriorly and produces
a downward reaction force onto the patella through the
electric slide, and the amount of force can be accurately
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controlled by a computer. The device is like a bottle opener,
with the patella as the fulcrum; the slider drives the tibia
vertically through the connection, and relative AD is pro-
duced. When the examination begins, as the slider moves
up and the anterior force increases, the patella pad will be
more firmly secured on the patella of the patient through
downward counterforce. In contrast to the KT-2000, if there
is no reaction force applied by the examiner, the partici-
pant’s leg will lift, and displacement of the tibia will not
be generated. With a more reasonable design structure, the
AKA has better stability during the examination process
and reduces system errors caused by subjective and objec-
tive factors.

This study had limitations. First, patients with acute
ACL injuries with significant limited range of motion were
excluded; there was a selection bias among the ACL rup-
ture population. Second, we recruited healthy participants
based on history; less obvious injuries may lead to abnor-
mal knee laxity. Last, the results of both devices were influ-
enced by the degree of participants’ muscle tension/
relaxation during the examination; therefore, the results
might be influenced by the emotional/mental state of the
participants, especially regarding that the KT-2000 exam-
inations were performed first.

CONCLUSION

This study introduced the AKA, a novel knee laxity arth-
rometer with a more efficient design structure. Its advan-
tages compared with the KT-2000 are as follows: easy to
operate, independent of the side tested, and independent
of examiner experience, leading to more accurate measure-
ments of AD and a higher auxiliary diagnosis value. The
AKA may be used to determine the degree of knee laxity in
ACL injuries and to provide indications for treatment.
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