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Quantitative Measurement of Rotational Knee Stability:
A Systematic Review of Instrument Reliability and Validity

Frédérique A.C. Oosterbaan,1 Mariska G.H. Wesseling,1,2 Tom M. Piscaer,2 Tjep Hoedemakers,2

Jaap Harlaar,1,2 and Erin M. Macri2
1BioMechanical Engineering, Delft University of Technology, Delft, The Netherlands; 2Department of Orthopaedics and Sports Medicine,

Erasmus MC University Medical Centre Rotterdam, Rotterdam, The Netherlands

Context: Objectively evaluating knee stability in multiple planes in individuals with anterior cruciate ligament injury may
provide more comprehensive information than evaluating subjectively or in only a single plane. This could support both research
and clinical decision making. However, for the clinical value of such an instrument to be evaluated, reliability and validity of the
instrument must first be established. Despite multiple available instruments that measure rotational knee stability, it is not clear
which of these instruments has adequate reliability and validity. Objective: We performed a systematic review to identify
instruments for measuring rotational knee stability and to synthesize the available literature in which validity and reliability were
evaluated. Evidence Acquisition: We searched 4 databases for publications reporting reliability or validity of an instrument
designed to assess rotational knee stability. A narrative synthesis was used to present the results. Evidence Synthesis:We iden-
tified 42 studies evaluating 25 different instruments designed to measure movement while applying a standardized torque or
while a tester performed a manual test (eg, pivot shift). There was high heterogeneity in parameters reported and criterion
methods used. Intrarater and interrater reliability intraclass correlation coefficients were consistently adequate (>.75) except for
when lower torques (ie, 6 N·m or less) were applied or acceleration or jerk was measured instead of laxity. Four out of 19 (21.1%)
studies evaluating validity reported very good correlations (r > .8) with a criterion measure. Conclusions: We found no high-
quality evidence that provided sufficient evidence of both reliability and validity in any device. To evaluate the clinical benefit of
objectively evaluating stability in multiple planes, further work is needed to develop, refine, and evaluate this class of devices.

Keywords: knee laxity, measurement properties, anterior cruciate ligament, medical devices

Key Points

• Evaluating knee stability in both anteroposterior and rotational directions could yield a more comprehensive assessment of
knee stability than anteroposterior alone.

• Methods matter: Reliability of devices measuring rotational knee stability is generally adequate, but lower torques and
measures of acceleration or jerk may be less reliable.

• No devices that measure rotational knee stability have been sufficiently evaluated for both reliability and validity.

Context

The anterior cruciate ligament (ACL) is the most frequently injured
knee structure, with approximately 80,000 noncontact injuries in
the United States each year.1 ACL tears result in decreased joint
stability through increased joint laxity, that is, increased anterior
translation and internal rotation of the tibia relative to the femur in
response to imposed passive joint loads.2

Quantifying knee stability after injury is necessary to inform
clinical decision making. Knee stability is generally assessed by
performing clinical tests, such as the pivot-shift test,3 or with in-
struments that apply standardized forces to move the tibia relative to

the femur, such as the KT-1000 (MedMetric).4,5 Clinical tests
depend on the performance and interpretation of the examiner,
making them more subjective than instrumented tests.6 The validity
and reliability of instruments have been widely evaluated to assess
stability in the anteroposterior direction.6,7 However, injury mechan-
isms involve excessive rotational load, and knee rotation is a major
component of knee stability. Therefore, further evaluating stability
in a rotational direction would yield a more comprehensive assess-
ment of knee stability. This could enhance clinical decision making,
for example, to determine whether it is indicated to refer to a
specialist or for additional imaging, or to assist with surgical
planning. Unfortunately, reliability and validity have not been fully
established for the rotational direction.8–10 Therefore, it remains
unknown which device is best for objectively evaluating rotational
stability and, consequently, to what extent such a device would
improve clinical care.

We, therefore, performed a systematic review to synthesize
the available literature in which validity and reliability were
evaluated in instruments that objectively measure rotational knee
stability.
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Methods

Design

We prospectively registered our protocol with PROSPERO
(#CRD42022308643) in March 2022. We adhered to the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines to report this systematic review.11

Evidence Acquisition

Search Strategy

We searched 4 digital databases: PubMed, Embase, CINAHL, and
SPORTDiscus. Keywords and medical subject headings (MeSH
terms) were used to identify eligible studies (see Appendix A:
Search terms). We performed the initial search in January 2022 and
updated it in July 2024. No filters or limits were used.

Eligibility Criteria

We included studies in which reliability or validity was evaluated
in instruments that assessed passive rotational stability of the
tibiofemoral joint in adolescents or adults with ACL deficiency,
ACL reconstruction or repair, or intact ligaments. We included
studies in which concomitant injuries (eg, meniscus tears) were
present along with the ACL injury. There was no restriction on the
criterion method used. The instruments were either designed to
objectively measure movement (ie, internal/external rotation or
related measurements, like linear acceleration during rotation)
while an examiner performed manual testing (eg, pivot-shift test),
or they were designed to apply a standardized torque and measure
the resultant movement. We included any study design in which
validity or reliability could be assessed, such as observational study
designs or randomized controlled trials. We included studies
published in English, Dutch, or French.

We excluded studies that evaluated patellofemoral join stabil-
ity or that evaluated an instrument’s validity or reliability in an
anteroposterior direction only, that is, without assessing rotational
stability. We also excluded studies using invasive instrumentation
or instruments evaluated during surgery, though preoperative
evaluations under anesthesia were included.

Selection Process

We imported all records into EndNote 21 to remove duplicates.12,13

The remaining records were then uploaded to an online screening
platform, Rayyan (https://www.rayyan.ai/) during the first search
and Covidence (https://www.covidence.org/) during the updated
search. Two independent reviewers performed the title and abstract
screening and subsequent full-text screening. Disagreements were
discussed with a third, senior reviewer. Finally, we screened the
reference lists of all included studies, alongside those of relevant
(systematic) review papers, for additional possible records.

Data Extraction

Data collection was performed independently by 2 reviewers. Any
uncertainties were discussed between the reviewers and senior
coauthors as needed. Data extracted included the publication (first
author, journal, and year of publication), the instrument used,
participant demographics (sex, age, and body mass index), study
design, and measurement properties (reliability and validity).
Measurement properties were only extracted for internal/external
rotation or related measurements (eg, linear acceleration during

rotation). We defined measurement properties (ie, reliability and
validity) according to the COSMIN taxonomy.14

For reliability, we extracted intrarater and interrater reliability
intraclass correlation coefficients (ICCs) along with the standard
error of measurement (SEM) when available. Otherwise, we ex-
tracted the reliability measures reported in the study (eg, coefficient
of variation). If reliability was evaluated multiple times under
similar conditions (eg, different knee-flexion angles), we only ex-
tracted the most conservative value. ICCs above .75 were con-
sidered adequate.15

For validation, we extracted results for both continuous and
dichotomous outcomes. For continuous outcomes, we extracted
results for concurrent validation and construct validation (ie, known
groups, convergent, and divergent validity) and reported Pearson
correlation coefficients (r) or the most closely related statistic
(eg, Spearman correlations). Correlations above .8 were considered
very good, .6 to .8 were moderately strong, .3 to .6 were fair, and
below .3 were poor.16 For dichotomous outcomes, we extracted
sensitivity, specificity and the criterion method used for comparison
(ie, criterion defining presence of ACL injury). In addition, the
agreement, area under the receiver operating curve (AUC), and
cutoff values were extracted when reported. AUCs above 0.7
were considered acceptable, above 0.8 excellent, and above 0.9
outstanding.17

Risk of Bias Assessment

To assess the risk of bias, we used the COSMIN criteria18 for
reliability (box 6) and validity (box 8) with continuous outcomes
and QUADAS 219 for validity with dichotomous outcomes. Box
6 of the COSMIN checklist contains 3 domains: design require-
ments, statistical methods, and other.18 Box 8 of the checklist
contains 2 domains: statistical methods and other. Each domain
contains one or more questions, with response options of very
good, adequate, doubtful, or inadequate. The overall risk of bias
for a study corresponds to the item with the lowest score. A very
good score is rated as low risk of bias; adequate scores have
relatively low risk of bias; doubtful scores have relatively high
risk of bias; and inadequate scores are rated as high risk of bias.
QUADAS 2 contains 4 domains: patient selection, reference
standard, index test, and flow and timing.19 Each domain con-
tains one or more questions, and response options are yes, no, or
unclear. Like COSMIN, QUADAS 2 yields overall scores of
low, high, or unclear risk of bias based on the lowest score. Each
study was assessed independently by 2 reviewers, and uncer-
tainties were discussed among the reviewers and senior
coauthors.

Protocol Deviations

Initially, our main aim was to evaluate the instrumented mea-
surement of rotational knee stability. However, as we expected to
find few papers on this subject, we utilized a broad search strategy
to include papers about instruments measuring stability in all
directions and in both tibiofemoral and patellofemoral joints.
Given the large number of available papers identified, we were
able to narrow the scope of our review to focus on tibiofemoral
rotational stability in individuals with or without a history of ACL
tear. In the protocol, we also stated we would include meta-
analyses and (systematic) reviews. However, the identified re-
views focused on different stability directions or conditions
(eg, intraoperative); thus, we only included original studies of
rotational stability. We did, however, review reference lists of
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identified reviews in search of records that may have been missed
with our search strategy.

Synthesis of Results

Due to study heterogeneity among the included studies (eg, dif-
ferences in methods and statistics used to measure validity and
reliability), meta-analysis was not possible. Therefore, we per-
formed a narrative synthesis.

Evidence Synthesis

Study Selection

A total of 4395 records were retrieved, from which 1037 duplicates
were removed. Based on the title and abstract screening, 3108 records
were excluded. Following full-text screening and review of reference
lists, we ultimately included 42 papers (see Figure 1, Table 1).

Study Characteristics

Reliability was evaluated in 30 (71.4%) studies, and validity
(including diagnostic accuracy) was evaluated in 23 (54.8%)

studies. Sample sizes ranged from 1 to 295 participants but were
fewer than 50 in 30 (71.4%) studies. Most studies included both
men and women, but 6 (14.3%) included only men, and 5 (11.9%)
did not fully report sex. Mean ages, when reported, ranged from 21
to 36 years old. Mean body mass index ranged from 22.0 to
25.9 kg/m2 but was only fully reported in 10 studies (23.8%).
Seventeen (40.5%) studies evaluated intact knees only, 10 (23.8%)
evaluated ACL-deficient knees only, 2 (4.8%) studies evaluated
ACLR knees only, and the remainder (31.0%) evaluated multiple
groups (7 ACL deficient and intact knees, 3 ACL-deficient and
ACLR knees, 2 ACLR and intact knees, 1 all 3). Nine (21.4%)
studies evaluated patients under anesthesia to reduce voluntary
muscle resistance to testing.

Instruments

We identified 25 different instrumented setups (see Table 2). Six
(14.3%) studies evaluated stability using electromagnetic sensors
during a pivot-shift test. Eight (19.1%) studies used magnetic
resonance imaging (MRI) with various instruments or manual tests
used in the MRI. Sixteen devices were evaluated in a single
study only.

Records identified 
(n = 4395)

Deduplicated records  
(n =1037)

Records screened 
(n =3358)

Records excluded 
(n =3108)

Reports sought for retrieval 
(n =250)

Reports not retrieved 
(n = 4)

Reports assessed for eligibility
(n = 246)

Reports excluded (n = 212):
Wrong language (n = 7)
Not peer reviewed (n = 19)
Not tibiofemoral joint (n = 3)
Wrong population (n = 3)
No in vivo measure (n = 6)
No knee stability assessment (n = 12)
No instrument (n = 3)
Measure during surgery (n = 1)
Invasive technique (n = 3)
No measurement properties assessed (n = 35)
No rotational stability assessed (n=114)
Review paper (n = 6)

Studies included in review
(n = 42)

Id
en
tif
ic
at
io
n

Sc
re
en
in
g

In
cl
ud
ed

Records identified from 
citation screening
(n = 8)

Figure 1 — PRISMA flowchart.
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Table 2 Instruments Used to Evaluate Rotational Knee Stability

Study Force/torque application or movement Measurement technique

Okazaki et al20

Okazaki et al51

Tashiro et al50

Manual Slocum test Open-bore MRI images

Tardy et al21 KneeM device; applies an anterior draw and internal
rotation to the lower-limb with the aid of a
dynamometer

Open-bore MRI images

Espregueira-Mendes et al52 PKTD; mechanically applies either an internal or
external rotation at the foot

MRI images

Hemmerich et al22 Device to mechanically apply torsional loading at the
foot by pulling on a cord attached to the device

Open-bore MRI images

Carpenter et al23

Haughom et al24
Device to mechanically apply torsional and axial
loading at the foot

MRI images

Araki et al60

Hoshino et al25

Kubo et al26

Kuroda et al27

Labbe et al46

Manual pivot-shift test Electromagnetic measurements

Labbe et al45 Manual pivot-shift test Support vector machine algorithm with input from an
electromagnetic measurement

Shultz et al28 VKLD; counteracts gravity with weights and, thereby,
the shear load in the tibiofemoral joint. Rotations are
then applied using a T-handle and force transducer at
the foot

Electromagnetic measurements

Beckley et al29

Branch et al47
RKT device; mechanically applies rotations at the foot Electromagnetic measurements

Moewis et al53 Knee joint laxity testing device; applies axial rotations
with the aid of a force transducer at the foot

Optical motion capture system

Tsai et al30 Knee laxity measuring device; applies rotations at the
foot through a handlebar with a sensor

Magnetic motion tracking

Mayr et al54 Torque manually applied at the foot through a boot Custom-made polymer-based sensor elastic–
capacitive measurement system

Bellitti et al55 Manual pivot-shift test Smart brace design consisting of 3 stretch sensors and
2 IMUs

Berruto et al32

Nakamura et al59

Helfer et al56

Lopomo et al31

Napier et al48

Manual pivot shift KiRA: measures the linear accelerations during the
pivot-shift phenomenon

Vaidya et al33 Manual pivot shift Smartphone accelerometer: measures the peak linear
accelerations during the pivot shift phenomenon

Krause et al44 Manual dial test Handheld inclinometer

Alam et al34 Boot where torques can be applied to the foot using a
torque wrench

RMD; uses inclinometers at the femur and tibia

McQuade et al35

Wroble et al49
Manual stability tests Genucom: electrogoniometers

Chung et al37

Mills and Hull36
Rotameter: torque manually or mechanically applied
to the foot

Rotameter: electrogoniometers

Lorbach et al38

Mouton et al61

Neumann et al39

Rotameter: torques are applied at the foot through a
handlebar and electronic torque key

Rotameter: electrogoniometers

Lorenz et al40 KUKA robot: force or torque is applied at the shank KUKA robot: kinematics of the robot during testing

Almquist et al57

Almquist et al41
Rottometer: torque is applied using an adjustable
spanner

Rottometer: measuring stick at the foot

Mayr et al58 Laxitester: torque mechanically applied to the foot
plate

Laxitester: measures at the foot

Nascimento et al42 DYNEELAX: mechanically apply torque at the foot DYNEELAX; displacement transducer

Kang et al43 Stress radiography using the Telos device to apply an
anterior or posterior loading

Computational modeling

Abbreviations: IMU, inertial measurement unit; KiRA, Kinematic Rapid Assessment; MRI, magnetic resonance imaging; PKTD, Porto knee testing device; RKT, robotic
knee testing; RMD, rotational measurement device; VKLD, Vermont knee laxity device.
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Table 3 Reliability

Study Instrument used Intrarater/test–retest Interrater

Okazaki et al20 Horizontally open-bore
MRI during
Slocum test

ICC: .96–.98 (P < .01)
Difference between tests: 1.0 (SD 0.7) mm

Full procedure ICC: .91 (P = .02)
Difference between tests: 1.1 (SD 0.7) mm
Image measure only ICC: .93 (P < .01)
Difference between tests: 1.8 (0.3) mm

Tardy et al21 Horizontally open-bore
MRI with KneeM device

ICC:
- Intact: ≥.85
- ACLD: ≥.93

ICC:
- Intact: ≥.82
- ACLD: ≥.92

Hemmerich et al22 Horizontally open-bore
MRI with torsional loading
through pulling a cord

ICC, torque normalized to body mass:
- Extended: .99
- Flexed: .93

Carpenter et al23 MRI with torsional and
axial loading applied with
weights in a pulley system

RMS average of test–retest precision errors, IR at
2.7 N·m torque: 1.6°

Haughom et al24 MRI with torsional and
axial loading applied with
weights in a pulley system

ICC(2,1)/SEM, at 3.35 N·m torque: .91/1.1°

Hoshino et al25 Electromagnetic measure-
ment during PS

Correlation coefficient matrix:
- Coupled anterior tibial translation: .98–.99 (P < .05,
SD: 1.1 [0.6] mm)
- Acceleration of posterior translation: .95–.97
(P < .05, SD: −211 [176] mm

s2
)

Kubo et al26 Electromagnetic measure-
ment during PS

CoV (mean of 5 trials):
- Lateral translation: 30%
- Posterior translation: 23%

Labbe et al46 Electromagnetic measure-
ment during PS

ICC for maximum linear acceleration,
before/after standardization: .41/.52

Kuroda et al27 Electromagnetic measure-
ment during PS

ICC (3 trials):
- Tibial IR: .98
- Acceleration: .87

Labbe et al45 Support vector machine
algorithm based on elec-
tromagnetic measurement
during PS

K = 0.81

Shultz et al28 Electromagnetic measure-
ment with VKLD

ICC(2,k)/SEM, at 0–5 N·m torque:
Unloaded:
- IR: .89/1.56°
- ER: .86/2.99°
- Total IR + ER: .89/2.80° Compressive load of 40%
body weight, at 0–5 N·m torque:

- IR: .20/1.70°
- ER: .85/1.45°
- Total IR + ER: .70/2.64°

Branch et al47 Electromagnetic measure-
ment with RKT device

ICC, at 5.65 N·m torque:
- Total IR/ER: .97
- Compliancea: .97

Beckley et al29 Electromagnetic measure-
ment withRKT device

ICC(2,1)/SEM, at 6 N·m torque:
≥.83/0.14°–0.18°

Tsai et al30 Magnetic motion capture
system with knee laxity
measurement device

Intrarater ICC(2,1)/SEM, at 6 N·m torque (95% CI):
- 30° and 90° flexion: >.95/<1° (<2°)
Test–retest ICC(2,5)/SEM, at 2, 4 and 6 N·m torque
(95% CI):
- 90° flexion: .77/1.9° (3.8°)

ICC(2,5)/SEM, at 6 N·m torque (95% CI):
- 30° flexion: .81/2.6° (5.1°)
- 90° flexion: .88/1.6° (3.2°)

Lopomo et al31 KiRA during PS ICC (95% CI):
- ACLD, minimal acceleration: .75 (.58 to .86)
- ACLD, maximal acceleration: .93 (.85 to .96)
- Intact, minimal acceleration: .69 (.42 to .84)
- Intact, maximal acceleration: .76 (.55 to .88)

Berruto et al32 KiRA during PS Correlation coefficient: .7–.9 (P < .05)
There is a learning curve required to equalize data

Napier et al48 KiRA during PS ICC(3,1): NR Spearman correlation
between 3 surgeons (pooled) and fellow:
- Acceleration range: .12 (P = .4)
- Mean jerk: .11 (P = .5)

(continued)
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Table 3 (continued)

Study Instrument used Intrarater/test–retest Interrater

Vaidya et al33 Smartphone accelerometer
during PS

ICC (95% CI):
- AP, intact: .67 (.24 to .87, P = .005)
- AP, ACLD: .85 (.66 to .94, P < .001)
- SI, intact: .63 (.19 to .85, P = .007)
- SI, ACLD: .93 (.85 to .97, P < .001)
- ML, intact: −.05 (−1.15 to .57, P = n.s.)
- ML, ACLD: −.15 (−1.64 to .56, P = n.s.)

ICC (95% CI):
- AP, intact: .52 (−.32 to .83, P = n.s.)
- AP, ACLD: .95 (.85 to .98, P < .001)
- SI, intact: .63 (.002 to .87, P = .027)
- SI, ACLD: .83 (.54 to .94, P = .001)
- ML, intact: −.01 (−2.06 to .65, P = n.s.)
- ML, ACLD: −.09 (−2.30 to .62, P = n.s.)

Krause et al44 Handheld inclinometer
during dial test

ICC(3,1) (95% CI):
- 30°: .83 (.64 to .92)
- 90°: .87 (.73 to .94)

ICC(2,1) (95% CI):
- 30°: .74 (.61 to .86)
- 90°: .83 (.74 to .91)

Alam et al34 RMD with inclinometer
during dial test

ICC (95% CI) of difference between readings, for
combined readings at 30° and 90° flexion, at 4, 6,
and 8 N·m torque: .90 (.8 to 1.0)

McQuade et al35 Genucom knee analysis
system

20° flexion, at ±8.13 N·m torque:
- CoV: 9%
- SD (95% CI): 5.5° (3.87° to 9.69°)
80° flexion, at ±8.13 N·m torque:
- CoV: 6%
- SD (95% CI): 3.1° (2.12° to 5.35°)

Wroble et al49 Genucom knee analysis
system

Results differed significantly between
examiners

Mills and Hull36 Rotatometer The test–retest mean difference, at 20 N·m torque:
<1.0°
Cycle-cycle mean difference, at 20 N·m torque: <0.40°

Chung et al37 Rotatometer ICC calculated 3 times at 1-mo intervals:
- IR: .87–.95 (P < .05)
- ER: .69–.89 (P < .05)
Highest values in the third month

ICC:
- IR: .90–.95 (P < .05)
- ER: .84–.91 (P < .05)

Lorbach et al38 Rotameter ICC:
- At 5 N·m torque: IR: .67; ER: .81; IR + ER: .92
- At 10 N·m torque: IR: .79; ER: .88; IR + ER: .94
- At 15 N·m torque: IR: .83; ER: .93; IR + ER: .84

ICC:
- At 5 N·m torque: IR: .94; ER: .94;
IR + ER: .96
- At 10 N·m torque: IR: .97; ER: .95;
IR + ER: .97
- At 15 N·m torque: IR: .98; ER: .95;
IR + ER: .88

Neumann et al39 Rotameter, updated
prototype

The difference in end-range IR, at 15 N·m torque,
measured 4 mo apart: 1.6°
The difference in end-range ER, at 15 N·m torque,
measured 4 mo apart: 5.3°
No difference could be seen between the same-day
measurements

The difference in end-range IR: 1°
The difference in end-range ER: 1.4°

Lorenz et al40 KUKA robot ICC(3,k), at 4 N·m torque: .89
ICC(3,1), at 4 N·m torque: .94
All measurement conditions CoV < 5%

Almquist et al41 Rottometer ICC(2,1) (95% CI), at 3 different knee angles and at 3,
6, and 9 N·m torque, respectively, within a day:
- 90°: .64 (.13 to .86), .73 (.43 to .87), .79 (.54 to .91)
- 60°: .67 (.33 to .85), .76 (.50 to .90), .86 (.62 to .95)
- 30°: .59 (.21 to .81), .87 (.72 to .95), .94 (.87 to .98)
1 wk apart:
- 90°: .49 (.04 to .77), .67 (.31 to .86), .80 (.56 to .92)
- 60°: .24 (−.15 to .59), .50 (.11 to .76), .82 (.60 to .92)
- 30°: .22 (−.49 to .40), .50 (.11 to .77), .84 (.65 to .93)

ICC(2,1) (95% CI), at 3 different knee
angles and at 3, 6, and 9 N·m torque,
respectively:
- 90°: .49 (.09 to .76), .87 (.71 to .95), .85
(.68 to .94)
- 60°: .75 (.47 to .89), .83 (.62 to .93), .84
(.63 top .93)
- 30°: .52 (.10 to .78), .61 (.25 to .82), .69
(.34 to .87)

Nascimento et al42 DYNEELAX ICC(2,1) (95% CI)/SEM:
- IR at 5 N·m: .94 (.91 to .96)/1.08
- ER at 5 N·m: .96 (.96 to .97)/1.04

Kang et al43 Computational modeling
derived from Telos stress
test

ICC: .99 ICC: .98

Abbreviations: ACLD, anterior cruciate ligament deficient; AP, anterior–posterior; CoV, coefficient of variation; CI, confidence interval; ER, external rotation; IR, internal
rotation; ICC, intraclass correlation coefficient; KiRA, Kinematic Rapid Assessment; MRI, magnetic resonance imaging; ML, mediolateral; NR, not reported; n.s., not
significant; PS, pivot shift; RKT, robotic knee testing; RMS, root mean square; RMD, rotational measurement device; SEM, standard error measurement; SI, superior–
inferior; VKLD, Vermont knee laxity device.
aCompliance was defined as the instantaneous slope of the curve at the position of zero torque
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Reliability

Intrarater reliability was reported in 25 (59.5%) studies (see
Table 3).20–44 ICCs were reported in 18 (42.9%) studies, and
almost all demonstrated adequate reliability (ICC > .75). ICCs
that scored below .75 typically involved applying lower torques
(eg, 6 N·m or less),38,41 applying torques while also applying
axial compressive loads,28 or measuring accelerations instead of
laxity.31,33 SEMs were reported along with ICCs in only 5 of
the 18 studies reporting ICCs, with values ranging from 0.14°29

to 3.8°.30

Interrater reliability was reported in 15 (35.7%) stud-
ies.20,21,30,33,37–39,41,43–49 ICCs were reported in 12 (28.6%) of the
studies, and again, almost all demonstrated adequate reliability
(ICC > .75), with the exceptions involving applying lower tor-
ques57 or measuring accelerations.33,46,48 SEMs were reported in
only one study and ranged from 1.6° to 2.6°.30

Validity, Continuous Outcomes

Ten different criterion techniques were used among the 19 (45.2%)
validity studies with continuous outcomes, of which the pivot-shift test
(grade) was most common (Table 4).20,25,26,34,36,43,45,46,48,50–59 Only 4
(9.5%) studies found very good correlations (r > .8) with their
respective criterion measures.34,53,54,57 The highest correlations
were between polymer-based capacitive strain gauges compared
with mechanical rotation (r = 1),54 the Knee Joint Laxity Testing
Device using optical motion capture compared with fluoroscopy
(r = .97),53 and the Rottometer with knees at 90° flexion applying
9 N·m of torque compared with Roentgen Stereometric Analysis
(r = .97).57 When comparing 2 rotational methods, correlations
were lowest in two comparisons: Kinematic Rapid Assessment
(KiRA) during pivot shift compared with pivot-shift grade (no
correlation for jerk; no correlation for range when performed by
orthopedic fellow)48 and electromagnetic motion tracking of exter-
nal tibial rotation during the pivot-shift test compared with pivot-
shift grading (r = .16).46

Some studies included anteroposterior stability tests as a
comparison measure. The highest correlation was between the
measurement of anteromedial rotary displacement of the lateral
compartment during Slocum test in an open-bore MRI compared
with the KT-2000 (r = .48).51 The lowest correlations were between
Slocum test in an open-bore MRI and the side-to-side difference on
the KT-2000 (r = .08–.13).50

Six (14.9%) studies reported known groups valid-
ity.25,48,50,52,56,59 All studies showed a significant difference
between groups with intact versus injured knees, with intact knees
having the best rotational stability, followed by ACL-reconstructed
knees, and the least stability was in anterior cruciate ligament-
deficient (ACLD) knees. A study evaluating the KiRA in injured
compared with contralateral uninjured knees only detected a
significant difference between groups when patients were under
anesthesia but not when patients were awake.59

Validity, Dichotomous Outcomes

Nine (21.4%) studies evaluated dichotomous outcomes, 6
(14.3%) of which evaluated both sensitivity and specificity
(Table 5).32,33,45,48,50–52,60,61 The highest sensitivity was 100% for
Slocum test in an open-bore MRI.50 The lowest sensitivity was
25% for the Rotameter, which required a threshold for both internal
rotation and compliance, although this test also had the highest
specificity of 100%.61 The Smartphone accelerometer also had the
highest specificity of 100% in the superoinferior direction but also

the lowest specificity of 35% in the mediolateral direction.33 Three
(7.1%) studies reported AUC33,51,60 and reported acceptable AUCs
(>0.7), with the exception of the Smartphone accelerometer in
mediolateral and anteroposterior directions.33 Agreement was re-
ported in 4 (9.5%) studies,45,48,51,61 with the highest agreement of
84.8% for Slocum test with MRI compared with the pivot-shift
test.51

Risk of Bias Assessments

Only one of the 30 reliability studies scored very good on risk
of bias (Table B1 in Appendix B).36 Four (9.5%) studies scored
adequate,20,31,46,47 16 (38.1%) scored doubtful,21,22,24,27–30,33,34,38,40–
44,48 and 9 (21.4%) inadequate.23,25,26,32,35,36,39,45,49 All studies
scored adequate or good in the “design requirements” domain. Ten
(23.8%) studies scored doubtful or inadequate in the “statistical
methods” domain, mostly because studies did not report an ICC or
Pearson or Spearman correlation. Twenty-two (52.4%) studies
scored doubtful in the “other” domain, typically due to small sample
sizes.

Six (14.2%) validity studies with continuous outcomes scored
very good (Table B2 in Appendix B).20,46,48,51,52,56 None scored
adequate, and 13 (31.0%) scored doubtful25,26,34,50,53,57–59 or inad-
equate.36,43,45,54,55 Four (9.5%) studies scored inadequate in the
“statistical methods” domain because they did not report a correla-
tion or AUC.36,43,45,55 Among the validity studies with dichotomous
outcomes, only 1 was rated as having low risk of bias,52 whereas 5
(11.9%) were rated as high risk of bias,32,33,48,60,61 and 3 (7.1%)
were rated as unclear (Table B3 in Appendix B).45,50,51 Risk of bias
was mainly due to potential prior knowledge of the knee condition
when performing the index tests.

Discussion

Measurement instruments for knee rotational stability varied from
small handheld devices to extensive apparatuses requiring differ-
ent levels of human intervention. Instruments used were generally
of adequate reliability (ICCs > 0.75), particularly when higher
torques of greater than 6 N·m were applied to the knee. Four
(9.5%) studies reported very good correlations (r > .8) for 4
different instruments compared with 4 different criterion mea-
sures.34,53,54,57 Both reliability and validity were assessed in ten
different devices/setups. Of these, 3 studies evaluating rotational
measurement devices were reported to have both adequate reli-
ability and very good validity, as was 1 study of a setup that used
computational modeling based on a Telos stress test.34,41,43,57

However, risk of bias in these studies was rated as “doubtful”
in 3 (7.1%) studies and “inadequate” in 1 (2.4%) study. The
remaining 6 (14.3%) studies that did not demonstrate sufficient
reliability and/or validity all evaluated devices that involved the
performance of a clinical test (ie, Slocum or pivot shift). No high-
quality evidence provided sufficient and comprehensive evidence
of both reliability (eg, both ICC and SEM reported) and validity
(eg, both correlations and mean error compared with an acceptable
criterion standard, eg, fluoroscopy).

Study heterogeneity made direct comparison among devices
difficult. Device design along with several other factors may
explain differing results among studies. For example, reliability
was generally higher when evaluating individuals with ACLD
compared with intact knees.31,33 Reliability was also higher with
higher applied torques. Devices that measured movements while a
tester performed a pivot-shift test did not perform as well as devices
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Table 4 Validity

Study Instrument used
Criterion method
(condition) Validity P

Okazaki
et al20

Horizontally open-bore MRI during Slocum test:

Anteromedial rotary displacement of the lateral
compartment

Anterior displacement during
stress radiography using Telos
stress test

ACLD: r = .67 .005

Tashiro
et al50

Horizontally open-bore MRI during Slocum test:

Anteromedial rotary displacement of lateral
compartment, ACL vs intact contralateral side
difference

PS grade ACLR: r = .74
ACLD: r = .55

<.01
<.05

KT-2000 (side-to-side
difference)

ACLR: r = .13
ACLD: r = .08

.59

.75

Stress radiography using
Telos (side-to-side difference)

ACLR: r = .54
ACLD: r = .46

<.05
<.05

Known groups validity Intact: 1.0 (2.3) mm
ACLR: 2.1 (3.8) mm

<.01

Intact: 1.6 (3.2) mm
ACLD: 9.2 (5.5) mm

<.01

Okazaki
et al21

Horizontally open-bore MRI during Slocum test:

Anteromedial rotary displacement of the lateral
compartment

PS grade
KT-2000

r = .75
r = .48

<.001
<.001

Difference between translation applied to lateral
tibiofemoral vs medial tibiofemoral
compartment

PS grade
KT-2000

r = .65
r = .36

<.001
.0014

Espregueira-
Mendes
et al52

MRI with PKTD:

LPpa PS NR n.s.

MPpa PS NR n.s.

LPpa − LPns PS r = .34 .005

MPpa −MPns PS NR n.s.

LPpa +MPpa PS NR n.s.

LPpair + LPpaer PS r = .55 .001

Known groups validity:

MPpair Intact: −0.9 (3.8) mm
ACLD: 6.3 (3.5) mm

<.001
<.001

LPpair Intact: 6.24 (4.1) mm
ACLD: 15.6 (5.6) mm

<.001
<.001

MPpaer Intact: 1.6 (2.7) mm
ACLD: 9.5 (5.0) mm

<.001
<.001

LPpaer Intact: 9.5 (5.0) mm
ACLD: 9.5 (5.0) mm

<.001
<.001

LPpair + LPpaer Intact: 9.7 (8.9) mm
ACLD: 28.0 (10.5) mm

<.001
<.001

MPpa + LPpair Intact: 28.0 (10.5) mm
ACLD: 28.0 (10.5) mm

<.001
<.001

Hoshino
et al25

Electromagnetic measurement during PS:

Coupled anterior translation PS Intact: NR
ACLR: NR

.03

.14

KT-1000 Intact: NR
ACLR: r = .26

.17

Acceleration of posterior translation PS Intact: NR
ACLR: NR

<.01
.14

(continued)
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Table 4 (continued)

Study Instrument used
Criterion method
(condition) Validity P

KT-1000 Intact: NR
ACLR: NR

Known groups validity:

Coupled anterior translation Intact: 7.7 (0.6) mm
ACLR: 15.6 (1.2) mm

<.01

Acceleration of posterior
translation

Intact: −797 (45) mm/s2

ACLR: −2001 (186) mm/s2
<.01

Kubo et al26 Electromagnetic measurement during PS:

Posterior translation PS grade Spearman r = .28 <.001

Lateral translation PS grade Spearman r = .28 <.001

Maximum velocity PS grade Spearman r = .39 <.001

Labbe et al46 Electromagnetic measurement during PS:

Tibial ER PS grade Spearman r = .16 .01

Acceleration of tibial rotation PS grade Spearman r = .21 .01

Posterior translation PS grade Spearman r = .22 .01

Acceleration of posterior translation PS grade Spearman r = .42 .01

Labbe et al45 Support vector machine algorithm based on elec-
tromagnetic measurement during PS (grades)

PS grade K = 0.68

Moewis
et al53

Optical motion capture system with knee joint
laxity testing device

Knee joint laxity testing
device with fluoroscopy

Full extension: r = .97
Mean rotations, full extension: motion
capture 24.2 (2.6)° vs fluoroscopy 9.9
(2.1)°
Bland–Altman LoA without/with cor-
rection: 0.2° (−20.8°, 20.3°)/0.0° (−0.7°,
0.7°)
RMSE without/with correction: 14.2°/
2.3°
(full extension had largest error, gradu-
ally reduced with knee flexion)

Mayr et al54 Polymer-based sensor elastic–capacitive mea-
surement system IR measured at the foot

Laxitester Spearman r = 1 <.01

Bellitti
et al55

Smart brace with IMUs, during PS Marker-based stereophoto-
grammetric system
(optoelectronic)

Absolute angle difference between the 2
methods: 13°
Absolute average difference between the
2 methods: 21°

Nakamura
et al59

KiRA during PS:

Acceleration range PS grade Anesthesia: r = .57
Awake: r = .41

.0014

.0027

Known groups validity: Injured, preoperative vs uninjured
contralateral:

Anesthesia NR <.001

Awake NR n.s.

Helfer et al56 KiRA during PS:

Acceleration range PS grade r = .57 (95% CI = .51 to .66) <.001

Known groups validity: Grade 2 vs contralateral: 3.5 (1.6) m/s2 <.001

Side-to-side difference Grade 3 vs contralateral: 5.9 (3.6) m/s2 <.001

Napier
et al48

KiRA during PS:

Acceleration range PS grade Surgeon: r = .40
Fellow: no correlation

<.01

Mean jerk PS grade No correlation for both surgeon and
fellow

<.01

Known groups validity for the
acceleration range

Grade 1: .01

Surgeon: 3.91 (1.49) m/s2

(continued)
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that also applied a standardized torque, though setups involving
pivot shift were sensitive to tester experience (more experience
improved reliability)32,48 and speed of the pivot-shift maneuver
(higher speed was more reliable).26,31,46 Devices that measured the
amount of rotation in response to applied torques also tended to be
more reliable than measures of acceleration or jerk. This may be
because these devices measure a pivot-shift test, which is sensitive
to tester experience and maneuver speed, as described earlier. It
may also be because these are primarily sensor-based devices, and
their placement on the skin may introduce soft-tissue artifact, or the
algorithms need further calibration and refinement.

It would be expected that without anesthesia, individuals may
resist unnatural or uncomfortable knee movements with muscle

guarding, which may affect rotational stability testing. However,
studies that tested rotation with participants under anesthesia did
not demonstrate substantially higher reliability or validity than
studies in which no anesthesia was given. Only one (2.4%) study
directly assessed correlations between the KiRA and pivot-shift
grading with and without anesthesia, and although correlations
were higher under anesthesia, they remained fair under both
conditions.59 It is, thus, unclear whether testing under anesthesia
while evaluating rotational knee stability adds clinical value.

Three (7.1%) studies reported poor to fair correlations between
rotational stability and translational stability, as measured with
the KT-1000 or KT-2000.25,50,51 Lower correlations between rota-
tional and translational stability would, indeed, be expected in

Table 4 (continued)

Study Instrument used
Criterion method
(condition) Validity P

Fellow: 5.08 (0.51) m/s2

Grade 2: .01

Surgeon: 4.24 (1.64) m/s2

Fellow: 5.01 (1.63) m/s2

Grade 3: .01

Surgeon: 6.38 (0.84) m/s2

Fellow: 5.52 (2.75) m/s2

Alam et al34 RMD with inclinometer during dial test:

Rotation measured at the tibia Nest-of-birds electromagnetic
tracking system

r = .92 (95% CI = .89 to .94) Mean
difference: −2° (95% CI = 1°to −4°)

Rotation measured at the foot Nest-of-birds electromagnetic
tracking system

r = .63 (95% CI = .54 to .70) Mean
difference: −34° (95% CI−9°to −58°)

Mills and
Hull36

Rotatometer: IR/ER Custom goniometer Mean absolute error: 0.5°

Almquist
et al57

Rottometer: RSA

IR + ER 3 N·m: r = .93
6 N·m: r = .96
9 N·m: r = .97
90°: r = .97
60°: r = .96

<.001
<.001
<.001
<.001
<.001

IR 3 N·m: r = .93
6 N·m: r = .69
9 N·m: r = .74
90°: r = .93
60°: r = .76

<.001
<.03
<.014
<.001
<.001

ER 3 N·m: r = .69
6 N·m: r = .88
9 N·m: r = .71
90°: r = .73
60°: r = .81

<.028
<.001
<.02
<.001
<.001

Mayr et al58 Laxitester with IR and ER applied at the foot PS grade Primary ACL tear: r = .695
ACL rerupture: r = .637

<.001
<.001

Kang et al43 Computational modeling derived from Telos stress
test:

The mean absolute difference among 22
chosen points:

Initial material properties model CT 10.39 (8.26 mm)

Optimized material properties model CT 4.21 (2.56) mm

Abbreviations: ACL, anterior cruciate ligament; ACLD, anterior cruciate ligament deficient; ACLR, anterior cruciate ligament reconstructed; CI, confidence interval; CT,
computed tomography; ER, external rotation; IR, internal rotation; KiRA, Kinematic Rapid Assessment; LPns, lateral tibia plateau no stress; LPpa, lateral tibial plateauwith
posteroanterior translation (stress applied to whole knee); LPpair, lateral tibial plateau with posteroanterior translation coupled with maximum internal rotation; LPpaer,
lateral tibial plateau with posteroanterior translation coupled with maximum external rotation; LoA, limits of agreement; MRI, magnetic resonance imaging; MPns, medial
tibia plateau no stress; MPpaer, medial tibial plateau with posteroanterior translation coupled with maximum external rotation; MPpa, medial tibial plateau with
posteroanterior translation; NR, not reported; n.s., not significant; PS, pivot shift; PKTD, Porto knee testing device; RSA, Roentgen stereometric analysis; RMSE, root mean
square error; RMD, rotational measurement device.

Rotational Knee Stability 283

JSR Vol. 35, No. 4, 2026



T
ab

le
5

D
ia
g
n
o
st
ic

A
cc

u
ra
cy

S
tu
d
y

In
st
ru
m
en

t
u
se

d
C
ri
te
ri
o
n
m
et
h
o
d

A
g
re
em

en
t

S
en

si
ti
vi
ty
/s
p
ec

if
ic
it
y

A
U
C

(P
)

C
u
to
ff

T
as
hi
ro

et
al
5
0

H
or
iz
on
ta
lly

op
en
-b
or
e
M
R
I
du
ri
ng

S
lo
cu
m

te
st

A
C
L
D

vs
A
C
L
R

10
0%

/9
2%

3
m
m

si
de
-t
o-
si
de

di
ff
er
en
ce

O
ka
za
ki

et
al
5
1

H
or
iz
on
ta
lly

op
en
-b
or
e
M
R
I
du
ri
ng

S
lo
cu
m

te
st
(P
A

tr
an
sl
at
io
n
of

la
te
ra
l
kn
ee
)

C
lin

ic
al
gr
ad
in
g
du
ri
ng

P
S

of
A
C
L
D

vs
A
C
L
R
kn
ee
s

84
.8
%

70
.7
%

P
S
gr
ad
e
1:

0.
98

P
S
gr
ad
e
2:

0.
95

P
S
gr
ad
e
1:

3.
2
m
m

P
S
gr
ad
e
2:

6.
4
m
m

E
sp
re
gu
ei
ra
-

M
en
de
s
et

al
5
2

M
R
I
w
ith

P
K
T
D

C
lin

ic
al

si
gn
s
an
d
sy
m
p-

to
m
s
of

un
ila
te
ra
l
A
C
L
D

kn
ee
,
re
fe
rr
ed

fo
r
M
R
I
vs

co
nt
ra
la
te
ra
l
in
ta
ct

kn
ee

(P
A
-t
ra
ns
la
tio

n
m
ed
ia
l
pl
at
ea
u)

72
.1
%
/8
7.
5%

<
3.
5
m
m

(P
A
-t
ra
ns
la
tio

n
la
te
ra
l
pl
at
ea
u)

73
.8
%
/8
1.
3%

<
4.
3
m
m

(G
lo
ba
l
tr
an
sl
at
io
n:

P
A

tr
an
sl
at
io
n

m
ed
ia
l
pl
us

la
te
ra
l
pl
at
ea
u)

86
.9
%
/9
3.
8%

<
11
.1

m
m

(G
lo
ba
l
ro
ta
tio

n,
la
te
ra
l
pl
at
ea
u:

P
A

tr
an
sl
at
io
n
w
ith

m
ax
im

um
in
te
rn
al

ro
ta
tio

n
pl
us

P
A

tr
an
sl
at
io
n
w
ith

m
ax
i-

m
um

ex
te
rn
al

ro
ta
tio

n)

92
.9
%
/8
0.
0%

<
15
.1

m
m

(G
lo
ba
l
ro
ta
tio

n
m
ed
ia
l
pl
at
ea
u:

P
A

tr
an
sl
at
io
n
w
ith

m
ax
im

um
in
te
rn
al

ro
ta
tio

n
pl
us

P
A

tr
an
sl
at
io
n
w
ith

m
ax
i-

m
al

ex
te
rn
al

ro
ta
tio

n)

88
.5
%
/9
3.
8%

<
12
.1

m
m

A
ra
ki

et
al
6
0

E
le
ct
ro
m
ag
ne
tic

m
ea
su
re
m
en
td
ur
in
g
P
S

A
rt
hr
os
co
pi
c
in
sp
ec
tio

n
to

gr
ad
e
fu
lly

A
C
L
D
,
pa
rt
ia
l

A
C
L
D
,
an
d
in
ta
ct

kn
ee
s

P
ar
tia
l

A
C
L
D
:
85
%
/8
0%

A
C
L
D
:
75
%
/7
5%

P
ar
tia
l

A
C
L
D
:
0.
88

A
C
L
D
:
0.
75

P
ar
tia
l

A
C
L
D
:
−
84
8.
8
m
m
/s
2

A
C
L
D
:
12
45
.3

m
m
/s
2

L
ab
be

et
al
4
5

S
up
po

rt
ve
ct
or

m
ac
hi
ne

al
go
ri
th
m

ba
se
d

on
el
ec
tr
om

ag
ne
tic

m
ea
su
re
m
en
t
du
ri
ng

P
S

P
S
gr
ad
in
g
by

an
or
th
o-

pe
di
c
su
rg
eo
n
fo
rf
ul
ly

an
d

pa
rt
ia
l
A
C
L
D

kn
ee
s
an
d

in
ta
ct

A
C
L

W
ei
gh
te
d
κ
=
.6
8

86
%
/9
0%

B
er
ru
to

et
al
3
2

K
iR
A

du
ri
ng

P
S

D
oc
to
r
di
ag
no
si
s

S
pe
ci
fi
ci
ty

im
pr
ov
ed

lin
e-

ar
ly
fr
om

50
%

to
90
%

ov
er

a
9-
m
o
st
ud
y
(l
ea
rn
in
g

cu
rv
e)

N
ap
ie
r
et

al
4
8

K
iR
A

du
ri
ng

P
S

(A
cc
el
er
at
io
n
ra
ng
e)

(M
ea
n
je
rk
)

T
he

op
er
at
in
g
su
rg
eo
n
an
d

or
th
op
ed
ic
fe
llo

w
ag
re
e
on

w
hi
ch

kn
ee

is
A
C
L
D

(p
a-

tie
nt
s
w
ith

un
ila
te
ra
l
A
C
L

te
ar
)

S
ur
ge
on

or
fe
llo

w
:
74
%

S
ur
ge
on
:
76
%

F
el
lo
w
:
80
%

V
ai
dy
a
et

al
3
3

S
m
ar
tp
ho
ne

ac
ce
le
ro
m
et
er

du
ri
ng

P
S

(A
cc
el
er
at
io
n
ra
ng
e)

U
ni
la
te
ra
l
A
C
L
D

kn
ee

aw
ai
tin

g
A
C
L
re
co
ns
tr
uc
-

tio
n
(v
s
in
ta
ct

kn
ee
)

A
P
:
53
%
/6
5%

S
I:
94
%
/1
00
%

M
L
:
29
%
/3
5%

A
P
:
0.
54

S
I:
0.
98

M
L
:
0.
25

A
P
:
−
0.
05

m
/s
2

S
I:
1.
24

m
/s
2

M
L
:
−
0.
00
3
m
/s
2

(c
on
tin

ue
d)

284 JSR Vol. 35, No. 4, 2026



T
ab

le
5

(c
o
n
ti
n
u
ed

)

S
tu
d
y

In
st
ru
m
en

t
u
se

d
C
ri
te
ri
o
n
m
et
h
o
d

A
g
re
em

en
t

S
en

si
ti
vi
ty
/s
p
ec

if
ic
it
y

A
U
C

(P
)

C
u
to
ff

M
ou
to
n
et

al
6
1

R
ot
am

et
er

A
rt
hr
os
co
pi
ca
lly

co
n-

fi
rm

ed
un
ila
te
ra
l
A
C
L
D

kn
ee

aw
ai
tin

g
re
co
ns
tr
uc
tio

n

IR
w
ith

5
N
·m

to
rq
ue
:

63
%

ac
cu
ra
cy

IR
w
ith

5
N
·m

to
rq
ue
:

38
%
/9
5%

IR
:
≥
3.
2°

C
om

pl
ia
nc
e
in

IR
fr
om

2
to

5
N
·m

to
rq
ue
:5

9%
ac
cu
ra
cy

C
om

pl
ia
nc
e
in
IR

fr
om

2
to

5
N
·m

to
rq
ue
:
31
%
/9
5%

C
om

pl
ia
nc
e
in

IR
:

0.
6°
/N
·m

B
ot
h
(a
t
le
as
t
1
ab
ov
e

th
re
sh
ol
d)
:
64
%

ac
cu
ra
cy

B
ot
h
(a
t
le
as
t
1
ab
ov
e

th
re
sh
ol
d)
:
44
%
/9
0%

A
t
le
as
t
1
ab
ov
e
th
re
sh
ol
d

B
ot
h
(2

ab
ov
e
th
re
sh
-

ol
d)
:
58
%

ac
cu
ra
cy

B
ot
h
(2

ab
ov

e
th
re
sh
ol
d)
:

25
%
/1
00
%

B
ot
h
ab
ov
e
th
re
sh
ol
d

A
bb
re
vi
at
io
ns
:
A
U
C
,a
re
a
un
de
r
th
e
re
ce
iv
er

op
er
at
in
g
cu
rv
e;
A
C
L
D
,a
nt
er
io
r
cr
uc
ia
te

lig
am

en
t
de
fi
ci
en
t;
A
C
L
R
,a
nt
er
io
r
cr
uc
ia
te
lig

am
en
t
re
co
ns
tr
uc
te
d;

A
C
L
,a
nt
er
io
r
cr
uc
ia
te
lig

am
en
t;
A
P,

an
te
ri
or
–
po
st
er
io
r;
IR
,

in
te
rn
al

ro
ta
tio

n;
K
iR
A
,
K
in
em

at
ic

R
ap
id

A
ss
es
sm

en
t,;

M
R
I,
m
ag
ne
tic

re
so
na
nc
e
im

ag
in
g;

M
L
,
m
ed
ia
l–
la
te
ra
l;
P
S
,
pi
vo
t
sh
if
t;
P
K
T
D
,
P
or
to

kn
ee

te
st
in
g
de
vi
ce
;
P
A
,
po
st
er
oa
nt
er
io
r;
S
I,
su
pe
ri
or
–
in
fe
ri
or
.

JSR Vol. 35, No. 4, 2026 285



comparison with correlations between 2 measures of rotational
stability. These results, thus, provide additional evidence of con-
struct validity of these instruments.

The outcome parameters reported and criterionmethods among
studies differed given that a gold standard does not exist for this
measurement. This does make comparisons among studies difficult,
particularly as the criterion test was often a manually performed
clinical test, calling into questionwhich approachwas actuallymore
valid (instrument or clinical test) in cases of lower correlations.
Although ICCs were the most commonly reported reliability statis-
tic, studies rarely reported SEMs, which should always be reported
alongside ICCs to enhance interpretability of these statistics.

Our study synthesizes and summarizes the reliability and
validity of devices designed to measure knee stability in a rotational
direction. This adds to existing knowledge, which has focused on
instruments designed to evaluate knee stability in an anteroposterior
direction. A previous systematic review concluded that the KT-1000
and KT-2000 were the most accurate and reliable instruments for
evaluating knee stability in the anteroposterior direction.7 Based on
these new findings, 2 different instruments would be required to
objectively measure stability in both planes. This could pose
feasibility issues in a clinical setting in that clinics would need to
purchase 2 devices, and extra time would be required during
a clinic visit to set up and use the 2 devices to take multiple
measurements. Based on the available literature, we cannot yet
confirm the clinical benefit of implementing such an objective
rotational assessment into a standard clinical evaluation. Still, given
the complex multiplanar nature of knee instability in the case of
ACLD, we hypothesize that more objectively measuring stability in
multiple planes would meaningfully support clinical decision mak-
ing. To evaluate the clinical benefit of implementing objective
multiplanar assessment into clinical care, it is first necessary to
identify or design an instrument with sufficient validity and reliabil-
ity. Our present review suggests that this has not yet been achieved.

Limitations and Future Research

First, we did not include gray literature in this review; therefore, we
may have missed relevant studies that had not yet undergone peer
review. Second, the pivot-shift test was the most common criterion
method, which relies heavily on a subjective examiner.6 This
reduces the credibility of the relevant included validation studies,
although we recognize the high specificity of this test for ACLD.4

Finally, most instruments were only tested in 1 study and often by
the developers themselves. Future independent research should
focus on systematically testing both reliability and validity in
adequately powered studies, particularly for the instruments show-
ing promising results thus far, and in adherence with best prac-
tices.14,17,18 Reliability assessments should report SEM along with
ICC as the ICC statistic is unitless. The SEM provides a relative
unit of measure and is, thus, critical to aid in interpreting the
amount of error relative to a given range of possible values that can
be measured.14 Validation should include both construct and
concurrent validation compared with an acceptable criterion stan-
dard.14 Not all instruments evaluated in the present review are
commercially available, making them challenging to obtain for
future research or clinical implementation.

Conclusions

Instruments designed to measure rotational knee stability are typi-
cally designed either to objectively measure movement while

applying a standardized rotational force or to objectively measure
movement while performing manual testing, such as a pivot-shift
test. Among 42 studies that met our eligibility criteria, we found no
high-quality evidence that provided sufficient and comprehensive
evidence of both reliability and validity in any device. Devices
measuring rotational knee laxity demonstrated adequate reliability,
particularly when torques of greater than 6 N·m were applied to the
knee. Devices measuring other aspects of rotational stability, like
acceleration or jerk, were less reliable. Only 4 devices demonstrated
sufficient concurrent validation, but all 4 studies were of doubtful or
inadequate risk of bias. Future studies should evaluate reliability
and validity together, use a criterion measure such as fluoroscopy
against which to evaluate validity, and adopt best practice reporting;
for example, reporting SEM along with ICCs, which is critical to aid
in clinical interpretation.18 The aim of this research should be to
inform the design of a valid and reliable instrument that is also
feasible to use in clinical settings. This will make it possible to
evaluate the clinical benefit of objectively evaluating rotational
stability alongside anteroposterior stability with an ultimate goal of
improving clinical assessment and decision making.
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Appendix A: Search Terms

The search strings for each of the 4 databases are listed:

PubMed: ("Reproducibility of Results" [MeSH Terms] OR
"Sensitivity and Specificity" [MeSH Terms] OR "validation"
[Title/Abstract] OR "validity" [Title/Abstract] OR "accuracy"
[Title/Abstract] OR "accurately" [Title/Abstract] OR "reliabil-
ity" [Title/Abstract] OR "reliable" [Title/Abstract] OR "repro-
ducible" [Title/Abstract] OR "reproducibility" [Title/Abstract]
OR "repeatability" [Title/Abstract] OR "precision" [Title/
Abstract]) AND ("Orthopedic Equipment" [MeSH Major
Topic] OR "physical examination/instrumentation" [MeSH
Major Topic] OR "arthrometry, articular" [MeSH Terms]
OR "arthrometer" [Title/Abstract] OR "arthrometers" [Title/
Abstract] OR "device" [Title/Abstract] OR "devices" [Title/
Abstract] OR "equipment" [Title/Abstract] OR "laximetry"
[Title/Abstract]) AND ("Knee Dislocation" [MeSH Terms]
OR "Anterior Cruciate Ligament Injuries" [MeSH Terms] OR
"Joint Instability" [MeSH Terms] OR "ACL" [Title/Abstract]
OR "anterior cruciate ligament" [Title/Abstract] OR "liga-
ment" [Title/Abstract])
Embase: ('reproducibility'/exp OR' sensitivity and specificity'/
exp OR 'validation study'/exp OR 'validation'/exp OR 'valid-
ity'/exp OR 'diagnostic accuracy'/exp OR 'reliability'/exp OR
'accuracy'/exp OR 'accurately’:ti, ab OR 'reliable’:ti,ab OR
'reproducible’:ti,ab OR 'precision’:ti,ab OR 'repeatability’:ti,
ab) AND ('orthopedic diagnostic device'/exp OR 'knee arthros-
copy'/exp OR 'arthrometry'/exp OR 'arthrometer'/exp OR
'arthrometers’:ti,ab OR 'device’:ti,ab OR 'devices’:ti,ab OR
'equipment’:ti,ab OR 'laximetry’:ti,ab) AND ('knee disloca-
tion'/exp OR 'knee ligament injury'/exp OR 'knee meniscus
injury'/exp OR ('joint stability'/exp AND 'knee') OR 'knee
instability'/exp OR ('joint laxity'/exp AND 'knee') OR 'acl’:ti,
ab OR 'anterior cruciate ligament’:ti,ab OR 'ligament’:ti,ab)

CINAHL: (MH "Reproducibility of Results") OR (MH "Sen-
sitivity and Specificity") OR (MH "Equipment Reliability")
OR (MH "Reliability and Validity") OR (MH "Validation

Studies") OR (MH "Instrument Validation") OR (MH "Preci-
sion") OR TI("validation" OR "validity" OR "accuracy" OR
"accurately" OR "reliability" OR "reliable" OR "reproducible"
OR "reproducibility" OR "repeatability" OR "precision") OR
AB("validation" OR "validity" OR "accuracy" OR "accurately"
OR "reliability" OR "reliable" OR "reproducible" OR "repro-
ducibility" OR "repeatability" OR "precision") AND (MH
"Arthrometry") OR (MH "Joint Instability/DI") OR (MH "Knee
Injuries/DI") OR (MH "Orthopedic Equipment and Supplies")
OR TI("arthrometer" OR "arthrometers" OR "device" OR
"devices" OR "equipment" OR "laximetry") OR AB("arthrom-
eter" OR "arthrometers" OR "device" OR "devices" OR "equip-
ment" OR "laximetry") AND (MH "Knee Injuries") OR (MH
"Anterior Cruciate Ligament") OR (MH "Ligament Injuries")
OR (MH "Knee") OR (MH "Ligaments, Articular") OR (MH
"Knee Joint") OR (MH "joint instability") OR TI("ACL" OR
"anterior cruciate ligament" OR "ligament") OR AB(“ACL”
OR “anterior cruciate ligament” OR “ligament”)

SPORTDiscuss: (DE "ARTICULAR ligaments" OR DE"
CRUCIATE ligaments OR DE "PATELLAR tendon" OR
DE "POSTERIOR cruciate ligament" OR DE "MEDIAL
collateral ligament (Knee)" OR DE "ANTERIOR cruciate
ligament" OR DE "ANTERIOR cruciate ligament injuries"
OR DE "POSTERIOR cruciate ligament surgery" OR DE
"POSTERIOR cruciate ligament injuries" OR DE "PATEL-
LAR ligament surgery" OR DE "PATELLAR ligament inju-
ries" OR DE "ANTERIOR cruciate ligament surgery" OR DE
"KNEE dislocation" OR DE "KNEE injuries" OR "anterior
cruciate ligament" OR ACL) AND (DE "ORTHOPEDIC
apparatus" OR DE "EQUIPMENT & supplies" OR arthrom-
eter OR arthrometry OR instrument OR laximeter OR laxi-
metry) AND (DE "Diagnosis" OR DE "EXAMINATIONS –

validity" OR validity OR validation OR accuracy OR accu-
rate* OR reliability OR reliable OR precision OR reproducible
OR reproducibility OR repeatab*)
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Appendix B: Bias Assessments

Table B1 Bias Assessments of the Studies Discussing Reliability, Based on COSMIN Box 6a

Study Design requirements Statistical methods Other Final decision

Okazaki et al20 + + ++ +

Tardy et al21 + + − −

Hemmerich et al22 ++ + − −

Carpenter et al23 ++ −− − −−

Haughom et al24 + ++ − −

Hoshino et al25 + −− ++ −−

Kubo et al26 + −− − −−

Labbe et al46 + + ++ +

Kuroda et al27 + + − −

Labbe et al45 + −− ++ −−

Shultz et al28 ++ ++ − −

Branch et al47 + + ++ +

Beckley et al29 ++ ++ − −

Tsai et al30 ++ ++ − −

Lopomo et al31 + ++ ++ +

Berruto et al32 + −− − −−

Napier et al48 + − ++ −

Vaidya et al33 + ++ − −

Krause et al44 ++ ++ − −

Alam et al34 ++ ++ − −

McQuade et al35 ++ −− − −−

Wroble et al49 + −− − −−

Mills and Hull36 ++ −− − −−

Chung et al37 ++ ++ ++ ++

Lorbach et al38 ++ + − −

Neumann et al39 ++ −− − −−

Lorenz et al40 ++ ++ − −

Almquist et al41 ++ ++ − −

Nascimento et al42 + ++ − −

Kang et al43 ++ + − −
aFor the COSMIN bias assessments, all questions of the checklist were answered with either very good (++), adequate (+), doubtful (−), or inadequate (− −). The article’s
worst score defined the final score for each subsection and the overall final scores.
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Table B2 Bias Assessments of the Studies Discussing the Validity, Based on COSMIN Box 8a

Study Statistical methods Other Final decision

Okazaki et al20 ++ ++ ++

Tashiro et al50 ++ − −

Okazaki et al51 ++ ++ ++

Espregueira-Mendes et al52 ++ ++ ++

Hoshino et al25 ++ − −

Kubo et al26 ++ − −

Labbe et al46 ++ ++ −−

Labbe et al45 −− ++ −−

Moewis et al53 ++ − −

Mayr et al54 ++ −− −−

Bellitti et al55 −− − −−

Nakamura et al59 ++ - -

Helfer et al56 ++ ++ ++

Napier et al48 ++ ++ ++

Alam et al34 ++ − −

Mills and Hull36 −− − −−

Almquist et al57 ++ − −

Mayr et al58 ++ − −

Kang et al43 −− − −−
aFor the COSMIN bias assessments, all questions of the checklist were answered with either very good (++), adequate (+), doubtful (−), or inadequate (− −). The article’s
worst score defined the final score for each subsection and the overall final scores.

Table B3 Bias Assessments of the Studies Discussing Diagnostic Accuracy, Based on QUADAS2a

Study Patient selection Index test Reference standard Flow and timing Final decision

Tashiro et al50 +/− + + + +/−

Okazaki et al51 +/− +/− + + +/−

Espregueira-Mendes et al52 + + + + +

Araki et al60 − − − + −

Labbe et al45 +/− +/− + + +/−

Berruto et al32 +/− − + + −

Napier et al48 + − + + −

Vaidya et al33 +/− − + +/− −

Mouton et al61 +/− − + +/− −
aIn QUADAS 2, bias assessment studies were evaluated to either have a low risk (+), a high risk (−), or the risk level was unclear (+/−). The lowest score of the domains
defined the final score.
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