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Abbreviations and 
definitions

ACL Anterior cruciate ligament

CI Confidence interval

HDP Habitual dislocating patella

ICC Intraclass correlation coefficient

Closed kinetic Weight bearing exercise with a distally situated axis of motion where
chain the distal segment usually is fixed to a supporting surface, creating a 

system where movement at one joint produces movements at all other 
joints in a predictable manner (e.g. a squat)

LCL Lateral collateral ligament

MCL Medial collateral ligament

PCL Posterior cruciate ligament

Q-angle “The Q (quadriceps) angle of the knee is the angle formed between a line 
connecting the anterior superior iliac spine to the midpoint of the patella 
and a line connecting the tibial tubercle and the midpoint of patella” (69)

Reliability The consistency of a measurement when all conditions are thought to 
be hold constant 

RSA Roentgen stereometric analysis

r2 Pearson’s coefficient of determination

SEM Standard error of the mean

Validity The evidence that a test measures what it is supposed to measure
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Abstract

The overall aim of this work was to evaluate a newly developed measurement device, 
the Rottometer, for measuring knee rotation in different flexion angles with different 
applied torques, in order to establish the normal range of healthy knee rotation refer-
ence values and to study possible differences due to age and gender, as well as pos-
sible differences between patients with habitual dislocating patella (HDP) and healthy 
controls. The validity of the Rottometer was evaluated by simultaneous registrations 
with roentgen stereometric analysis (RSA) (paper I). The two methods showed high 
correlations concerning the total knee rotation at 90° and 60° of knee flexion angles 
with 3, 6 and 9 Nm applied torques. The Rottometer was also concluded to be a reli-
able measurement device concerning the one-week-apart and within day intra-tester 
as well as the inter-tester reliability at 90°, 60° and 30° with 6 and 9 Nm as well as the 
examiner’s apprehension of end-feel (paper II). In total, 120 knee healthy subjects (60 
females and 60 males) equally distributed in four different age groups (15-30, 31-45, 
46-60 and ≥ 61 years) were examined at 90°, 60° and 30° of knee flexion angles with 
6 and 9 Nm applied torques as well as the examiner’s apprehension of end-feel (paper 
III). No differences were found concerning the different flexion angles, between the left 
and right knee or between the different age groups within the genders. However, the 
females showed a 10-20 % larger range of knee rotation than the males at all different 
flexion angles and applied torques. The knee rotation was also examined in 20 patients 
(15 females and 5 males) with HDP (paper IV). No differences were found between 
the affected and unaffected knees within the subjects. In accordance with the healthy 
reference population, the female subjects showed a 10-20 % significantly larger range 
of rotation than the male subjects in the HDP group, and no differences were found 
between the patients affected with HDP and age matched healthy controls. 
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Summary in Swedish

Knäleden är den största och sannolikt mest komplexa leden i kroppen. Den är belägen 
mellan tibia och femur, som är skelettets längsta hävarmar, vilket innebär att den utsätts 
för stora krafter vid belastning. Vid till exempel en snabb promenad är kraften som ver-
kar över knäleden cirka fyra gånger kroppsvikten, och risken för skador är därför stor. 
Rörelser och kraftöverföringar i knäleden sker samtidigt i tre plan (frontal-, sagital- och 
transversalplanet), och för sin funktion är knäleden beroende av full rörlighet i alla 
tre plan. Fungerande samspel mellan flexions- /extensions rörelser i kombination med 
samtidig translation och rotation är en förutsättning för normal funktion i knäleden. 
 För att uppnå full funktion efter skador och operationer i knäleden är det viktigt att 
samtliga komponenter i knäledens mekanik fungerar tillfredställande. Vid främre kors-
bandskador har det visat sig att denna skada ofta påverkar knäledens sagitala translation 
och rotation, vilket inte alltid går att återställa vid en operation. Den förändrade meka-
niken efter denna skada bidrar troligtvis till den artros utveckling i knäleden som ofta 
uppstår i ett senare skede i livet hos dessa individer. Förändrad rotation i knäleden har 
även registrerats hos individer som drabbats av primär gonartros, och hos personer med 
upprepade patella luxationer. Trots detta undersöks och utvärderas sällan knäledens 
rörlighet beträffande rotation vid kliniska undersökningar. Hur stor den normala knä-
ledens rotationsrörlighet är, om det förkommer någon sidoskillnad mellan höger och 
vänster knä, eller skillnader beroende på kön eller ålder har så vitt vi vet inte säkerställts. 
Syftet med föreliggande arbete var därför att utveckla och utvärdera ett yttre kliniskt 
mätinstrument som möjliggör mätning av knäledens rotationsrörlighet i olika vinklar 
med olika vridmoment, för att utvärdera hur stor den normala knäledens rotationsrör-
lighet är, om det finns några skillnader beroende på kön eller ålder, samt om det finns 
någon skillnad i rotation mellan personer som drabbats av upprepade patella luxationer 
och en grupp ålders- och könsmatchade knäfriska personer. 
 Det konstruerade mätinstrumentet, Rottometern, utvärderades avseende validitet 
genom simultana undersökningar med RSA (Roentgen Stereometric Analysis). Fem ti-
digare korsbandsopererade män med tantalum markörer implanterade i proximala tibia 
och distala femur deltog i undersökningen. Studiens resultat visade höga korrelationer 
mellan de två mätmetoderna avseende knäledsrotation vid 90° och 60° knäflexion med 
3, 6 och 9 Nm vridmoment. Rottometerns intra-tester reliabilitet avseende mätningar 
utförda av samma undersökare vid två tillfällen under samma dag samt med en veckas 
mellanrum utvärderades på 10 knäfriska personer. Inter-tester reliabiliteten utvärdera-
des genom att två olika undersökare gjorde mätningar på 10 knäfriska personer. Studien 
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visade att Rottometern hade god reliabilitet avseende mätningar av knäledens totala 
rotationsrörlighet vid 90°, 60° och 30° flexion, med 6 och 9 Nm vridmoment samt vid 
undersökarens känsla för “end-feel”. Totalt 120 frivilliga försökspersoner (60 kvinnor 
och 60 män), indelade i fyra olika åldersgrupper (15-30, 31-45, 46-60 och ≥ 61 år) 
undersöktes med Rottometern i 90°, 60° och 30° flexion med 6 och 9 Nm vridmoment 
samt undersökarens känsla för ”end-feel”. Kvinnorna uppvisade 10-20 % signifikant 
större rotation än män, i övrigt erhölls inga skillnader mellan olika åldrar, vinklar eller 
sidoskillnad mellan höger och vänster knä. Knäledens rotation undersöktes även på 20 
personer (15 kvinnor och 5 män) med upprepade patella luxationer. Inga skillnader 
kunde påvisas mellan det skadade och friska knäet inom individerna, och inte heller 
mellan de skadade och knäfriska åldersmatchade försökspersoner. Slutsatsen av detta 
arbete är att Rottometern är ett tillförlitligt mätinstrument för mätning av knäledens 
rotationsrörlighet, att kvinnor har 10-20 % större rotationsrörlighet än män, att ål-
der inom det studerade området inte signifikant påverkade knäledens rotationsomfång 
samt att vi inte kunde finna någon skillnad mellan personer med friska knän och knän 
med patellaluxationer.
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Introduction

The knee function is determined by the manner in which injuries, impairment, rec-
ognition and remedy is determined. Understanding the normal functional anatomy 
and appreciate the deviation from normal, is the basis for understanding the pathology 
of the knee. Rotational alignment of the knee is most likely an important factor to 
maintain for adequate knee function. Several studies have reported that rotational ma-
lalignment is associated with different injuries and dysfunctional problems in the knee. 
Excessive rotational force to the knee is known to tear ligamentous structures resulting 
in rotatory instability (24). It has been reported that instability experienced after ACL 
(anterior cruciate ligament) injuries is a combination of abnormal tibiofemoral trans-
lation and rotational kinematics (26, 41, 81 ), and may not be restored after surgery 
(81). It is possible that this abnormal rotational kinematics may be one of the reasons 
for degenerative changes seen after ACL injuries (17). Reduced knee rotation and tibial 
torsion have been found in patients with osteoarthritis (52). Rotation has also been 
described in association with lateral patellar dislocation (21, 82). An abnormal relative 
femurotibial axial rotation has been described in patients with recurrent patellar dis-
location using a radiographic technique (85) and several anatomical factors, including 
increased external tibial rotation, have been associated with patellar instability (6, 27, 
93). To preserve rotational movements may be important in knee arthroplasty for the 
functional outcome. However, there is a lack of external measurement devices in vivo 
to asses knee rotation movements, and knee rotation is hardly ever estimated clinically. 

Functional anatomy of knee rotation

Knee joint flexion and extension is a combination of rotation around a transversal axis 
and a translatory gliding motion, combined with simultaneous rotation around a verti-
cal axis (51). The configuration and the incongruous aspect of the femurotibial articu-
lation surfaces partially cause the rotation observed during flexion and extension. The 
vertical axis of knee rotation pass through the medial condyle as a result of the differ-
ent shape of the two tibial condyles, and the configuration of the intercondylar spines 
(51, 79). This is reflected in a greater movement of the lateral femoral condyle on the 
convex lateral tibial condyle, and that the medial femoral condyle moves relatively little 
on the concave medial tibial condyle during rotation of the knee (51, 59, 71). During 
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the movements of axial rotation, the menisci follow the displacements of the condyles. 
These movements of the menisci is passive, being drawn by the lateral femoral condyle, 
the fixations of the menisci horns and capsular fibers attached to the menisci (51).
 The medial and lateral collateral ligaments (MCL and LCL) are taught in full exten-
sion, and slackened during flexion (51, 71). The MCL resists valgus- and the LCL varus 
stresses across the knee joint, but they are also aligned to check rotation of the tibia 
combined with either anterior or posterior tibial displacement (68, 69). The anterior 
and posterior cruciate ligaments (ACL and PCL) restrict anterior-posterior glide, and 
might also limit rotation of the tibia in relation to the femur. The ACL unwinds during 
the first part of external rotation, but becomes more taught during further outward ro-
tation as it winds around the medial aspect of the lateral femoral condyle (53). During 
internal rotation, the ACL appears to twist around the PCL, thus limiting internal 
rotation (22). It has also been reported that anterior translation forces on the tibia 
produces a stress on the ACL which will create internal rotation of the tibia (97). The 
cruciate ligaments are mechanical stabilizers of the knee, but they also play a large role 
in neuromuscular stability by being involved in sensory feedback to joint motion (44).
 In textbooks, the maximum range of femorotibial rotation has been reported to be 
found at 90° of knee flexion, and diminish as the knee approach both full extension 
and full flexion (20, 51, 59, 70, 71, 77).The anatomical explanation is that at 90° of 
knee flexion, the ligaments are lax, the tibial tubercles are no longer in the intercondylar 
notch and the menisci are more free to move. 

Axial and terminal rotation

When the knee is in full extension, the femur is internally rotated and the tibial turb-
ercles are lodged in the intercondylar notch, the menisci are tightly interposed between 
the tibial and femoral condyles and the ligaments are taught (51). This final stage of 
knee extension together with internal rotation of femur is not voluntary, and is known 
as the locking mechanism or screw home mechanism of the knee (20, 51, 59, 71, 77). 
The locking, or terminal rotation, can be differentiated from the axial rotation. Axial 
rotation is due to joint incongruence and ligamentous laxity, and is to a great extent 
produced by the muscles that cross the joint. It can be performed voluntarily and is 
important in placing and positioning the foot as a fundament for weight bearing activi-
ties (20). The major functional importance of the motion is in closed chain movements 
(74) where the femur rotates on the fixed tibia, as in turning from kneeling, sitting 
or squatting positions and in sudden changes in direction while running (59, 71). In 
contrast, the screw home mechanism is produced by asymmetry of surfaces and by 
ligamentous tension, and is obligatory. It provides a mechanical stability and permits 
humans to stand erect without muscle contraction (77). Both axial and terminal rota-
tions are prerequisites for normal knee function.
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 The functional anatomy and biomechanics of the patellar joint are extremely com-
plex. During axial rotation, the patella moves relative to the tibia (39). Since the infe-
rior aspect of the patella is tied to the tibial tuberosity, the inferior patella continues to 
point to the tibial tuberosity while moving with the femur. During internal rotation of 
the femur on the tibia, the upper part of patella will follow the femur medially, while 
the lower part will remain lateral with the tibia (51). The opposite movements occur 
during external rotation of the femur. When the knee joint goes into flexion from 
full extension or vice-versa, the movements of the patella depends on a complex three 
dimensional sequence of movements between the patella, the tibia and the femur (20, 
51, 59, 71). The basis for these movements is interactions between articulating surfaces, 
ligaments, muscles, menisci and alignment of bony structures. With flexion from full 
extension the patella moves distally relative to the femur and is engaged in the femoral 
groove. This movement is guided by the congruence of the joint surfaces and complex 
rotations of the femur on the tibia, as well as by forces in ligaments and muscles (14, 25, 
58, 76, 96). Also the depth and shape of the femoral groove, alignment of the extensor 
mechanism and the Q-angle (71) are involved in these movements(18, 76) where the 
Q-angle is connected to the femorotibial rotation (85). During lower extremity move-
ment and activity, the patella is thus stabilized by limb alignment, articular geometry, 
static ligament stabilizers and dynamic muscle forces. (23, 36) 

Closed kinetic chain rotational movements in the lower 
extremities

The biomechanical profile of the lower extremities is a complex system, and the knee 
joint should not be considered as an isolated component. The trunk, the pelvis, the hip 
and the ankle joints should be considered in their relationship to resultant knee joint 
mechanics (1, 35, 77, 94). During human gait, the pelvis rotates in the horizontal plane 
as one limb advances in front of the other. Center of gravity shifts from side to side, 
and a rotational mechanism transmitted through the different segments of the limb 
must exist to tolerate torsional and angular movements simultaneous (1, 71). When 
the foot is fixed to the ground, rotation and coronal plane angular change are occurring 
simultaneously. As this occurs, the leg must undergo passive rotation. The pelvic rota-
tion must be compensated for by opposite rotation in distal joints, that is, in the knee, 
the ankle and the subtalar joints (29, 40). Since the femur and the tibia are the human 
skeleton’s longest levers (77), considerable loads affects the knee (70, 77). This makes 
the joint very vulnerable to rotational forces in closed kinematic chain movements of 
the lower extremities. An example of an inappropriate rotational force to the knee is 
when an athlete wears spiked shoes that enhances the grip of the foot to the surface, and 
a forced movement with planted foot and internal tibial rotation occurs. If pronation 
occurs beyond the contact phase, the tibia remains internally rotated, impending the 
occurrence of subtalar joint supination and tibial external rotation (2). The excessive 
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internal rotation transmits abnormal forces upward in the kinetic chain (10), and the 
ACL may be affected with a greater stress, enhancing the risk of an ACL injury. 

Earlier studies with non-invasive measurement devices of 
knee rotation in vivo

Many of the earlier studies of knee rotation have been made in vitro (37, 62, 64, 69, 73, 
87, 95). However, in vitro studies can probably not be compared with in vivo studies, 
due to differences in relative stiffness and lower soft tissue compliance of the cadaveric 
specimens (62). However, some in vivo studies using a external measurement device 
evaluating knee rotation have been reported (16, 60, 66, 67, 75, 88, 89, 98, 101). 
 Zarins et al. (101) measured knee rotation in a side-lying position. The knee was 
positioned and measured at 90°, 60°, 30°, 15° and 5° of flexion. The torque was applied 
manually by the examiner’s estimation of end-feel but no grading of torques was re-
ported. The test-retest reliability was calculated by two repeated measurements on each 
of thirteen subjects. High correlations for the total internal-external knee rotation (r = 
0.93-0.96) were described at 90°, 60° and 30° of knee flexion. 
 Shoemaker and Markolf (88) measured knee rotation in vivo combined with mea-
surements of maximum isometrically generated tibial torque. Recordings were made in 
a seated position and the knee rotation was measured at 20° and 90° of flexion and a 
torque of 10 Nm was chosen. At 90°, seven tests were repeated on one subject, indicat-
ing good reproducibility (range 76°-83°). 
 Tsai et al. (98) evaluated an external device regarding inter- and test-retest reliability 
in 11 male subjects. The subjects were measured lying supine on an examination table, 
and were measured at 90° and 30° of knee flexion angle with 2, 4 and 6 Nm torques 
applied, and the total internal-external rotation was registered. The ICCs (Intraclass 
Correlation Coefficient) were all greater than 0.75 and the SEMs (Standard error of the 
mean) were all less than 2° in this study. 
 Maudi et al. (66) used a knee rotatory kinaesthetic device to determine propriocep-
tive acuity for internal and external active rotation, and to measure active and passive 
rotation range of motion in vivo. To determine intra- and inter observer reliability for 
active and passive rotation, 20 male subjects were recruited. Measurements were made 
at 90° of flexion angle with a 6 Nm torque applied. Both intra- and inter observer reli-
ability were reported as good to excellent (ICC 1,2 0.69-0.95). 
 Park et al. (75) measured knee rotation with a motorized device with a 7 Nm torque 
applied at 60° of knee flexion angle. Three LED markers positioned at the anteromedial 
tibial surface were used to measure the rotation. Unfortunately, the device was not de-
scribed. 
 Lorbach et al. (60) used the Rotameter, a custom made boot attached to a handle 
bar, to apply rotational torques to the tibia. The test subjects were installed in the prone 
position, and were examined at 30° of knee flexion angle with 5, 10 and 15 Nm applied 
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torques. The Rotameter was evaluated concerning intra- and inter rater reliability, and 
ICC’s ranged from 0.67-0.97, depending on the applied torque. The validity was evalu-
ated using a knee navigation system on cadaver specimen, and showed high correlations 
between the two techniques (r > 0.85). However, the Rotameter overestimated the total 
rotation with 5° at 5 Nm, 15° at 10 Nm and 25° at 15 Nm systematically. 
 Mouton et al. (67) used a second version of the Rotameter and evaluated refer-
ence values measured in 60 healthy participants (35 males and 25 females). The results 
of that study showed higher rotation in females than in males, and lower rotation in 
subjects with greater body mass. However, the authors stated that their results were 
preliminary and required confirmation. 
 Branch et al. (16) developed a custom robotic knee system that was adjustable to the 
subjects lower limb alignment. The ankle, the patella and the femur were fixed with sta-
bilizers. The foot was positioned in dorsiflexion and pronation to obtain ankle stabiliza-
tion. The device showed high reliability (ICC = 0.97) concerning total knee rotation at 
25° with a 5.65 Nm torque applied, based on 10 subjects tested on 4 consecutive days 
by four different examiners. 
 In a recent study, Shultz et al. (89) evaluated 64 women and 43 men using the 
Vermont Knee Laxity device to analyze the influence of the menstrual cycle on rota-
tional knee laxity, genu recurvatum and general joint laxity compared to men. Only the 
dominant leg was tested, and the results showed a 20% larger rotation in females at 20° 
of knee flexion angle with a 5 Nm applied torque than in males. The device was earlier 
reported to have high intra-tester reliability (90). 
 In these in vivo studies, there is a large variation in range of total knee rotation be-
tween the different studies (m+SD = 18.5°+4.7 – 120.8°+4.89). It might be argued that 
different flexion angles and different applied torques have been used, and the set-ups 
during the examinations were different between different devices. It may also be argued 
that the number of subjects included in these earlier studies, except for the study of 
Schultz et al. (89), have been rather small. Non-invasive measurement devices, evalu-
ated concerning their validity and reliability, are needed to objectively assess rotational 
knee laxity in clinical studies and daily work. To our knowledge, healthy reference 
values concerning knee rotation range of motion, and possible differences due to age or 
gender, have not been established in different knee flexion angles with different applied 
rotational torques in a larger knee healthy population. Nor have the characteristics of 
anatomical risk factors, with regard to stability of the patellofemoral joint, been com-
pletely established. The total range of knee rotation in patients affected with habitual 
dislocating patella (HDP) has previously, to the best of our knowledge, not been re-
ported in different flexion angles. 
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Aims

* To analyze and evaluate the validity and reliability of the Rottometer. 

* To establish reference values concerning range of knee rotation in a knee healthy 
population

* To study possible differences in knee rotation due to age, gender and between the left 
and right knees in a knee healthy population.

* To study possible differences in range of knee rotation within patients with HDP 
between the affected and unaffected knee.

* To study possible differences in range of knee rotation between patients with HDP 
and age and gender matched healthy controls.
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Methods and subjects

Development of the Rottometer

A prototype of an external measurement device, the Rottometer, making it possible to 
measure knee rotation in different flexion angles with different torques applied, was 
developed after studies of functional anatomy, biomechanics and clinical observations. 
Several minor pilot studies involving both healthy subjects and patients with different 
kinds of knee injuries were repeatedly performed during the development and con-
struction of the device. Technical imperfections were corrected and the fixations of the 
device to the subjects were gradually improved. Discomfort and painful measurements 
due to the fixation clamps were minimized. Based on the literature and the results of 
several clinical tests before the main study, torques of 3, 6 and 9 Nm and the examiner’s 
apprehension of end-feel were selected to be applied. Torques higher than 9 Nm were 
excluded, since several subjects did not tolerate these higher levels of torques due to dis-
comfort or pain. Torques less than 3 Nm were not considered to be relevant to measure 
since the range of rotation was small and seemed to vary in relation to the mass of the 
lower limb.

The Rottometer (Figure 1-4)

A modified chair, specifically designed and constructed for this purpose, served as the 
base of the instrument. The heavy chair provided a stable test situation, and because of 
the adjustability, it could accommodate subjects of various sizes. Knee positions, rang-
ing from full extension to 90° of knee flexion, were achieved by minor changes in the 
setup. The thigh was strapped firmly to the chair with a dual-locking clamp. When the 
knee was positioned properly, the dual-locking clamp was tightened into place, along 
with gravity in order to keep the femur and hip from moving in the frontal and sagital 
planes. At the bottom of the chair, a protractor was attached between two iron bars. A 
foot-plate, with ball bearings permitting rotation, was attached to the protractor. The 
subject’s foot was secured to the foot-plate with six soft nosed screws, with the calcaneus 
held in the lateral-medial direction by two screws, and the medial and lateral malleolus 
in the anterior-posterior direction by four screws. A metal frame attached to the foot 
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plate served as a platform for the malleolus fixation screws. A U-shaped metal stay was 
used as platform for the calcaneus screws. The purpose of this construction was to pre-
vent movements of soft tissue and of the subtalar and ankle joints as much as possible. 
Two vertical plastic poles with Velcro straps were riveted to the foot plate, one on each 
side of the tibia. An specifically designed textile orthosis, which could be attached to the 
Velcro straps, was tied around the lower leg. Four Velcro straps were tightened around 
the lower leg, including the plastic poles and textile orthosis, in order to minimize soft 
tissue movements. A measuring stick followed the foot-plate, pointing to the degree of 
tibial rotation on the protractor. An adjustable spanner (Fig 5) was used to apply the 
different torques (Nm). It permitted measurements with various forces (Nm), and was 
calibrated and tested to provide torques reproducible within +3 % (Rausol, Germany).

Figure 1. The Rottometer with a test person fixed to the device ready to be measured at 90° of knee 
flexion angle. 
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Figure 2. The Rottometer with a test person fixed to the device ready to be measured at 60° of knee 
flexion angle.

Figure 3. The Rottometer with a test person fixed to the device ready to be measured at 30° of knee 
flexion angle.
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Figure 4. The tibia and lower part of the Rottometer during external rotation.

Figure 5. The adjustable spanner, used to apply different torques (Nm) during the measurements of knee 
rotation.

Testing procedure

Measurements were made at 90° (Fig 1), 60° (Fig 2) and 30° (Fig 3) of knee flexion On 
both legs of each subject. Ninety degrees was chosen since the largest range of rotation 
has been reported at this knee flexion angle (13, 54, 62). Sixty and 30° of flexion were 
chosen to study the rotation at more physiological flexion angles for weight-bearing 
activities. At each flexion angle, passive total internal-external rotation of the tibia in 
relation to the femur was measured. The neutral position of “zero degree” rotation was 
defined as each individual subject’s resting position of the knee at each flexion angle. 
Total internal-external rotation was then measured from that zero position. The sub-
jects were instructed to relax their muscles in order to allow the examiner to passively 
rotate the leg. The mean of three repeated measurements of internal and external rota-
tion with 3, 6 and 9 Nm torques as well as the examiner’s apprehension of end-feel (50), 
was recorded at each torque at each flexion angle (90°, 60° and 30°) in both knees. The 
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examiner was instructed to stop the measuring procedure if the subject complained 
about pain or discomfort at any applied torque at any angle.

Roentgen Stereometric Analysis

RSA (Roentgen Stereometric Analysis) (91) has been used for more than a decade to 
evaluate the laxity, migration of implants and kinematics in the knee (17, 33, 45-49, 
54, 55, 86). It is a method with higher precision, both from a technical point of view 
and in dynamic set-up, when compared to conventional radiography. As a tool for 
measuring skeletal and implant motions, RSA is an accurate and precise method down 
to 0.1 mm and 0.1-0.3° (86, 100). 
 In this study, patients with ACL injuries and tantalum markers (33, 91) implanted in 
the proximal tibia and distal femur were evaluated. Simultaneous calibration radiographs 
were obtained in the frontal and lateral projections with the knee inside a Plexiglas cali-
bration cage. The results were expressed in a cardinal axis coordinate system where the 
X-axis is transverse, the Y-axis is vertical and the Z-axis is sagittal and rotated so that the 
axes were parallel to the tibia. Care was taken to ensure that the tibia was parallel to the 
cage planes in both projections. After the calibration, the cage was excluded, leaving two 
reference planes to be exposed together with the patient’s markers. The marker images on 
all radiographs were digitized, using a precision digitizing table (Hasselblad Engineering, 
precision 10 μm). Rotation of the tibia relative to the femur was performed by using the 
KINEMA routine, based on rigid body kinematics (33). 

Validity

The validity of an instrument refers to what is being measured. To ensure that the 
tool is measuring what it is intended to measure, empirical evidence must be pro-
duced. Different types of validity can be assessed (28, 95). Content validity is the ex-
tent to which a measure provides a complete representation of the concept of inter-
est. Construct validity is the degree to which an experimentally-determined definition 
matches the theoretical definition. Criterion validity is the extent to which one measure 
is systemically related to accurate or previously validated measures or outcomes of the 
same concept. The correlation coefficient is often used to determine criterion validity. 
In this thesis the criterion validity of the measurement device was determined.
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Validity of the Rottometer (paper I)

The validity of knee rotation measurements with the Rottometer was evaluated by si-
multaneous registrations using RSA (91) in five male patients. Tantalum markers had 
been implanted during a previous ACL reconstruction and were used primarily for 
purposes other than the present one. The patients were examined at 90° and 60° of knee 
flexion angles, with 3, 6 and 9 Nm torques applied. Internal and external rotation were 
measured three times while radiographs were taken simultaneously.

Reliability

Reliability refers to the consistency of a measurement, when all conditions are thought 
to be held constant (83). For measurements to be considered reliable, they must be 
comparable when performed on several occasions with the same subjects by the same 
tester (intra-tester reliability), or when performed with the same subject by different 
testers (inter-tester reliability). Reliability consists of various components: instrument 
reliability, intra- and inter-tester reliability (relative reliability), and intra-subject reli-
ability (absolute reliability). Demonstrating the reliability of an instrument is the first 
step in providing evidence of the value of the instrument and demonstrating that mea-
surements of individuals on different occasions, or by different testers, or by similar 
or parallel tests produce similar results (95). Different types of reliability data require 
different statistical tests, but there is a lack of consensus in the literature as to which 
tests are more appropriate (8, 78). It can and should be assessed in different ways. A 
measurement is said to be reliable if the error component is small, thus allowing consis-
tent estimation of the true quantity of interest (28).

Reliability of the Rottometer (paper II) 

The one-week-apart and within day intra-tester as well as the intertester reliability of 
the Rottometer was evaluated at 90°, 60° and 30° of knee flexion angle, with 3, 6 and 9 
Nm torques applied as well as the examiner’s apprehension of end-feel. All the subjects 
participating in the studies had never undergone any knee, hip or foot surgery and 
had no documentation or history of prior major knee injuries (ligaments, cartilage, 
fractures, meniscus) or patellofemoral pain. Each knee was considered as one unit and 
thus, twenty observations were used in the calculations.
 The results of the first measurement occasion, at each flexion angle with each applied 
torque, of each healthy subject participating in the reliability study, was also used as 
measurement results in the study of the healthy reference population (Table 1)
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Table 1. The knee healthy population in study III was constituted of 120 subjects (60 females and 60 males) 
divided into four different age groups (15-30, 31-45, 46-60 and >61 years). Twenty of these subjects also 
participated in Study II (10 in the one-week-apart and within day reliability test, and 10 in the evaluation 
of the intertester reliability). The 15-30 years group also participated as healthy controls in study IV.

Age Total knee 
healthy subjects, 
Study III
Female/male

One-week-apart 
reliability, 
Study II
Female/Male

Within day 
reliability, 
Study II
Female/Male

Intertester 
reliability, 
Study II
Female/Male

Healthy 
controls, 
Study IV
Female/Male

15-30 years 15/15 2/0 2/0 2/2 15/15
31-45 years 15/15 2/3 2/3 4/2 0/0
46-60 years 15/15 1/1 1/1 0/0 0/0
≥ 61 years 15/15 1/0 1/0 0/0 0/0
Total 60/60 6/4 6/4 6/4 15/15

One-week-apart intra-tester reliability

To evaluate the one-week-apart intra-tester reliability of the knee rotation, one examin-
er (physiotherapist) measured 10 healthy subjects, six females (age range: 28–69 years) 
and four males (age range: 37-60 years). The subjects were measured twice with a week’s 
interval and these measurements were made at the same time of the day on both test 
occasions.

Within-day intra-tester reliability

To evaluate the within-day intratester reliability, one examiner (physiotherapist) mea-
sured knee joint rotation in the same 10 healthy subjects as in the one-week-apart 
evaluation. The subjects were measured twice, once in the morning and once in the 
afternoon, on the same day. 

Intertester reliability

Ten healthy subjects, six females (range: 31-46 years) and four males (range: 24-35 
years) participated in the study in order to evaluate the intertester reliability. They were 
measured twice on the same test occasion in random order by two independent ex-
aminers (physiotherapists). The first examiner fixed the subject to the Rottometer and 
carried out the measurements. After ten minutes’ break, the second examiner repeated 
the whole procedure on the same test person.
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Healthy knee rotation reference values (paper III) 

In total 120 healthy persons (60 females and 60 males) were invited and recruited 
from schools, universities, departments of health care, offices and members of different 
organizations and societies. These persons volunteered for the study and constituted 
the reference population. The test-persons were equally divided into four different age 
groups, 15-30, 31-45, 46-60 and ≥60 years. These persons had never undergone any 
knee-, hip- or foot surgery or been affected by any prior major knee injuries (ligaments, 
fractures, cartilages, meniscus) or patellofemural pain. The total internal-external knee 
rotation was examined at 90°, 60° and 30° of knee flexion angle with 6 and 9 Nm 
torques applied and end-feel. Possible differences in range of total knee rotation due 
to age, gender and between the left and right knees were evaluated within the healthy 
reference population.

Knee rotation in patients with habitual dislocating patella 
(paper IV)

The total range of knee rotation was measured in 20 patients (Table 2) with HDP (15 
females – age range: 15-28 years, and 5 males – age range: 16-21 years). These persons 
were recruited and invited from the Department of Orthopaedics, Lund University 
hospital, Lund. All patients volunteered for the study. Seven of these subjects suffered 
from bilateral dislocations (6 females and 1 male), which means that totally 27 knees 
were included in the study (21 female knees and 6 male knees). Sixteen of these 27 
knees had ≥10 dislocations (13 female knees and 3 males), and 11 had < 10 dislocations 
(8 female knees and 3 male knees). Possible differences between the affected knees and 
unaffected knees within the subjects, as well as possible differences between the genders 
were evaluated. The results of the knees with HDP were compared with knee rotation 
in knees of age matched healthy controls. The total internal-external knee rotation was 
examined at 90°, 60° and 30° of knee flexion angles, with 6 and 9 Nm torques applied 
as well as the examiner’s apprehension of end-feel. 

Ethics

All subjects participating subjects in study I-IV were volunteers, and were informed 
that they cold stop their participation at any time, for any reason. Oral or written in-
formed consent was obtained by all subjects. The studies were directed by the Helsinki 
Declaration, and approved by the Regional Ethical Review Board of Lund University, 
Lund.
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Table 2. The patients with habitual dislocating patella (HDP) in study IV constituted of 15 females and 
5 males. The subject’s knees are accounted for unilateral, bilateral and no HDP, and for more or less than 
10 occasions of HDP. 

Patients with HDP Female Male Total
Subjects 15 5 20
Unilateral 9 4 13
Bilateral 6 1 7
Dislocated knees 21 6 27
No dislocation 9 4 13
≥ 10 dislocations 13 3 16
< 10 dislocations 8 3 11

The 15 females and 15 males representing the 15-30 year group in paper III, were also 
used as healthy controls in paper IV (Table 1).

Examiners

The two examiners in the present studies were physiotherapists and trained in using the 
measurement device before the study commenced. 

Statistics

In paper I, Pearson’s coefficient of determination (r2) was calculated to study the re-
lation between the two methods. In paper II, statistical evaluation of the one-week-
apart intratester- , within-day intratester and intertester reliability tests were made with 
Intraclass Correlation Coefficient2,1 (ICC2,1) (7, 12), 95% Confidence Interval (CI) of 
the ICC (90) and 95% CI between test trails and examiners. In paper III, the statistical 
evaluations of the healthy reference population were made with multi-way Analysis of 
variance (65), one way ANOVA, Students independent samples t-test and paired t-test 
(right vs left knee). In paper IV, the statistical analyses were made with Student’s inde-
pendent samples t-test and paired t-test (right vs left knees within subjects). P-values 
<0.05 were considered significant.
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Results

Validity (paper I)

The correlations concerning total internal-external knee rotation between the 
Rottometer and RSA were high (r2=0.87-0.94, depending on flexion angle and torque 
applied). Lower correlations were found concerning isolated internal- (r2 =0.48-0.87) 
and external rotation (r2=0.47-0.77). The most accurate registrations were found in 90° 
(r2=0.94) and with 9 Nm torque applied (r2=0.94). The total rotation measured at 90° 
with the Rottometer the m+SD increased from 29+7° at 3 Nm to 66+7° at 9 Nm, and 
the corresponding figures at 60° were 26+7° and 65+7°. With RSA, there was an increase 
at 90° from 19+7° at 3 Nm to 32+9° at 9 Nm, and the corresponding figures at 60° were 
12+7° and 28+8°, respectively (Fig 6).

Figure 6. Total rotation as measured with RSA and the Rottometer at 60 and 90 of flexion angles with 3, 
6 and 9 Nm applied torques.
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Reliability (paper II)

The reliability of the Rottometer was judged to be good (ICC 0.4-0.75) to excellent 
(ICC above 0.75) according to the recommendations of Fleiss (31), concerning one- 
week-apart and within day intra-tester as well as inter-tester reliability, for measuring 
knee rotation with 6 and 9 Nm torques applied and the examiner’s apprehension of end-
feel at three different flexion angles (90°, 60° and 30°) . A torque of 3 Nm showed lower 
reliability in knee rotation measurements using the Rottometer as an assessment tool.

Healthy reference group (paper III) 

No significant differences (Table 3) in range of total internal-external rotation were 
found between the right and left knees, or between any of the three different flexion an-
gles (90°, 60° and 30°), at any of the age- (15-30, 31-45, 46-60 and ≥60 years) or gen-
der matched groups at any applied torque (6 Nm, 9 Nm and end-feel). For the whole 
group (60 females and 60 males), not considering age differences, the females showed a 
significant 10-20% larger (p<0.01-0.001) range of total knee rotation compared to the 
male subjects at all three flexion angles (90°, 60° and 30°) at all three torques applied (6 
Nm, 9 Nm and end-feel) (Table 3).

Table 3. Total internal-external, knee joint rotation measured in a reference population of 120 knee healthy 
persons (60 females and 60 males) with 6 and 9 Nm torques as well as the examiner’s apprehension of end-
feel measured at 90°, 60° and 30° of knee flexion angles (mean + SD) on the right and left knees. Results are 
given in degrees, and the significant differences between the females and the males at each torque applied 
are marked with * (p<0,05), ** (p<0,01) or *** (p<0,001).

Total rotation Female right 
knee

Male right 
knee

Diff Female left 
knee

Male left 
knee

Diff

90° flex
6 Nm

59+11° 52+8° 7° ** 59+11° 50+8° 9° ***

90°  flex
9 Nm

77+11° 68+8° 9° ** 77+13° 68+7° 9° ***

90° flex
End-feel

75+11° 68+8° 7° *** 73+12° 64+7° 8° ***

60° flex
6 Nm

60+13° 51+9° 9° *** 60+13° 50+8° 10° ***

60° flex
9 Nm

78+14° 66+8° 12° *** 78+14° 67+8° 11° ***

60° flex
End-feel

75+13° 65+9° 10° *** 74+14° 65+8° 9° ***

30° flex
6 Nm

57+14° 43+10° 14° ** 56+14° 44+9° 12° **

30° flex
9 Nm

78+16° 62+11° 16° ** 77+16° 63+10° 14° ***

30° flex
End-feel

77+16° 62+10° 15° *** 75+15° 62+10° 12° ***
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No significant differences were found between any of the four different age groups (15-
30, 31-45, 46-60 and ≥ 61 years) within the genders (Table 4). However, the females 
showed generally a 6-19% non-significant decrease in range of total rotation in the 
three older female groups compared to the 15-30 year group, and the 46-60 year male 
group showed a non significant 3-19% decrease in total knee rotation compared to the 
other male age groups at all the three torques applied (6 Nm, 9 Nm and end feel) at all 
three flexion angles (90°, 60° and 30°). 

Table 4. Total knee joint rotation measured in 120 knee healthy persons (60 females and 60 males) divided 
into genders and four different age groups (15-30, 31-45, 46-60 and >61 years) with 6 and 9 Nm torques 
applied as well as the examiner’s apprehension of end-feel measured at 90°, 60° and 30° of knee flexion 
angles. Results are given in degrees (mean + SD). Since no differences between the left and right knees 
within the female and male population were found (table 3), the figures in the table are accounted for only 
one knee (the right one), in order to make a more comprehensible general view of the result.

Gender 
and age

6 Nm 9 Nm End-feel

90° 60° 30° 90° 60° 30° 90° 60° 30°
F 15-30 65+10° 64+14° 62+6° 82+12° 84+14° 85+8° 78+11° 79+14° 81+18°
M 15-30 52+10° 52+10° 46+12° 69+12° 69+10° 64+14° 66+10° 66+10° 65+13°
F 31-45 58+10° 61+10° 5811° 77+11° 77+11° 79+12° 71+10° 74+11° 77+13°
M 31-45 52+5° 51+6° 45+8° 70+6° 70+6° 64+9° 65+6° 65+8° 64+8°
F 46-60 56+12° 60+15° 57+15° 74+13° 74+13° 75+18° 70+13° 74+16° 74+15°
M 46-60 46+6° 48+8° 40+5° 65+4° 65+4° 60+6° 63+3° 65+6° 59+8°
F >60 57+12° 54+12° 50+12° 76+11° 76+11° 70+11° 71+11° 70+12° 70+11°
M >60 54+6° 51+19° 45+11° 69+7° 69+7° 63+12° 66+7° 64+10° 63+10°

In both the male and female subjects, internal rotation ranged from 40-44 % and ex-
ternal from 56-60 % of the total rotation at all three flexion angles (90°, 60° and 30°) 
with all the three torques applied (6 Nm, 9 Nm and end-feel). 

Patients with habitual dislocating patella (paper IV) 

No significant differences (Table 5) in range of total knee rotation were found between 
the knees with HDP and the unaffected knees within the group of patients suffering 
from HDP, or between the patients affected knees in the HDP group and knees in the 
age matched control group when tested within the genders at any flexion angle (90°, 
60° or 30°) at any applied torque (6 and 9 Nm as well as the examiner’s apprehension 
of end-feel). However, the females with HDP showed a 10-20 % significantly larger 
range of knee rotation compared to the males at all three flexion angles (90°, 60° and 
30°) at all three applied torques (6 and 9 Nm as well as end-feel), except at 30° of knee 
flexion angle at 6 and 9 Nm torques applied where no significant differences between 
the genders occurred.
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Table 5. The total knee rotation m + SD  in females (F) + males (M), females and males suffering from 
habitual dislocating patella and age matched healthy controls (15-30 years). Measurements are presented 
for in three different flexion angles (90°, 60° and 30°) with three different torques applied (6 Nm, 9 Nm 
and end-feel).  Results are given in degrees and p-values <0.05 were considered significant.

Flex
Torque

HDP 
F+M
n = 26

Healthy 
F+M 
n =30

HDP
F
n=20 

Healthy
F
n=15

HDP
M
n=6

Healthy
M
n=15

90°
6 Nm

58+14° 60+11° 62+10° 66+9° 45+19° 54+10°

90°
9 NM

79+15° 76+12° 83+11° 82+10° 65+18° 71+11°

90°
End-feel

72+15° 73+12° 76+10° 79+11° 59+22° 66+10°

60°
6 Nm

63+14° 60+13° 67+11° 66+12° 50+15° 54+9°

60°
9 Nm

81+16° 75+13° 86+13° 82+12° 70+20° 69+10°

60°
End-feel

75+16° 73+11° 79+12° 78+11° 62+21° 68+9°

30°
6 Nm

58+17° 56+17° 62+15° 64+6° 47+18° 48+13°

30°
9 NM

79+19° 74+17° 82+17° 83+16° 69+23° 65+14°

30°
End-feel

76+17° 73+16° 80+15° 81+13° 63+20° 65+14°

In these patients, internal rotation ranged from 33-34 % and external from 66-67 % of 
the total rotation at all three flexion angles (90°, 60° and 30°) with all the three torques 
applied (6 Nm, 9 Nm and end-feel) at all three different flexion angles (90°, 60° and 
30°).





Discussion

Validity and reliability of the Rottometer

Measurements of axial knee rotation with the Rottometer were evaluated by simultane-
ous measurements of skeletal movements (3), measured with RSA (89). The correla-
tions between the two methods were high (r2 = 0.87-0.94, depending on the applied 
torque and flexion angle) concerning measurements of total internal- external rota-
tion. The result showed lower correlations concerning isolated internal (r2 = 0.48-0.87) 
and external (r2 = 0.47-0.77) rotation. Measurements of internal and external rotation 
might be influenced by the starting point that is defined as “neutral rotation (0°)”. 
Since the “neutral rotation” of the knee can differ between subjects, and also between 
different flexion angles, this might have had a an impact on these measurements. The 
lower correlation concerning isolated measurements of internal and external rotation 
might probably be a result of these circumstances. In our opinion, the total rotational 
range is the most accurate way to measure tibiofemoral rotation as the measurement is 
independent of the less defined rotational neutral position of the knee at the beginning 
of the measurement. Therefore, only the total range of knee rotation was evaluated and 
accounted for further in this thesis.
 The within-day and test-retest reliability as well as inter-tester reliability of the device 
concerning total knee rotation were evaluated. As a result of the ICC calculations ac-
cording to the recommendations of Fleiss (31), the Rottometer was judged to be a good 
(ICC 0.4-0.75) to excellent (ICC above 0.75) device with regards to the reliability for 
measuring knee rotation at three different flexion angles (90°, 60° and 30°) with 6 and 
9 Nm torques applied as well as the examiner’s apprehension of end-feel. A torque of 
3 Nm showed lower reliability, and a possible explanation of poorer agreements could 
be that measurements made with 3 Nm produced a rather small range of rotation, and 
thus small differences between recordings resulted in relatively large disagreement. It is 
also possible that 3 Nm torque is too small to reach the end-points of the mechanical 
restraints and thus motions with a poorly defined end-point are measured.
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Healthy knee rotation reference values

The recordings in the healthy reference population showed a significant (p<0.01) 10-
20% larger range of total knee rotation in females than in males. This result indicates 
that future studies evaluating axial knee rotation ought to provide a gender specific 
analysis. No significant differences within the genders were found between the different 
age groups. However, the largest range of rotation of all different gender and age groups 
were found in the youngest female group (15-30 years). Since younger females are more 
prone to sustain certain knee injuries and disorders compared to younger males (28), 
maybe the larger range of rotation affects the knee negatively in younger females. 
 The smallest range of rotation was registered in the male 46-60 year group, and 
surprisingly, a small but non-significant increase was noted after 60 years. It should be 
pointed out that there were difficulties in finding 15 males and 15 females with no prior 
or present knee injury, pain or surgery to represent the ≥ 61 year group. It is possible 
that the subjects representing the reference population being 61 years and older in this 
study are “too knee healthy” to represent the normal knee condition in older people in 
Sweden. Maybe a decrease of rotation can cause mechanical changes and disturbances 
and thereby to some degree have a causative role in dysfunctional problems in the older 
knee joint. If that is the case, it’s possible that the older subjects in this study are born 
with a larger range of knee rotation, and are less vulnerable to a decrease, or have found 
a way to maintain their range of rotation in order not to disturb the fine tuned three-di-
mensional mechanics of the knee. No significant differences between the left and right 
knees were found in any of the different subgroups. Since no side-to-side differences 
were detected, comparisons between range of rotation in subjects with healthy knees 
and in knees affected with different injuries and disorders should be of great interest to 
systematically evaluate in future studies.
 During the measurements in this study, we expected the knee rotation to decrease 
with decreasing flexion angle, since this has been reported earlier (51, 59, 70, 77). 
However, no significant differences occurred between the different flexion angles in this 
study. An explanation of this phenomenon might be that when the knee flexion angle 
was changed, the angle of the hip changed too. It has earlier been reported that the 
position of the hip influences the range of knee rotation, with greater values observed 
near hip extension compared to hip flexion at 90° (88). The changes of hip angles may 
have affected the range of rotation in the Rottometer measurements. It is also possible 
that there was a larger risk of movements in adjacent joints, such as the hip, at lower 
flexion angles (60° and 30°), which was detected as knee rotation by the Rottometer. 
Measurements employing 30° of knee flexion angle have not been compared and vali-
dated with measurements made with RSA (91) due to technical difficulties. However, 
in the present study, 30° of knee flexion was considered to be of great clinical interest 
and was therefore included, but the lack of validation should be taken into account.
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Patients with habitual dislocating patella 

No significant differences in total knee rotation were found either between the affect-
ed or unaffected knees within the patients suffering from HDP, or compared to age 
matched healthy controls. The females in the HDP group showed a significant 10-20% 
larger range of total rotation than the males, which is in accordance with results of the 
healthy reference population. This result indicates that the range of total knee rotation 
has no impact in the injury mechanism of HDP except for maybe the gender difference. 
 However, four of the female subjects in the HDP group complained about discom-
fort and light knee pain during the examination. Three of these subjects proceeded 
the examination, but one female subject did not allow measurements with 9 Nm and 
end- feel due to these circumstances. It might be possible that these measurements 
with light pain present influenced the result negatively, and maybe concealed an even 
larger female rotation. The typical HDP patient is a young female (84) and the risk of 
a HDP is about 33% higher for girls compared to boys (32). The larger range of rota-
tion in younger females might be a risk factor in HDP to occur. An increased outward 
rotation of the tibia will increase the q-angle and thereby create an increased laterally 
directed force in the patello-femural joint during activation of the quadriceps (51, 71, 
85). It should also be pointed out that the male patients in the HDP group only was 
constituted of 5 males (4 unilateral and 1 bilateral affected knees), and the knee rota-
tion needs to be evaluated further in a larger male sample before any conclusions can be 
drawn. 
 An interesting observation was that the distribution of internal and external of the 
total rotation was different in the HDP patients and the healthy controls. The patients 
with HDP had a 6-11 % larger distribution of external rotation than the healthy con-
trols, which in turn may have an impact on the HDP to occur. However, this result 
needs to be confirmed in a larger sample of patients, with a measurement device that is 
valid and reliable also for isolated measurements of internal and external rotation of the 
knee.

The Rottometer vs earlier non-invasive measurement devices 

It may be argued that comparing measurements or knee rotation between different 
studies are of less value since there is a rather large variation in range of rotation (Table 
6). Different measurement devices, different flexion angles and different applied torques 
have been used. Also different positions have been used including seated (4, 75, 88), 
supine (16, 67, 89), prone (60), and lying sideways (101). There is also a probability 
that there is a rather large individual difference in range of rotation between different 
subjects. The subjects positioning, hip and knee flexion angles, leg fixation, applied tor-
ques, as well as movements in adjacent joints are thus critical factors that deserve par-
ticular consideration when measuring knee rotation. Neither the Rottometer nor other 
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Table 6. Results of different previously published studies of in vivo measurements of knee rotation with 
non-invasive external devices. The studies are accounted for authors, number of measured subjects, gender 
of the subjects, measured knee flexion angles, applied torques and total internal-external knee rotation. 
Results are given in degrees.

Author n (subjects) Gender Knee flexion angle Applied torque Total rotation (°)
Almquist et al. 60 Female 90° 6 Nm 59+11
“ 9 Nm 77+11
“ End-feel 72+11
“ 60° 6 Nm 60+13
“ 9 Nm 78+14
“ End-feel 75+13
“ 30° 6 Nm 57+14
“ 9 Nm 78+16
“ End-feel 77+16
“ 60 Male 90° 6 Nm 52+8
“ 9 Nm 68+8
“ End-feel 65+7
“ 60° 6 Nm 51+9
“ 9 Nm 66+8
“ End-feel 65+9
“ 30° 6 Nm 43+10
“ 9 Nm 62+11
“ End-feel 62+10
Branch et al. 14 Mixed 25° 5.65 Nm 38.1+8.4
Lorbach et al. 30 Mixed 30° 5 Nm 61.1+2.8
“ 10 Nm 95.0+3.5
“ 15 Nm 115.6+4.5
Mouton et al. 25 Female 30° 5 Nm 58.8+8.8
“ 10 Nm 92.5+11.8
“ 35 Male 30° 5 Nm 41.8+8.9
“ 10 Nm 71.2+11.5
Shoemaker et al. 20 Mixed 20° 10 Nm 40.6+9.7
Schultz et al. 64 Female 20° 5 Nm 26.0+6.9
“ 43 Male 21.2+6.9
Tsai et al. 11 Male 90° 6 Nm 18.5+4.7
“ 30° 25.8+5.9
Zarins et al. 17 Mixed 90° Not reported 74
“ 60° 73
“ 30° 72
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external devices in previous studies seem to show the exact tibio-femoral rotational val-
ues. The validity of the non-invasive instruments presented earlier has not always been 
fully established. To the best of our knowledge, no other clinical external device to mea-
sure total range of knee rotation in vivo, except the Rottometer, has compared results 
of the measurement device with the actual femuro-tibial skeletal rotational movements 
in vivo in the same subjects simultaneously. In our study (3) with simultaneous RSA 
registrations (91) approximately 50 % of the registered rotation with the Rottometer 
did not originate from movements in the knee. However, the correlations between the 
Rottometer and RSA were high, and the differences were constant at repeated measure-
ments with a linear increase at increasing torque. Therefore, the measurement error was 
systematic and thus can be predicted and compensated for. The results of our studies 
show that measurements of clinical non-invasive knee rotation with low applied tor-
ques, such as 3 Nm, are not meaningful to examine. It produces a rather small range 
of rotation, which doesn’t reach the end-points of mechanical restraints. Measurements 
with applied torques higher than 9 Nm are not recommended, since it causes an in-
creased risk of painful measurements and soft tissue movements. Higher torques also 
produces higher difference in range of the rotation compared to the real skeletal tibio-
femoral rotation, compared with measurements with RSA (3). However, in measure-
ments of certain patient categories there might be a risk of discomfort and light pain 
present also at 9 Nm applied torque. Therefore, measurements with lower torques, such 
as 6 Nm, are probably needed in order to be able to provide measurements of knee rota-
tion for all different kinds of knee disorders. 
 There is a great interest in studying knee rotation in different flexion angles. Both, 
in order to establish the total available anatomical range of rotation (in 90°), but also 
to study more physiological flexion angles for weight-bearing activities (such as 60° 
and 30°). However, one should be aware of an increased risk of movements in adjacent 
joints (5) and influences of the hip in knee rotation at measurements at lower hip flex-
ion angles (88), since this might affect the measurements.
 Thus, it seems that the most valid and reliable measurements of knee rotation with 
an external non-invasive device, such as the Rottometer, probably should be performed 
with 9 Nm applied torque at 90° of knee flexion angle (3, 5). However, measurements 
with acceptable accuracy can also be provided with 6 Nm and the examiner’s apprehen-
sion of end-feel at 60° and 30° (3, 5). As long as there is no golden standard measure-
ment procedure, further studies with valid and reliable devices are needed.

Sources of possible errors

There are a number of sources of variability inherent in rotation measurements of the 
knee in vivo. In measurements with the Rottometer the torque is applied to the foot 
in the tibial longitudinal axis, but not directly to the tibia. During repeated previous 
tests and minor pilot studies, it was concluded that this was the best solution given. A 
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disadvantage of this approach is that the torque might partly be absorbed by the fixa-
tion device and other anatomical structures of the leg rather than the knee joint. The 
amount of torque effectively applied to the knee is difficult to estimate, but ought to be 
evaluated further in the future. Knee rotation can also be measured directly at the tibia 
using skin sensors. However, such equipment is rare in daily clinical practice, and it has 
been reported that knee rotations other than flexion/extension may be affected with 
substantial errors when using external markers (80). Careful consideration was given 
to the design of the fixation clamps in the Rottometer, with the purpose of minimizing 
shifting due to soft tissue motion and at the same time avoiding pain. Pain or discom-
fort present during the examination makes it hard for the subject to relax, which may 
induce muscle tension. This in turn makes it impossible to measure the whole range of 
rotation. On the other hand, when different subjects endure different kinds of tightness 
of fixation this may cause a source of variability, as did the magnitude of each indi-
vidual’s soft tissue volume and elasticity. However, unless the ends of the goniometer are 
surgically fixed to the bone, the potential for soft tissue movements nonetheless exists.
 Positioning-related faults are differences in orientation of the goniometer between 
trials if the various clamps of the instrument are not positioned on the bones identically 
each time the goniometer is attached, which may lead to variations in starting position.
 There may be a variation in the limits of passive motion from differences in elasticity 
and plasticity in the soft tissue depending on whether the measurements are made in 
the morning or afternoon, or whether the subjects have been taking part in any physi-
cal activity shortly before the examination. It might also be possible that blood flow, 
temperature and stretching can influence the soft tissue characteristics. However, such 
possible changes in rotation during the day were not large enough to be registered with 
the device.
 No documentation of the female subjects status concerning pregnancy has been 
done. If any of the female subjects in this study were pregnant, it could have affected 
the measurement result and may have been a source of error (63).
 Different readings on the protractor between different examiners may also occur. 
It could be argued that the torque applied with the adjustable spanner might differ 
between examiners, if they had no experience in using the equipment. In the present 
study the two examiners were however trained in using both the protractor and the 
spanner before the study, and did not consider using the equipment to be a problem. It 
is also possible that the flexion angle could cause variability between trials if the exam-
iner was not careful to adjust to the exact angle each time. The subjects in study III (4) 
represented a healthy knee reference population consisting of 120 persons (60 females 
and 60 males) divided into different age groups (15-30, 31-45, 46-60 and ≥61 years). 
The age groups were made in order to study possible changes in knee rotation due to 
age, and to be able to age match different categories of knee injuries and disorders in 
future studies. It may be argued that a group of 120 persons divided into several age and 
gender subgroups may be too small to represent a reference population. However, for 
the purpose it was assumed that the number of persons who volunteered for the study 
ought to be sufficient to represent a sample of the healthy knee population. 
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 It should also be mentioned that the HDP population in study IV was constituted of 
only 27 knees (21 female and 6 male), and knee rotation needs to be evaluated further 
in a larger HDP sample before any more reliable conclusions can be made. 

The Rottometer and it’s clinical relevance

The Rottometer has been proven to be a valid (3) and reliable (5) measurement device 
in several different flexion angles with different torques applied. We believe that the 
Rottometer has the potential to be used in research and daily clinical work. It is a simple 
non-invasive device, and easy to use in clinical practice. However, it seems important to 
note that the Rottometer has advantages as well as limitations. 
 The Rottometer can only perform static measurements. Dynamic and subjective 
manual tests to detect and evaluate the pivot shift phenomenon as a sign of (43) ro-
tational laxity after an ACL injury are sometimes used. Rotational instability of ACL 
deficiency has also been reproduced by using an electromagnetic measurement system 
(38). Static tests of rotation and the pivot shift test were evaluated after anatomic dou-
ble bounding ACL reconstruction by using an optical navigation system, and no sig-
nificant correlation between the two tests were found (11). However, the pivot shift test 
is not standardized and reproducible enough to allow a precise quantification, and are 
dependent of the examiner’s experience and skills (61, 73). Furthermore, an ACL in-
sufficiency has been shown to significantly increase isolated tibiofemoral rotation (57), 
and a significantly reduced static knee rotation in ACL injured patients has been re-
ported in postoperative measurements (11, 60). The ongoing debate on different ACL 
reconstruction techniques to restore normal knee kinematics (19, 30, 34, 42) may also 
provide evidence for the need of well evaluated methods for measurements of knee rota-
tion. Static measurements of knee rotation might add important information and offers 
the potential for an improved objective quality control in knee ligament injuries, their 
treatment and rehabilitation (60) 
 Similarities exist in patients at risk for patellar instability, patellofemoral pain and 
ACL injuries including a higher incidence in young females (32, 93). Our finding 
of 10-20% larger range of knee rotation in younger females compared to males (4) 
indicates that the amount of knee rotation may be an anatomical risk factor in these 
conditions. Evaluation and measurements of knee rotation and side-to-side differences, 
with valid and reliable measurement devices, may have an important part as a comple-
ment to existing examination tools and techniques in the diagnostic evaluations, during 
rehabilitation, and before and after surgery in certain knee injuries and disorders.
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Conclusion

The Rottometer has been shown to produce valid and reproducible results in a non-
invasive setting. It therefore offers a potential to measure and evaluate total range of 
knee rotation in clinical studies and daily work. In the study of healthy reference values 
concerning total internal-external knee rotation, no differences between the left and 
right knee or between the different knee flexion angles (90°, 60°, 30°) were found. The 
female subjects showed a significant 10-20% larger knee rotation than the male sub-
jects. However, no differences in range of rotation due to age were found within any of 
the genders. Patients affected with habitual dislocated patella showed no differences in 
knee rotation, nor between the affected and non-affected knee within the subjects or 
compared to age matched healthy controls.
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Measurements of knee rotation-reliability of an
external device in vivo
Per O Almquist1*, Charlotte Ekdahl1, Per-Erik Isberg2 and Thomas Fridén3

Abstract

Background: Knee rotation plays an important part in knee kinematics during weight-bearing activities. An
external device for measuring knee rotation (the Rottometer) has previously been evaluated for validity by
simultaneous measurements of skeletal movements with Roentgen Stereometric Analysis (RSA). The aim of this
study was to investigate the reliability of the device.

Method: The within-day and test-retest reliability as well as intertester reliability of the device in vivo was
calculated. Torques of 3, 6 and 9 Nm and the examiner’s apprehension of end-feel were used at 90°, 60° and 30° of
knee flexion. Intraclass Correlation Coefficient 2,1 (ICC 2,1), 95% confidence interval (CI) of ICC and 95% CI between
test trials and examiners were used as statistical tests.

Result: ICC2,1 ranged from 0.50 to 0.94 at all three flexion angles at 6 and 9 Nm as well as end-feel, and from 0.22
to 0.75 at 3 Nm applied torque.

Conclusion: The Rottometer was a reliable measurement instrument concerning knee rotation at the three
different flexion angles (90°, 60° and 30°) with 6 and 9 Nm applied torques as well as the examiner’s apprehension
of end-feel. Three Nm was not a reliable torque. The most reliable measurements were made at 9 Nm applied
torque.

Background
Knee rotation play an important part in weight-bearing
activities in the lower extremities, such as changing direc-
tion while walking, running and jumping [1-3]. It is possi-
ble that abnormal rotational kinematics may contribute to
degenerative changes after ACL injuries [4], and abnormal
femurotibial axial rotation has been described in patients
with recurrent patellar dislocation using a radiographic
technique [5]. However, the normal range of rotation of
the knee in various healthy populations in vivo is not
known, age and gender differences are not established,
and knee rotation is hardly ever estimated in clinical prac-
tice. A non-invasive manual device to measure knee rota-
tion evaluated regarding its validity and reliability could be
of value as a complement to existing clinical tools and
examination equipment. The device would aid in diagnos-
ing rotational instability and provide an objective clinical
assessment of normal knee kinematics and possible

pathological findings after different knee injuries and dis-
orders [6]. A few in vivo studies concerning knee rotation
measuring devices, their validity and reliability, as well as
knee rotation reference values have been reported [7-12].
Zarins et al. [11] measured knee rotation in a side-lying
position. The knee was positioned and measured at 90°,
60°, 30°, 15° and 5° of flexion. The torque was applied
manually by the examiner’s estimation of end-feel but no
grading of torques was reported. The test-retest reliability
was calculated by two repeated measurements on each of
thirteen subjects. High correlations for the total internal-
external rotation (r = 0.93-0.96) were described at 90°, 60°
and 30° of flexion. Shoemaker and Markolf [12] measured
knee rotation in vivo combined with measurements of
maximum isometrically generated tibial torque. Record-
ings were made in a sitting position and knee rotation was
measured at 20° and 90° of flexion and a torque of 10 Nm
was chosen. At 90°, seven tests were repeated on one sub-
ject, indicating good reproducibility (range 76°-83°). In a
recent in vivo study [10] an external device was evaluated
regarding inter-and test-retest reliability in 11 male sub-
jects. The subjects were measured lying supine on an
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examination table, and were measured at 90° and 30° of
knee flexion angle with 2, 4 and 6 Nm applied torques,
and the total internal-external rotation was registered. The
ICCs (Intraclass Correlation Coefficient) were all greater
than 0.75 and the SEMs were all less than 2° in this study.
Maudi et al. [8] used a knee rotatory kinaesthetic device to
determine proprioceptive acuity for internal and external
active rotation, and to measure active and passive rotation
range of motion in vivo. To determine intra-and inter-
observer reliability for active and passive rotation, 20 male
subjects were recruited. Both intra-and inter-observer
reliability were reported as good to excellent (ICC 1,2 0.69-
0.95). Measurements were made at 90° of flexion angle
with 6 Nm applied torque. However, different flexion
angles and different applied torques have been used and
none of these measurement devices has been evaluated for
validity by simultaneous measurements of actual skeletal
movements in the same subjects. There is no consensus as
to the most appropriate torque to use in knee rotation in
vivo studies. In a previous study [13] a clinical device to
measure the knee rotation in vivo (the Rottometer) was
presented and evaluated for validity by simultaneous regis-
trations with Roentgen Stereometric Analysis (RSA) [14].
The correlation between the two instruments was high
(r2 = 0.87-0.94) concerning total internal-external rotation.
However, when evaluating knee rotation assessment tools,
reliability must also be considered before they are used in
research and clinical practice. The aim of this investigation
was to evaluate the one-week-apart-, within-day-and inter-
tester reliability of the Rottometer concerning total inter-
nal-external knee rotation, and to establish the most
reliable torques and flexion angles.

Methods
The Rottometer (Figure 1) and testing procedure
The Rottometer and details of the examination proce-
dure and the fixation of the test persons to the device
have been presented previously [13]. Measurements
were made at 90°, 60° and 30° of knee flexion in each
subject’s both legs. Ninety degrees was chosen since the
largest range of rotation has been reported at this knee
flexion angle [1,2,15]. Sixty and 30° of flexion were cho-
sen to study the rotation at more physiological flexion
angles for weight-bearing activities. At each flexion
angle, passive total internal-external rotation of the tibia
in relation to the femur was measured. The neutral
position of “zero degree” rotation was defined as each
individual subject’s resting position of the knee at each
flexion angle. Total internal-external rotation was then
measured from that zero position. The subjects were
instructed to relax their muscles to allow the examiner
to passively rotate the leg. An adjustable spanner was
used to apply the different torques (Nm). It permitted

measurements with various forces (Nm), and was cali-
brated and tested to provide torques reproducible within
± 3% (Rausol, Germany). The mean of three repeated
measurements of internal and external rotation with 3,
6 and 9 Nm torque as well as the examiner’s apprehen-
sion of end-feel [16] were recorded at each torque at
each flexion angle (90°, 60° and 30°) in both knees.
These forces were based on the results and experiences
of several pilot studies before the main study. The
examiner was instructed to stop the measuring proce-
dure if the subject complained about major pain or dis-
comfort at any applied torque at any angle.

Reliability
On-week-apart intratester reliability
To evaluate the test-retest reliability of the knee joint rota-
tion, one examiner (physiotherapist) measured 10 healthy
subjects. The subjects were measured twice with a week’s
interval and these measurements were made at the same
time of the day.
Within-day intratester reliability
To evaluate the within-day reliability, one examiner
(physiotherapist) measured knee joint rotation in 10
healthy subjects. The subjects were measured twice,
once in the morning and once in the afternoon, on the
same day.
Intertester reliability
Ten healthy subjects participated in the study in order to
evaluate the intertester reliability. They were measured
twice on the same test occasion in random order by two
independent examiners (physiotherapists). The first exami-
ner fixed the subject to the Rottometer and carried out the
measurements. After ten minutes’ break after the first
examination, the second examiner repeated the whole pro-
cedure on the same test person.
The examiners in the present study were physiothera-

pists and trained in using the measurement device
before the study begun.

Subjects
In the within-day and one-week-apart evaluation 10
subjects, six females (age range: 28-69 years) and four
males (age range: 37-60 years) were measured. The mea-
surements of intertester reliability were also performed
on ten subjects, six females (range: 31-46 years) and
four males (range: 24-35 years). These subjects had
never undergone any knee, hip or foot surgery and had
no documentation or history of prior major knee inju-
ries (ligaments, fractures, meniscus). Each knee was con-
sidered as one unit and thus, twenty observations were
used in the calculations. This study has been directed by
the Helsinki Declaration and was approved by the Ethics
Committee of Lund University
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Statistics
All statistical analyses of the data were performed using
SPSS 14.0 statistics software. Statistical evaluation of the
one-week-apart intratester-, within-day intratester and
intertester reliability tests were made with Intraclass Cor-
relation Coefficient2,1 (ICC2,1) [17], 95% Confidence Inter-
val (CI) of the ICC [18]) and 95% CI between test trails
and examiners.

Results
One-week-apart intratester reliability (Table 1)
The highest ICC2,1 (0.84) was registered at 30° of knee
flexion angle with 9 Nm applied torque, and the lowest
(0.22 and 0.24) at 60° and 30° with 3 Nm. The 95% CI
between the two different tests was-4.9-5.6 at all four
applied torques (3, 6 and 9 Nm and end-feel) at all three
flexion angles.

Within-day intratester reliability (Table 2)
The highest ICC2,1 was calculated as 0.94 at 9 Nm
applied torque at 30° flexion angle, and the lowest (0.59)
also at 30° but at 3 Nm. The 95% CI between the two dif-
ferent tests was-3.4-9.9 at 6 and 9 Nm as well as end-feel,
and -6.0- -2.7 at 3 Nm at all three flexion angles.

Intertester reliability (Table 3)
The highest ICC2.1 was 0.87 at 90°, and 0.61-0.70 at 30°
at 6 Nm applied torque, and the lowest 0.49 also at 90
but with at 3 Nm applied torque. The 95% CI between

examiners was-7.1-3.8, except at 30° with 3 Nm (CI-7.9-
-2.1).

Discussion
As a result of the ICC calculations according to the
recommendations of Fleiss [19], the Rottometer was
judged to be a good (ICC 0.4-0.75) to excellent (ICC
above 0.75) device concerning reliability for measuring
knee rotation with 6 and 9 Nm applied torques and the
examiner’s apprehension of end-feel at three different
flexion angles (90°, 60° and 30°). A torque of 3 Nm
showed lower reliability in knee rotation measurements
using the Rottometer as an assessment tool.
It seems as if the most valid [13] and reliable mea-

surements of the knee rotation made by the Rottometer
were registered at measurements of the total rotation at
9 Nm applied torque.
As measured with the Rottometer in present study, the

range of total knee rotations at 9 Nm applied torque were
70°-79°. In earlier clinical in vivo studies measuring knee
rotation, the total range of rotation have varied between
18° and 90° [7-12]. It may be argued that comparing mea-
surement of knee rotation between different studies are of
limited value, since different measurement devices, differ-
ent flexion angles and different applied torques have been
used. Also the set-ups during the examinations vary
between different devices. However, as long as there is no
accepted golden standard, further investigations of knee
rotation both in healthy reference populations and in

Figure 1 The Rottometer with a test person fixed to the device ready to be measured. In the frame: changes in flexion angles from 90° to
30° of knee flexion angle.
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patients with different knee disorders and injuries, with
valid as well as reliable measurement devices are needed.

Sources of error
There are a number of sources of variability inherent in
rotation measurements of the knee in vivo. A possible
explanation of poor agreements at 3 Nm could be that
measurements made with this torque produced a rather
small range of rotation, and thus small differences
between recordings resulted in relatively large disagree-
ment. It is also possible that 3 Nm torque is too small to
reach the end-points of the mechanical restraints and

thus motions with a poorly defined end-point are mea-
sured. One aspect that could have affected the measure-
ments at 60° and especially at 30° was that when the knee
angle was changed and adjusted the hip angle was chan-
ged too, and thereby probably allowed movements in the
hip [12], which could have been registered as knee rota-
tion by the Rottometer. Careful consideration was given
to the design of the fixation clamps [13] with the purpose
of minimizing shifting due to soft tissue motion and at
the same time avoiding pain, which makes it hard for the
subject to relax during the examination. As in the within-
day analyses, the design of the inter-tester measurements

Table 1 The results of the one-week-apart reliability evaluation of the external measurement device presented in
means and Standard Deviations given in degrees (M 1 = measurement occasion one and M 2 = measurement occasion
2), and calculated with Intraclass Correlation Coefficient2,1 (ICC2,1), 95% Confidence Interval (CI) of ICC and 95% CI
between M 1 and M 2

Angle/applied torque M 1 m ± SD M 2 m ± SD ICC2,1 95% CI of ICC 95% CI of M 1 and M 2

90°/3 Nm 30 ± 6 29 ± 6 0.49 0.04-0.77 -2.0-3.1

90°/6 Nm 56 ± 9 56 ± 5 0.67 0.31-0.86 -1.6-3.0

90°/9 Nm 76 ± 9 76 ± 7 0.80 0.56-0.92 -1.2-1.6

90°/End-feel 72 ± 8 71 ± 7 0.65 0.32-0.84 -1.3-2.2

60°/3 Nm 33 ± 8 33 ± 4 0.24 -0.15-0.59 -3.8-3.7

60°/6 Nm 58 ± 8 61 ± 9 0.50 0.11-0.76 -2.6-3.8

60°/9 Nm 77 ± 10 75 ± 8 0.82 0.60-0.92 -0.2-3.9

60°/End-feel 74 ± 8 73 ± 8 0.76 0.48-0.90 -0.4-3.2

30°/3 Nm 28 ± 8 29 ± 7 0.22 -0.48-0.40 -4.9-2.9

30°6 Nm 55 ± 10 53 ± 8 0.50 0.11-0.77 -0.4-3.5

30°/9 Nm 79 ± 12 77 ± 11 0.84 0.65-0.93 -0.6-4.6

30°/End-feel 78 ± 11 76 ± 9 0.82 0.64-0.93 -0.4-5.6

Calculations were made at three different flexion angles (90°, 60° and 30°) with four different applied torques (3, 6 and 9 Nm as well as the examiner’s
apprehension of end-feel) of the total internal-external knee joint rotation

Table 2 The results of the within-day reliability evaluation of the external measurement device presented in means
and Standard Deviations given in degrees (M 1 = measurement occasion one and M 2 = measurement occasion 2),
and calculated with Intraclass Correlation Coefficient2,1 (ICC2,1), 95% Confidence Interval (CI) of ICC and 95% CI
between M 1 and M 2

Angle/applied torque M 1 m ± SD M 2 m ± SD ICC2,1 95% CI of ICC 95% CI of M 1 and M 2

90°/3 Nm 30 ± 6 33 ± 6 0.64 0.13-0.86 -5.1- -1.5

90°/6 Nm 56 ± 8 57 ± 7 0.73 0.43-0.87 -2.7-1.5

90°/9 Nm 76 ± 10 74 ± 10 0.79 0.54-0.91 -2.7-1.5

90°/End-feel 72 ± 8 73 ± 8 0.66 0.33-0.85 -3.4-0.9

60°/3 Nm 33 ± 8 37 ± 6 0.67 0.33-0.85 -0.6- -2.7

60°/6 Nm 58 ± 8 61 ± 9 0.76 0.50-0.90 0.4-4.4

60°/9 Nm 77 ± 10 78 ± 11 0.86 0.62-0.95 -2.6-1.3

60°/End-feel 74 ± 8 74 ± 9 0.90 0.75-0.96 -1.9-2.0

30°/3 Nm 24 ± 8 31 ± 9 0.59 0.21-0.81 -4.7- -0.2

30°/6 Nm 55 ± 10 56 ± 10 0.87 0.72-0.95 -2.7-1.2

30°/9 Nm 79 ± 12 77 ± 12 0.94 0.87-0.98 -0.4-9.9

30°/End-feel 78 ± 11 75 ± 11 0.83 0.61-0.93 -0.3-5.2

Calculations were made at three different flexion angles (90°, 60° and 30°) with four different applied torques (3, 6 and 9 Nm as well as the examiner’s
apprehension of end-feel) of the total internal-external knee joint rotation
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might have constituted a risk of a change in soft tissue
characteristics or pain occurring, since two repeated
measurements were made on the same subject on the
same day. However, pain was not reported by any of the
subjects at any time during the examinations. Unless the
ends of the goniometer are surgically fixed to the bone,
the potential for soft tissue movements nonetheless
exists. On the other hand, pain or discomfort during the
examination may induce muscle tension, which makes it
impossible to measure the whole range of rotation.
When different subjects endure different kinds of tight-
ness of fixation this may cause a source of variability, as
did the magnitude of each individual’s soft tissue volume
and elasticity. Positioning-related faults are differences in
orientation of the goniometer between trials if the var-
ious clamps of the instrument are not positioned on the
bones identically each time the goniometer is attached,
which may lead to variations in starting position. This
variation would cause problems in defining a starting
“zero” resting position. During repeated non published
pilot studies before the present investigation, we discov-
ered a large individual variation of neutral knee rotation
position between subjects, and the neutral position could
also change due to different knee flexion angles within
the subjects. The resting “zero” knee rotation position in
Rottometer measurements was therefore defined as each
individual subject’s resting position of the knee at each
flexion angle.
There may be a variation in the limits of passive

motion from differences in elasticity and plasticity in the
soft tissue depending on whether the measurements are
made in the morning or afternoon, or whether the sub-
jects have been taking part in any physical activity shortly

before the examination. Maybe it is also possible that
blood flow, temperature and stretching can influence the
soft tissue characteristics, but such possible changes in
rotation during the day were however not large enough
to be registered with the device. However, during the
intertester reliability test there was only a 10-min break
between the two examinations, and that short break may
have been a risk factor of soft tissue stretch effect.
The examinations were not blinded, and there is a risk

that the examiners could have been influenced by earlier
recordings or by measuring both knees on the same sub-
jects. The risk of this kind of error is rather small due to
the large number of recordings. The order of the different
flexion angles (90°, 60° and 30°) and applied torques (3, 6,
9 Nm and end-feel) were not performed in random order
due to technical and practical reasons, and that may have
been a source of error. Different readings on the protrac-
tor between different examiners may also occur. It could
be argued that the applied torque with the adjustable
spanner might differ between examiners, if they were not
experienced in using the equipment. In the present study
the two examiners were however trained in using both the
protractor and the spanner before the study, and did not
consider using the equipment to be a problem. It is also
possible that the flexion angle could cause variability
between trials if the examiner is not careful to adjust to
the exact angle each time.
However, despite all these possible errors, we believe

that the Rottometer has the potential to be used in
research and clinical practice, due to both its validity [13]
and reliability. It may also be valuable to establish normal
knee joint rotation reference values in a larger population

Table 3 The results of the inter-tester reliability evaluation of the external measurement device presented in means
and Standard Deviations given in degrees (M 1 = measurement occasion one and M 2 = measurement occasion 2),
and calculated with Intraclass Correlation Coefficient2,1 (ICC2,1), 95% Confidence Interval (CI) of ICC and 95% CI
between M 1 and M 2

Angle/applied torque M 1 m ± SD M 2 m ± SD ICC2,1 95% CI of ICC 95% CI of M 1 and M 2

90°/3 Nm 30 ± 6 33 ± 7 0.49 0.09-0.76 -6.4-0.2

90°/6 Nm 53 ± 7 54 ± 8 0.87 0.71-0.95 -2.8-0.3

90°/9 Nm 70 ± 10 72 ± 10 0.85 0.68-0.94 -4.6-0.6

90°/End-feel 67 ± 8 66 ± 9 0.74 0.44-0.89 -1.7-3.8

60°/3 Nm 37 ± 7 38 ± 6 0.75 0.47-0.89 -3.5-0.9

60°/6 Nm 56 ± 8 58 ± 9 0.83 0.62-0.93 -3.6-0.4

60°/9 Nm 72 ± 10 74 ± 10 0.84 0.63-0.93 -3.7-0.1

60°/End-feel 71 ± 10 71 ± 9 0.77 0.51-0.90 -3.7-3.1

30°/3 Nm 28 ± 7 33 ± 8 0.52 0.10-0.78 -7.9- -2.1

30°/6 Nm 52 ± 10 55 ± 10 0.61 0.25-0.82 -6.8-0.2

30°/9 Nm 72 ± 11 74 ± 12 0.69 0.34-0.87 -7.1-2.4

30°/End-feel 73 ± 12 74 ± 10 0.70 0.36-0.87 -6.0-2.5

Calculations were made at three different flexion angles (90°, 60° and 30°) with four different applied torques (3, 6 and 9 Nm as well as the examiner’s
apprehension of end-feel) of the total internal-external knee joint rotation
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of healthy individuals as well as to study possible age or
gender differences.

Conclusion
The Rottometer was judged to be a reliable measurement
instrument concerning knee rotation at three different
flexion angles (90°, 60° and 30°) at 6 and 9 Nm applied tor-
ques and as evaluated by the examiner’s apprehension of
end-feel. The most reliable measurements of the knee
rotation made by the Rottometer were registered in mea-
surements of the total rotation at 9 Nm applied torque.
Measurements with 3 Nm were considered less reliable.
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