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Abstract Traumatic rupture of the anterior cruciate
ligament (ACL) of the knee is one of the most frequent
orthopaedic sports' injuries. However, the best operative
reconstruction technique is still the focus of current
discussions among experts. While single-bundle recon-
struction primarily addresses anterior-posterior instability,
the anatomical double-bundle reconstruction aims to
stabilise anterior-posterior as well as rotational instability.
So far no definite evidence to favour the one or the other
technique exists due to the lack of an objective method
for quantifying rotational knee stability. In this context
several authors have recently reported on devices for the
analysis of femorotibial rotation. However, most of these
tools are still in the developmental stage. Therefore, the
aim of this study was (1) to develop a new instrument for
assessing rotational knee stability independent from the
surrounding soft tissue with an adequate method of
analysis and (2) to establish the possible field of
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application of this device in a human cadaver study. The
so-called torsiometer evaluated was designed to assess
internal and external knee joint rotation objectively in
different flexion angles. Measurements were performed
implying internal and external rotation at 90°, 30° and 0°
knee flexion with and without intact ACL, respectively.
Each measurement revealed valid and reproducible values.
The restraint in ACL-absent knees was clearly lower and
the course of rotation explicitly higher than in knee joints
with intact ACL.

Introduction

Rupture of the anterior cruciate ligament (ACL) is one of
the most frequent injuries to be treated in today’s
orthopaedic sports surgery [1, 2]. The ACL consists of
two functional bundles with the anteromedial bundle (AM)
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guaranteeing anterior-posterior (AP) and the posterolateral
(PL) bundle rotational stabilisation (RS) [3-5]. In this
context the current literature does not clearly favour one
specific surgical reconstruction technique [6—9]. Recently
several authors have recommended the double-bundle
technique (DB) as this is considered to restore AP stability
as well as RS of the knee joint [10].

For the clinical evaluation of the AP translation the
Lachman test [11, 12] is commonly used, whereas the
pivot shift test is adequate for the evaluation of rotational
instability [13—15]. Regarding an objective assessment of
RS, recent studies have presented valuable approaches
with the most recent exemplary work of Lorach et al. [16—
18]. However, these published methods seem to feature a
highly complex stability pattern and are difficult to
perform [19]. To the best of our knowledge a widely
accepted concept regarding the assessment of the overall
stability of the knee joint has not been described and
developed so far [20].

Therefore, the aim of our study was (1) to develop a new
device for assessing the overall stability of the knee and (2)
to evaluate this under in vitro conditions using cadaveric
total lower limb specimens.

Fig. 1 Side view (a) and bird’s-
eye view (b) of the torsiometer,
consisting of five major parts,
which are modularly assembled.
a Deflection lever. b Tibia fixa-
tion unit. ¢ Main frame. d Fine
adjustment. e Stilts. f Shank
fixation unit. g Schanz screws.
h Sawbone. i Pivot joint. j
Potentiometer unit

Materials and methods
Design and development of the device

The analysis device, the so-called torsiometer, consists of five
major modularly assembled parts (see Fig. 1). To compensate
for warp resistance the device’s mount is made of metal. The
frame of the device serves as a suspension holder for the
femoral and tibial unit. The thigh holding bracket is connected
to the frame via a linear conductor allowing for free linear
longitudinal sliding. A pivot is used to permit the examination
of'the knee in different flexion angles. After adjusting the joint
line to the turning point of the pivot and centring of the patella,
the femoral unit is attached to the main frame. A ball bearing
suspension allows for rotational movements of the tibia and
serves as a deflection sensor. The thigh is affixed to the
femoral unit using Schanz screws in a bicortical fashion
(4.5 mm, Synthes, Solothurn, Switzerland). The stress lever
and frame are made of aluminium; the stress lever is in
addition tared so that no inertia disturbs the measurement and
is rectangularly attached to the tibial unit in a neutral position
allowing for free tibial rotation to find the position with the
lowest predefined tension. This point is defined as the zero
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point as well as starting point of the measurement in the
computer program (LabVIEW 8.0 National Instruments,
Austin, TX, USA) when all screws are tightened. The
rotational torque is introduced to the tibial unit through the
stress lever. For each measurement the stress is manually
applied by the same person with the same speed. At each side
of'the stress lever two precalibrated strain gauges (1-DY-13-3/
350, HBM, Darmstadt, Germany) are affixed conducting the
applied torque by expansion and electric potential changes.
The stress lever is made of aluminium. Due to the material
used, the calibration is performed before the lever is attached
to the device using temporary (10 s) loading with weights
from 0.1 to 5 kg. The potentials produced are recorded and the
average value is calculated from 300 measurement points.
This factor (k=8.4 Nm/V) is taken for later measurements.
The device’s loading capacity (Analysetool, Catia integrated
FEM-Analyse) is planned and designed to bear a maximum
torque of up to 100 Nm. All torques are continuously
displayed so as not to overstrain either the specimen or the
device. Maximum moments never exceeded 35 Nm and the
maximum deflection range is limited to 30° to each side
within a noncritical range regarding ligamentous ruptures or
other injuries. In general, the device can be used in two
different versions. For the validation process the invasive
method with four-point Schanz screw fixation of the tibia and
femur to the device was used. The thigh was fixed in a
unilateral way with 20 cm distance between the screws
predefined by the femoral unit frame. The tibial fixation was
performed using an offset approach at 40° with respect to the
longitudinal axis with 10 cm between the screws. The
coupling of the Schanz screw mounted leg and the torsiometer
was performed using jaw chucks (Synthes, Solothurn,
Switzerland) fixed to the frame. The longitudinal axis of the
thigh and tibia was ensured by centred fixation points of the
bone and frame. To minimise pretension of the screws in
relation to their insertion point and to achieve a rectangular
drilling, each Schanz screw was inserted into predrilled holes
using the jaw chucks as drill guidance.

The other mode that can be used is a non-invasive
fashion using two splints, one for the thigh and one boot-
like splint to hold the shin and ankle. This mode will be
used for future clinical studies on patients.

For the measurement of the rotational movements and
angular deflection, a precision potentiometer (Megatron
MPA20, Megatron, Munich, Germany) was used. The
range of rotational movement is limited to 45° degrees in
each direction (for internal and external rotation) due to the
construction of the device’s frame (maximum rotation<30°
deflection). The deflection measurements result from the
applied torque to the lever and the corresponding expansion
of the strain gauges. The strain gauges were connected via a
Wheatstone bridge and preloaded with a basic potential
representing the unstressed situation. Torques applied

produce different potentials and allow the registration of
the torsion moment in Nm.

In vitro validation

For the in vitro validation fresh cadaveric total lower limb
specimens were used. To overcome the rigor mortis each
lower limb specimen underwent ten cycles of maximum
passive flexion and extension movements.

Inclusion criteria were intact skin, no fractures, no signs
of osteoarthritis, no previous knee surgery, full passive range
of motion, intact collateral ligaments and intact ACL and
posterior cruciate ligament (PCL). The integrity of the
cruciate ligaments was (1) clinically assessed performing
the Lachman and the pivot shift tests [11] and (2) confirmed
arthroscopically. To exclude bony lesions such as fractures
or evidence of osteoarthritis, a computed tomography (CT)
scan of each knee was performed, which was read by an
expert musculoskeletal radiologist (S. Kirchhoft).

Solid conditions between the limb and the device were
achieved using Schanz screws. A calibration of the device
was performed before each measurement cycle. The
measurements were subdivided into four torque patterns
as follows: (1) loaded internal rotation, (2) unloaded
internal rotation, (3) loaded external rotation and (4)
unloaded external rotation (see Fig. 2). Each fraction’s
deflection endpoint was accomplished after approximately
180 measuring points for each deflection side.

Measurements of the knee with intact ACL were repeated
in 0, 30 and 90° flexion. Thereafter, the ACL was resected
through standard anterolateral and anteromedial arthroscopic
portals using arthroscopic basket forceps (WideBiter Punch
Tip, Arthrex, Naples, FL, USA) and a shaving instrument
(Full Radius Resector, Arthrex, Naples, FL, USA). The
protocol was repeated until maximum deflection was reached.
In order to analyse the intraobserver reliability each measure-
ment (intact vs absent ACL: 0, 30 and 90° flexion angles) was
repeated three times by the same observer. Figure 3 depicts
the main steps of the experimental protocol.

Data processing

For the analyses of the areas under the curve (AUC), the
measured deflection values were converted into the SI
system and calculated for both situations, loaded and
unloaded. The values represent the physical work applied
to the specimen in joules (Fig. 4).

The increase and decrease of these areas was accumu-
lated. Every 30 minutes, one pair of rotational angle and
torque was recorded and processed using the LabVIEW 8.0
software (National Instruments, Austin, TX, USA). The
applied moments were visible at every time point of the
measurement cycle and reached a maximum of 31 Nm (see
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Fig. 2 Graphic display of
the aligned curves related to

0°Knee flexion, ACL intact versus absent

ACL-intact and ACL-absent

values

ACL intact

Loaded deflection

Unloaded deflection

ACL absent
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Table 1). The deflection was applied until 180 measuring
points (MP) were achieved and at least 11 up to 15° was
measured and the graphical analysis was performed (for an
example, see Fig. 4). The internal rotation including all
angles and moments under ACL-intact conditions was

Inspection
Pivot- Shift
Lachman
CT-scan

N

Arthroscopic
proof of ACL integrity

.
Fixation of Femur and Tibia
Calibration of the Device

JL

Measuring internalfexternal rotation
In 0°, 30°, 90° knee flexion,
each 3 measurements

i 5

Arthroscopic excision of the ACL

L

Reattachment to the device
Recalibration of the device

o
Measuring internalfexternal rotation
In 0°, 30°, 90° knee flexion,
each 3 measurements

Fig. 3 Flowchart depicting the main steps of the experimental
protocol
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measured and recorded. Thereafter, the measurement with
absent ACL was performed. The applied torque of the
maximum internal rotation (ACL intact) was compared to
the same torque applied under ACL-absent condition to
evaluate the amount of internal rotation (Table 2). In the
same manner the AUC was calculated, and the area of
maximum internal rotation with intact ACL was compared
to the area with absent ACL (Table 3).

Statistics
The single measure intraclass correlation coefficient
(ICC) was used to evaluate the interobserver reliability.

The Wilcoxon rank test was used to determine statistical
differences of torque values expected for the maximum

Area under the curve, ACL intactvs. absent

w
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Fig. 4 Example of calculated AUC of the right knee for the
conditions of ACL integrity and absence, respectively. The light grey
area represents the intact whereas the striped area shows the absent
condition
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Table 1 Values of maximum internal rotation with corresponding torques

Maximum deflection angles and moments for intact versus absent ACL

1D Knee flexion angle Internal rotation, ACL External rotation, ACL Internal rotation, ACL External rotation, ACL

absent absent intact intact

Angle (°) Nm Angle (°) Nm Angle (°) Nm Angle (°) Nm
I 0° 19.0 18.4 —13.6 16.7 13.3 12.5 -9.2 11.4
I 23.1 28.3 -17.8 23.9 13.5 16.1 -11.3 19.4
I 12.0 16.2 -17.9 18.2 39 7.6 —-10.0 14.0
v 13.5 20.2 -15.1 17.4 7.5 12.9 —-10.3 13.6
\% 21.9 20.6 -26.3 21.9 15.1 13.8 -19.8 15.5
VI 13.0 144 -16.7 15.8 8.4 13.7 -13.1 14.6
I 30° 21.4 17.0 —-15.6 19.1 18.5 13.8 -9.6 13.1
I 23.1 25.1 -17.9 23.6 13.8 11.8 -10.3 13.1
I 16.8 16.9 -14.3 16.8 7.1 6.2 -10.7 9.4
v 13.0 19.4 -13.2 22.2 8.4 11.3 -9.9 16.6
A% 22.5 18.4 —25.2 22.6 13.6 11.1 -22.5 16.0
VI 17.7 15.8 -18.1 14.4 12.0 12.4 -12.9 15.1
I 90° 22.8 31.6 -12.4 233 18.3 18.5 -8.2 17.8
I 18.4 30.2 —-10.7 30.1 10.1 17.6 -54 16.3
11 10.6 16.8 —-10.0 17.4 6.7 12.9 —-10.8 18.2
v 12.5 19.4 -11.8 20.1 8.2 16.8 —6.2 15.5
v 22.8 15.8 —26.2 19.9 14.9 10.8 -15.2 16.9
VI 21.8 29.1 -15.7 28.6 9.0 13.8 —-10.8 26.6

Knee flexion angle Averaged values of maximum rotation and corresponding moments

Angle (°) Nm Angle (°) Nm Angle (°) Nm Angle (°) Nm
Mean® 0° 17.1 19.6 -17.9 19.0 10.3 12.8 -12.3 14.8
SEM® 2.0 2.0 1.8 1.3 1.8 1.2 1.6 1.1
Mean® 30° 19.1 18.8 -17.4 19.8 12.2 11.1 -12.6 13.9
SEM® 1.6 1.4 1.8 1.5 1.7 1.1 2.0 1.1
Mean® 90° 18.1 23.8 —14.5 23.2 11.2 15.1 -9.4 18.5
SEM® 22 3.0 2.5 2.1 1.8 1.2 1.5 1.7

Data are given for each cadaver and each flexion angle, each for the intact and the absent ACL

# Arithmetic mean

®Standard error of mean

averaged rotation between different ACL conditions. To
compare the different ACL conditions, the AUC was also
calculated for internal, external, loaded and unloaded
deflection using the trapezoidal rule to map the entire
course of the rotational movement. The Wilcoxon signed
rank test was used to evaluate significances relative to
the measured AUCs for both conditions (ACL intact vs
ACL absent). Data are given as mean+standard deviation.
PASW 17.0 software package (SPSS® Inc., Chicago, IL,
USA) and R 2.9.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria) were used for statistical analysis.
For the analysis of different knee flexion angles of
maximum internal and maximum external rotation, the
nonparametric Friedman test was performed. All statisti-
cal analyses were done using a 0.05 level of significance.

Results

Six right human total lower limb specimens were used. The
mean age of the cadavers was 46+4 years, and the mean
body weight was 75+9 kg.

Reproducibility

The rotational angle rose with increasing torque applied to the
stress lever. The torque changed between the assessments with
intact and absent ACL, respectively (see Tables 1 and 2). The
curves and values measured under the conditions of ACL
integrity and absence, respectively, were highly reproducible
and consistent with individual characteristic behaviour as
shown in each of the three measurements. The evaluation of
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Table 2 Values of maximum internal and external rotation reached

Maximum internal rotation with corresponding moments, calculated areas and work (J)

Loaded deflection

Unloaded deflection

ID Knee flexion Deflection Nm Nm AUC intact (Nm/J) AUC absent AUC intact AUC absent
angle angle (°) intact absent (Nm/J) (Nm/J) (Nm/J)
I 0° 133 12.5 10.1 1.08 1.04 0.87 0.66
I 13.5 16.1 11.9 1.66 1.29 1.27 0.65
I 39 7.6 4 0.25 0.12 0.24 0.05
v 7.5 12.9 10 0.71 0.57 0.61 0.25
\Y% 15.1 13.8 12.6 1.61 1.52 1.35 1.02
VI 8.4 13.7 8.8 0.95 0.55 0.77 0.35
I 30° 18.5 13.8 13.3 1.25 1.3 0.99 0.67
I 13.8 11.8 9.8 1.15 1.04 0.81 0.46
I 7.1 6.2 3.7 0.33 0.11 0.28 0.15
v 8.4 11.3 12.3 0.74 0.86 0.56 0.59
\Y% 13.6 11.1 3.9 1.17 0.87 0.94 0.39
VI 12 12.4 9 1.14 0.54 0.91 0.26
I 90° 18.3 18.5 213 2.71 3.06 2.15 2.13
I 10.1 17.6 14.2 1.52 1.44 1.33 1.07
I 6.7 12.9 6.7 0.65 0.54 0.50 0.37
v 8.2 16.8 14.7 1.18 1.04 0.99 0.43
\% 14.9 10.8 6.1 1.4 1.09 1.05 0.45
VI 9 13.8 7.8 1.07 0.64 0.96 0.42
Averaged values of maximum internal rotation, corresponding moments and applied work (J)
Knee flexion Deflection Nm Nm AUC intact AUC absent AUC intact AUC absent
angle angle (°) intact absent (Nm/J) (Nm/J) (Nm/J) (Nm/J)
Mean® 10.3 12.8 9.6 1.0 0.8 0.9 0.5
SEM® 0° 1.8 1.2 1.2 0.2 0.2 0.2 0.1
Mean® 12.2 11.1 8.7 1.0 0.8 0.7 0.4
SEMP 30° 1.7 1.1 1.7 0.1 0.2 0.1 0.1
Mean® 11.2 15.1 11.8 1.4 1.3 1.2 0.8
SEM® 90° 1.8 1.2 2.4 0.3 0.4 0.2 0.3

Data are given for each cadaver and each flexion angle, each for the intact and the absent ACL including the averaged deflections in each flexion

angle with SEM
 Arithmetic mean

®Standard error of mean

the three repeated measurements for each subject showed high
interindividual ICCs. The ICC for the maximum deflection
angles for intact and absent ACL was between 0.87 and 0.97
for internal rotation and between 0.94 and 0.98 for external
rotation.

Total internal and external rotation

The intraindividual differences of femorotibial rotation and
torques were high. In 0° flexion the angle for the intact ACL
accounted for 10.3+1.8° in internal and for 12.3+1.6° in
external rotation. The corresponding loads were 12.8+1.2 Nm
for internal and 14.8+1.1 Nm for external rotation. In contrast,

@ Springer

the assessment with absent ACL revealed an internal rotation
of 17.1£2° and an external rotation of 17.9+1.8°. In parallel,
maximum loads increased to 19.7+2 Nm for internal and to
19.0+1.3 Nm for external rotation. However, differences
were only statistically significant for internal rotation.
Comparing the torques expected for the maximum
averaged internal rotation, the torque decreased signifi-
cantly from the ACL-intact 12.8+1.2 to 9.0£1.2 Nm
compared to the absent situation. This result reached
significance (p=0.031).

The calculated areas also differed significantly between
the intact and absent situations (p=0.031). Comparing the
AUC for the condition of ACL integrity 60.0+12.6
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Table 3 All measured areas under the specific curve for each specimen

AUC
1D Flexion angle Internal rotation, ACL Internal rotation, ACL intact Internal rotation, ACL Internal rotation, ACL
intact loaded unloaded absent loaded absent unloaded
I 0° 61.9 59.9 49.7 37.8
I 954 74.2 72.7 374
i 14.7 6.9 13.8 2.8
v 41.0 32.9 35.1 14.5
A% 92.3 87.4 773 58.4
VI 54.6 31.7 43.9 19.8
I 30° 72.0 74.9 56.5 383
I 66.2 60.1 46.3 26.5
11 19.3 6.6 15.9 8.7
v 42.5 49.5 32.0 33.7
\% 67.3 49.9 54.0 22.2
VI 65.7 31.1 52.2 15.2
I 90° 155.8 175.5 122.9 122.2
I 87.2 83.0 76.1 61.5
11 374 31.0 28.6 21.4
v 67.9 59.9 56.6 24.9
\Y% 80.8 62.9 60.2 25.8
\%! 61.6 37.2 55.0 24.0

AUC on averaged values

Knee flexion Internal rotation, ACL

intact loaded unloaded
Mean® 60.0 48.8
SEM® 0° 12.6 12.3
Mean® 55.5 453
SEM® 300 8.4 9.7
Mean? 81.8 74.9
SEM" 90° 16.4 21.5

Internal rotation, ACL intact

Internal rotation, ACL
absent loaded

Internal rotation, ACL
absent unloaded

48.8 28.4
9.7 8.2
42.8 24.1
6.5 4.5
66.6 46.6
12.9 16.3

Each area represents the physical work applied to reach a certain amount of deflection in relation to the ACL-intact and ACL-absent conditions

 Arithmetic mean

® Standard error of mean

resulted for the internal forced rotation whereas after
resecting the ACL the AUC decreased to 48.8+12.3. For
the unloaded or passive curve the intact internal rotation
led to 48.8+9.7 and decreased to 28.4+8.2 after resection
of the ACL. The AUC of maximum loaded internal
rotation was 1.0+0.2 J for the intact and 0.8+0.2 J for the
absent situation and was significant with a p value=0.03125.
To complete the evaluation, the area under the unloaded
curve was calculated (intact 0.9+0.2 vs absent 0.5+
0.1 J). This area was revealed to be significant at 0° knee
flexion with a p value=0.3125.

For the 30° flexion analysis the intact ACL yielded a
maximum internal rotation of 12.2+1.7° and external
rotation of 12.7+2°. The corresponding loads were 11.1+
1.1 Nm for internal and 13.94£1.1 Nm for external

rotation. Again the values increased following the exci-
sion of the ACL (rotational angle: internal 19.1+1.6°,
external 17.4+1.8°; maximum torque: internal 18.8+
1.4 Nm, external 19.8+£1.5 Nm). The applied torques for
maximum internal averaged rotation dropped from 11.1+
1.1 Nm for the intact to 8.7+1.7 Nm for the absent
condition. The AUC for forced internal rotation resulted
in 55.54+8.4 and decreased to 45.3+£9.7 in the ACL-absent
condition. For the unloaded deflection 42.8+6.5 resulted
and turned into 24.1+4.5 without the ACL. The AUC of
maximum loaded internal rotation was 1.0£0.1 J for the
intact and 0.8+0.2 J for the absent situation and was not
significant with a p value=0.2188. Also the area under the
unloaded curve (intact 0.7+0.1 vs absent 0.4+0.1 J) at 30°
knee flexion was not significant with a p value=0.0625.
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The 90° flexion analysis revealed a rotation of the intact
ACL of 11.2+1.8° in internal rotation and 9.4+1.5° in
external rotation. Values of the absent ACL increased to
18.2£2.2° in internal and to 14.5+£2.5° in external rotation.
Torques increased in parallel (intact ACL: internal 15.1+
1.2 Nm, external 18.6+1.7 Nm vs absent ACL: internal
23.8+3 Nm, external 23.2+2.1 Nm). The absence of the
ACL led to a decrease of the torque value for the averaged
internal rotation from 15.1+1.2 Nm to 11.8+£2.4 Nm. Again
the AUC resulted in 81.8+£16.4 and changed to 74.9+£21.5
after ACL resection, but did not reach the level of
significance. The unstressed deflection resulted in 66.6+
12.9 and changed into 46.6+16.3. The areas did not show
significant differences with and without ACL, respectively,
during 30° (p=0.21) and 90° knee flexion (p=0.313). The
mean values of the torque expected for the maximum
averaged internal rotation in the absent situation in flexion
30° (»p=0.094) and 90° (p=0.09) were lower, but did not
reach statistical significance. There was no significant
difference between the maximum internal and the maxi-
mum external deflection in 0, 30 and 90° knee flexion. The
AUC of maximum loaded internal rotation was 1.4+0.3 J
for the intact and 1.34+0.4 J for the absent situation and was
significant with a p value=0.3125. Again, also the area
under the unloaded curve was calculated (1.2+0.2 intact vs
absent 0.8+0.3 J) and was significant at 90° knee flexion
with a p value=0.03125.

Discussion

We report the evaluation of a novel tool for the assessment
of femorotibial rotational stability. The feasibility of
performing these measurements was proven in vitro in this
study. We found that the loss of the ACL increases the arc
of internal and external knee rotational movements while
torque stress is applied. The highest increase was found in 0
and 90° knee flexion, whereas slightly lower values were
found in 30° knee flexion.

It is commonly known that clinical testing of ACL
deficiency depends greatly on the examiner’s experience
[11-14]. In particular the evaluation of rotational stability
using the pivot shift test is influenced by many factors
including the examiner’s experience [21]. The objective
measurement of AP translation using a KT1000 Arthrom-
eter is well established and has been validated in daily
routine clinical practice, but also presents some
examiner-dependant disadvantages [10, 22]. In the current
literature studies describe different approaches to evalu-
ate rotational movements of the femorotibial joint, but no
adequate method has been established so far [20, 23]. A
consideration of the most interesting studies results in a
differentiation between mechanical [16, 17], opto-/electro-

@ Springer

magnetic sensor [24, 25] and invasive navigational studies
[19, 24, 26]. Studies using skin markers or mechanical
splints for the attachment of the specimen to the device are
carefully conceived but suffer from difficulties due to soft
tissue artefacts with consequent inaccurate measurement
results [16, 24, 27]. As shown in the study of Pearle et al.
[26], the values measured with a navigating system reliably
matched values assessed by a robot [26]. Similar studies also
showed reproducible data, leading to the assumption that this
method is sufficiently accurate to collect data for diagnostic
purposes [20, 26, 28]. The main drawback of the studies
mentioned is that due to its invasiveness the method cannot
be considered for the evaluation of ligamentous laxity in
outpatient conditions. As described in the literature a
noninvasive device for measuring rotational movements
cannot be as exact as one attached to the skeleton [16].
Therefore, the primary aim of our study was to develop a
new invasive measuring device to be able to evaluate the
resistance torque by the knees’ ligaments during passive
rotation. The device has been evaluated in a human cadaver
set up and has resulted in reproducible measurements at each
flexion angle applied. In the same way the method of
counting the area under the deflection curve as a parameter
of physical work seems to be a relevant and reliable method
for the analysis of resistance patterns. In contrast to recently
published studies [4, 29], no defined torques were applied to
the knee joint while rotating it along the femorotibial axis.
The moment of torque was continuously measured at 33 Hz
while the knee joint was rotated. The advantage of the
torsiometer is the dynamic acquisition of measurements
allowing for a detailed investigation of rotational torque
relations of so far exact characters due to the absence of soft
tissue artefacts and unstable fixation. In all specimens the
absence of the ACL caused a significant increase of internal
rotation at low flexion angles. The required torque for
maximum internal rotation under the condition of ACL
absence was significantly lower for 0 and 90° knee flexion,
while for 30° it was not compared to the condition of ACL
integrity. But these values did not reach significance for
external rotation.

Postmortem stiffness, once broken, had no further effects
on the passive joint movements and allowed for the
performance of the clinical Lachman and pivot shift tests
without any problems.

One current technical drawback is the use of trans-
osseous Schanz screws for the attachment of the thigh
and shin bone to the torsiometer. This limits the current
device to performing ex vivo experiments. However,
currently we are developing a noninvasive fixation mode
on a splint basis. Of course we are aware of the fact that
further studies are necessary to establish physiological
and pathological reference values. Another potential
drawback is the visual and palpable adjustment of the
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knee joint line and patella orientation to the torque axis
of the device. A radiological assessment of the femoral
and tibial axis could have ensured the measurement in
regard to the anatomical axis. In this regard setting the
device to zero has been processed after fixation to
exclude pre-existing torques.

Conclusion

In this study we present a novel measuring device for the
evaluation of femorotibial rotation under varying knee
flexion angles. The internal deflection increases massively
in the absence of the ACL. The highest increase of the
rotational arc was found in 0° knee flexion when, in the
case of ACL integrity, the PL bundle is the main restraint.
Under natural conditions the PL bundle is under tension
and the AM bundle is more relaxed. The testing device is
highly reliable for a dynamic measurement of internal,
external and total rotation and enables the examiner to
analyse deflection and torque patterns restraining rotational
motion. It might be a useful tool for a wide field of
rotational measurements and can be used to compare
varying ACL reconstruction techniques or ligament defi-
ciencies and their reconstruction in cadavers. In the same
way we think that the calculation of the AUC is a suitable
way to investigate the restraint patterns according to the
physical work needed for deflection. Further developments
will enable the system to be used as a noninvasive clinical
measurement device and for future application in daily
routine clinical practice.
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