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Dynamic MRI Assessment of Normal
Knee Kinematics
Abstract
Background: Knee motion is complex and has been studied intensively. The
concept of an instant center of rotation postulates that the axis around which
the tibia flexes and extends moves with knee flexion and extension. This concept
has been contradicted by the concept of fixed axes around which the tibia and
patella flex and extend during knee motion. Advanced imaging technologies help
to further characterize knee motion and facilitate localization of the axis around
which the tibia flexes and extends. Using dynamic magnetic resonance imaging
(MRI), the purpose of this study was 1) to establish a setup for dynamic MRI
knee measurements, 2) to construct a cadaver knee model and 3) to generate
a mathematical algorithm to facilitate a 3-dimensional characterization of knee
kinematics and calculate a defined and fixed axis around which the tibia flexes
and extends.
Methods: MR images were obtained using a 1.5T Magnetom Avanto MRI Scanner
(Siemens Healthcare GmbH, Erlangen). A u-shaped 16 channel RF (radiofrequency)
coil array with 160 mm inner diameter and a length of 180 mm was used and
covered the cadaver knee on three sides. The fourth side of the knee is open
to allow knee motion. A pneumatic movement device was specifically designed
to generate reproducible and repetitive knee flexion and extension. The MRI
sequence was synchronized with the frequency of the motion cycle. Ten cadaver
knees were thawed, dissected and prepped with contrast media filled spheres.
They were then fixed in the movement device and were scanned with dynamic
MRI. The center of rotation was calculated using circular interpolation and the
error (F) was calculated comparing the measured value at any time point with
an ideal position based on the calculated flexion-extension axis (=nonlinear curve
optimization).
Results: Knee movement was analyzed within a motion arch of 90°. All knee
specimens had intact ligamentous structures, no meniscal pathology, and no
osteoarthritic changes of the cartilage surface. A fixed axis around which the tibia
flexes and extends was localized in all ten specimens and the accuracy of the axis
was calculated.
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Conclusions: This study presents a novel technique of using dynamic MRI to
visualize knee kinematics ex vivo and confirms the presence of a fixed axis around
the tibia flexes and extends. The passive movement device and the mathematical
algorithm generates an accurate system to evaluate knee motion that will be of
further assistance in characterization of physiologic biomechanics and in detection
of pathological kinematics of the knee joint in vivo.
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Introduction
Dynamic measurement of knee joint kinematics is a helpful tool
because it aids in clinical diagnostics [1-3] helps understand
sport injury mechanisms [4,5] and is essential in developing
implant designs and alignment techniques [6,7]. Movement
and load transmission are the main function of the knee joint.
Reconstructive surgery and partial or total knee arthroplasty
aim to restore the pretraumatic or normal kinematics and load
transmission when these have been affected by injury or disease.
Assessing normal knee motion is of substantial interest for
improving joint health [3,8-10].
The knowledge of normal knee kinematics has been extensively
studied and has experienced a paradigm shift. The theory of the
instant center of motion postulates that the femoral condyles
are not circular, which results in an axis-around which the tibia
flexes and extends–that moves with knee flexion and extension
(=instant center of motion) [11,12]. This theory also assumes that
the axes around which the tibia and patella flex and extend are
exactly parallel to the anatomic coronal plane, which is defined by
morphological landmarks and not by the motion of the knee. The
principle of the instant center of motion derives from analyzing
the geometry of the femoral condyles in the anatomical sagittal
plane and dates back to the late 19th century [11]. However, with
the support of improved imaging modalities the kinematic theory
has seen a fundamental revision of the concept of the axes of
motion of the knee, which has implications for component design
and alignment in total knee arthroplasty. The theory of the
instant center of motion was challenged and it was postulated
that the axes around which the tibia and patella flex and extend
are several degrees offset from the anatomic coronal plane
[12,13]. It was also postulated that if the axes were offset from
the anatomical coronal plane it would result in two separate
fixed femoral axes around which the tibia and the patella flex and
extend. Proof of this postulation was established in 1993 [14].
Improved imaging technology and computer simulation provided
further evidence [15,16]. These two axes are not parallel to the
anatomic coronal plane or to the transepicondylar axis but are
perpendicular to the flexion-extension plane of the knee [17,18].
However, within the orthopaedic community the belief in the
instant center of motion theory persists in the current age. The
identification and exact localization of the two fixed axes around
which the tibia and patella flex and extend can be facilitated with
dynamic magnetic resonance imaging (MRI).
MRI is a useful non-invasive diagnostic modality to identify
intraarticular soft tissue injuries and osseous stress reaction [19].
In addition, dynamic MR imaging of the knee with both high
spatial and temporal resolution and high signal-to-noise ratio
(SNR) will offer substantial improvements [20]. Compared to
static imaging (or passive loading followed by static imaging), the
complex muscle activation pattern that occurs during movement
is better represented in dynamic imaging (as the leg is in motion).
Dynamic imaging has the potential to characterize and quantify
mechanics of internal structures in vivo [21].
Several studies related to dynamic imaging of human knee have
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been carried out to characterize movements of bones in the knee
using MRI [4,22-26]. However, the motion is quasi-static, in that
the knee is imaged at fixed angles and not in continuous motion.
There have been studies that image knee in motion, but they
exhibit limited spatio-temporal resolutions due to limitations in
coils or associated hardware [27,28].
This study demonstrates the advantage of a dedicated RF array
coil together with a movement device to perform dynamic
imaging of cadaver knees with a high spatio-temporal resolution
at 1.5 T. The goal of this study was 1) to establish a setup for
dynamic MRI knee measurements using a 16 channel RF coil
array and a movement device, 2) generate a knee model with
a cadaver knee to facilitate a 3-dimensional characterization of
knee kinematics and 3) generate a mathematical algorithm to
calculate a defined and fixed axis around which the tibia flexes
and extends.

Methods
The choice of this specific receive array coil for this application
involves consideration of the following aspects:
1. Region of interest, dimensions and geometry of the cadaver
knee.
2. Shape of coil housing adapted to the cadaver leg.
3. Signal-to-noise ratio (SNR) at the region of interest (ROI).
4. Applicability of acceleration (partially parallel acquisitions).
It was essential to allow an unobstructed and uniform movement
of the cadaver knee during the acquisition of the MR signal. The
geometry of the coil fits well to the cadaver knee/leg and provides
high sensitivity, SNR and parallel imaging capabilities. The coil
and its housing had the following dimensions and characteristics:
a semicircular surface of 160 mm inner diameter and a length of
180 mm that covers the whole knee and allows having 16 array
coil elements on three sides of the knee as close as possible to
the region of interest. The fourth side of the knee is open to allow
knee motion. Thus, during the whole motion the knee is covered
as much as possible by the coil and an optimum filling factor is
achieved at all positions.
To guide the movement of the cadaver knee during the
measurements and to perform a reproducible motion during
the whole acquisition, a dedicated movement device was used
(Figure 1). The device consisted of two baseplates of acrylic glass
connected with a hinge. The device was driven by a pneumatic
piston which was powered by pressurized air from a compressor
via a pressure limiter. The inflow and outflow of air were adjusted
per the desired speed of the movement. The range of motion
was adjusted by two photoelectric sensors defining the upper
and lower turning points. A third photoelectric sensor provides
an external trigger signal to synchronize the movement device
with the MR acquisition.
The dynamic images were acquired using the Magnetom Avanto
MRI Scanner (Siemens Healthcare GmbH, Erlangen) and a
segmented multi-slice FLASH sequence (TE=2.38 ms, TR=5.0 ms,
BW=416 Hz/pixel, flip angle=60°, in-plane resolution=1.41 × 1.41
This article is available in: http://orthopedics.imedpub.com
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mm², slice thickness=3 mm, 32 slices, 4 segments, approx. 25-30
time frames, total acquisition time approx. 8-10 min).
Ten knee specimens were thawed, dissected, aligned, and potted
in preparation for dynamic MRI measurements. The thigh was
transected 20 cm proximal to, and the lower leg was transected
15 cm distal to the joint line of the knee. Soft tissues between 15
cm proximal to and 12 cm distal to the joint line of the knee were
retained with exception of the skin and the subcutaneous fatty
tissue (Figure 2).
Plastic intramedullary rods were cemented into the medullary
canals of the femur and tibia using methyl methacrylate (Palacos©;
ZimmerBiomet). The femoral rod was square, the tibial rod was
round. The rods were attached to alignment fixtures that were
connected to the movement device. The femoral rod fixture was
square with the inner diagonal matching the outer diagonal of
the femoral rod. The tibial rod fixture was rectangular with the
inner height matching the diameter of the tibial rod and the
width three times the diameter of the tibial rod (Figure 3).

Figure 2 Preparation of the cadaver knee from the popliteal fossa;
The soft tissues around the knee joint were left intact
after the skin and subcutaneous fat tissue has been
removed; A round plastic rod is cemented in the tibial
medullary canal and a square plastic rod is cemented in
the femoral medullary canal; Three contrast media filled
spheres are attached to the tibia and femur to facilitate
accurate localization and measurement of the tibial
motion arc.

This fixation allowed for translation, rotation and varus/valgus
angulation of the tibia during range of motion. Using a functional
alignment procedure, the position and orientation of the femur
and tibia were adjusted using the alignment fixtures until the
flexion-extension axis of the tibiofemoral joint were aligned with
the flexion-extension axis of the hinge of the movement device.
Six contrast media filled spheres were attached to the femur
and tibia via thin plastic rods (to extend the motion range of the
spheres), three to the femur and three to the tibia, to facilitate
accurate 3-dimensional localization of the femur and tibia during
motion (Figure 2).
Figure 3 Fixation of the round (tibia) and square (femur) plastic
rods to the pneumatic movement device.

Mathematical Analysis
To identify the flexion-extension axis the contrast media filled
spheres attached to the femur served as a relative coordinate
system. This 3-dimensional coordinate system consisted of an
axial plane (=internal/external rotation), sagittal plane (flexion/
extension), and coronal plane (varus/valgus angulation). The
three contrast media filled spheres attached to the tibia moved
within this relative coordinate system of the femur.
The following algorithm was used to calculate the flexionextension axis:

Figure 1 The movement device used to guide the cadaver
knee through range of motion; The movement device
consisted of two baseplates connected with a hinge;
Driven by a pneumatic piston inside a pneumatic cylinder
the movement device enabled a range of motion of 45°;
Adjusting the cadaver knee between measurements
increased the cumulative range of motion to 90°; The
coil was centered at the hinge.
© Under License of Creative Commons Attribution 3.0 License

Define the 3-dimensional relative coordinate system of the femur
at each point of time during range of motion and transform all
coordinates of the three tibial contrast media filled spheres into
this coordinate system.
Find the optimal plane for each of the tibia spheres over the
motion cycle.
Project each of the three tibial spheres within its “sagittal” plane.
The normal vector of each plane defines the direction of the
related flexion-extension axis.
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Calculate the center of each circle defined by the motion of the
tibial spheres within each “sagittal” plane by applying circular
interpolation. Deviation of any tibial sphere from the sagittal
plane by internal/external rotation is compensated by the
mathematical algorithm.
Calculate the mean of the three normal vectors and find the point
with the lowest distance to all three axes. This averaged vector
together with the nearest point defines the flexion-extension
axis.
Each measured position of the tibial contrast media filled
sphere at any time point was compared to the ideal position
based on the calculated flexion-extension axis (=nonlinear curve
optimization). The error between the measured position and the
nonlinear curve optimization was calculated and expressed in the
Euclidean norm:

F

1
n −1

n

.∑ yi − xi
i =1

The variable yi is the ideal sphere position of the measured
sphere position xi , n is the number of points (3 × (number of
spheres) × (number of time points)).

Results

Video 2

The knee movement device generated a range of motion arch
of 45°. Repositioning the cadaver knee in the movement device
in between measurements permitted visualization of a motion
arch of up to 90° in the dynamic MRI scan. All knee specimens
had intact ligamentous structures, no meniscal pathology, and
no osteoarthritic changes of the cartilage surface (Video 1).
The six contrast media filled spheres attached to the femur and
tibia were easily visible on the dynamic MRI scan and facilitated
precise localization of the femur and tibia and calculation of the
path of motion (Video 2).
A fixed axis around which the tibia flexes and extends was
localized in all ten specimens. The three tibial contrast filled
spheres produced concentric arcs within the femoral relative
coordinate system (Figure 4). Nonlinear curve optimization for
the three arcs for all ten knees disclosed an error as low as F=7.8
[mm].

Figure 4 3-dimensional graph localizing the measured tibial
contrast media filled spheres during a range motion
(=circles), the ideal sphere position based on the
calculated (i.e. fitted) flexion-extension axis using
nonlinear curve optimization (=crosses) and the
associated axis around which the tibia flexes and
extends; The x-axis displays movement in the axial
plane, the y-axis displays movement in the coronal
plane, and the z-axis displays movement in the sagittal
plane; The error between the measured spheres and
the ideal sphere position is minimal.

Discussion
Video 1

4

Normal knee motion is still discussed with different interpretations
of the results [29]. It has been thought to occur about a variable
flexion-extension axis (=instant center of rotation) [3]. This
variable flexion-extension axis was thought to be perpendicular
to the sagittal plane. However, the investigations leading to this
This article is available in: http://orthopedics.imedpub.com
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conclusion assumed that the axes of tibial flexion and extension
around the femur are perpendicular to the anatomical sagittal
plane [14]. Our study introduces a new technique to assess
knee motion with dynamic MRI. We present a novel passive
movement device that generates repetitive, periodic knee
motion, a cadaveric knee model that allows reliable localization
and interpretation of knee kinematics, and a mathematical
algorithm that enables the calculation of the axis around which
the tibia flexes and extends.
Several limitations related to this study should be discussed.
First, our study used a cadaveric knee model. Although these
cadaveric knees had no traumatic or degenerative changes and
the geometry of the cadaver knees did not differ from knees of
living subjects, the results of this study should be verified with
human subjects. Second, our study investigated the path of
motion of tibia around the femur during passive range of motion.
Active range of motion and range of motion under load may
demonstrate a different motion pattern in regards to internal
and external rotation and translation of the tibia [23]. However,
the localization of the axis around which the tibia flexes and
extends is based on osseous distal femoral geometry and
therefore should not be affected by active or passive range of
motion [15]. Additional studies using the technology presented
in this study will further enlighten this question. Third, attaching
three contrast media filled spheres to each the femur and tibia is
an invasive technique and not applicable for use in living human
subjects. The goal of this study was to establish a movement
device, an imaging protocol, a knee model, and a mathematical
algorithm leading to precise measurements of knee kinematics.
Using the localization of the axis around which the tibia flexes
and extends as an established concept of knee motion confirmed
the accuracy of our methods [14,29]. Further studies in humans
will refrain from using the contrast media filled spheres. Instead
anatomical bony landmarks in the tibia and femur as previously
demonstrated will serve as reference points [28].
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In comparison to other studies using “dynamic” MRI, our protocol
permits the visualization of the complete arch of motion at any
point of time. The dynamic element of previous “dynamic” MRI
studies have used a static MR scan at different degrees of knee
flexion, termed quasi-static [22,23]. The optimized receive array
coil used in the present study along with the designed movement
device has been shown useful in acquiring images at very fine
spatial and temporal resolutions in a 1.5 T MR scanner. However,
our MRI sequence requires the repetition of the same movement
through several cycles. Deviation from the same movement
leads to motion artifacts that can affect the accuracy of the
measurement. The designed movement device inhibits such
deviation and guarantees a repetitive motion sequence. The
movement device is also applicable to use in living humans and
enables passive range of motion as well as guides active range of
motion. Further studies are under way to evaluate the presented
technique in living subjects. Our data is in agreement with
previously published data and confirm the presence of a fixed axis
around which the tibial flexes and extends [14,15,29]. The low
calculated error of F=7.8 [mm] confirms that our experimental
setup was accurate and precise in localizing the flexion-extension
axis.

Conclusion
Our study introduces a novel technique of using dynamic MRI
to visualize knee kinematics. Using the passive movement
device that generates repetitive knee motion, the cadaveric
knee model, and the mathematical algorithm generates an
accurate system that enables precise calculation of knee motion.
Additional in vivo studies will further assess the applicability of
this experimental setup.
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