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Abstract

Introduction:  This  work  aimed  to  develop  a  novel  multipurpose  device  for  guided  knee  flexion-extension,  both  passively
using a motorized  pneumatic  system  and  actively  (muscle-driven)  with  the  joint  unloaded  or  loaded  during  dynamic  MRI.
Secondary objectives  were  to  characterize  the  participant  experience  during  device  use,  and  present  preliminary  dynamic
MRI data  to  demonstrate  the  different  device  capabilities.
Material and  methods:  Self-reported  outcomes  were  used  to  characterize  the  pain,  physical  exertion  and  discomfort  levels
experienced by  10  healthy  male  participants  during  four  different  active  knee  motion  and  loading  protocols  using  the  novel
device. Knee  angular  data  were  recorded  during  the  protocols  to  determine  the  maximum  knee  range  of  motion  achievable.
Dynamic MRI  was  acquired  for  three  healthy  volunteers  during  passive,  unloaded  knee  motion  using  2D  Cartesian  TSE,  2D
radial GRE  and  3D  UTE  sequences;  and  during  active,  unloaded  and  loaded  knee  motion  using  2D  radial  GRE  imaging.
Because of  the  different  MRI  sequences  used,  spatial  resolution  was  inherently  lower  for  active  knee  motion  than  for  passive
motion acquisitions.
Results:  Depending  on  the  protocol,  some  participants  reported  slight  pain,  mild  discomfort  and  varying  levels  of  physical
exertion. On  average,  participants  achieved  ∼40◦ of  knee  flexion;  loaded  conditions  can  create  knee  moments  up  to
27 Nm.  High  quality  imaging  data  were  obtained  during  different  motion  and  loading  conditions.  Dynamic  3D  data
allowed to  retrospectively  extract  arbitrarily  oriented  slices.
Conclusion:  A  novel  multipurpose  device  for  guided,  physiologically  relevant  knee  motion  and  loading  during  dynamic
MRI was  developed.  Device  use  was  well  tolerated  and  suitable  for  acquiring  high  quality  images  during  different  motion
and loading  conditions.  Different  bone  positions  between  loaded  and  unloaded  conditions  were  likely  due  to  out-of-plane
motion, particularly  because  image  registration  was  not  performed.  Ultimately,  this  device  could  be  used  to  advance  our
understanding of  physiological  and  pathological  joint  mechanics.
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graphical user interface developed in MATLAB (MathWorks,
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1 Introduction

Magnetic resonance imaging (MRI) is a leading modality
in the evaluation of musculoskeletal conditions due to its non-
invasive, direct multi-planar capabilities and excellent soft
tissue contrast at high spatial resolution [1]. However, muscu-
loskeletal MRI is conventionally performed in static, unloaded
positions that do not represent the actual dynamic physiol-
ogy of joints [2–6] and may preclude detection of functional
deficits. It is particularly relevant to evaluate musculoskele-
tal joint conditions in the context of motion and/or loading
as deviations from normality can be intimately involved in
the development and exacerbation of pathology and pain.
For instance, altered joint mechanics resulting from anterior
cruciate ligament injury/reconstruction are implicated in the
onset and progression of knee osteoarthritis [7,8]. Similarly,
abnormal patellofemoral kinematics is a risk factor for the
development and progression of knee pain [9,10]. Therefore,
in vivo measurements of joint motion and loading may play
an important role in understanding physiological and patho-
logical joint mechanics.

Use of dynamic MRI to quantify in vivo knee mechan-
ics remains scarce; however, its application to study the knee
joint during motion or under mechanical loading has increas-
ingly shown promise in recent years [11,12]. In addition, the
development of new dynamic MRI techniques, as well as spe-
cialized MRI-safe equipment to generate or guide knee motion
and to impart mechanical loading onto the joint, facilitate the
acquisition of valid and reliable data [11,13]. While various
custom-made devices have been developed for this purpose,
most allow for axial loading of the knee in a slightly flexed
or fully extended fixed position by applying mechanical loads
to the individual’s foot via footplates or orthotic boots either
passively using cable/pulley setups, elastic bands or ratchet-
ing mechanisms, or actively using pneumatic actuators [12].
Alternatively, some devices/setups enable knee motion (pas-
sively or actively) without load application [11,13]; very few
devices are multipurpose, enabling knee motion in combina-
tion with load application [14,15].

The scarcity of multipurpose devices is likely due to var-
ious logistical challenges that must be overcome: they must
be built out of MRI-safe materials (i.e., non-magnetic, non-
metallic, non-conducting) [16] and must fit and operate within
the confines of the scanner bore. In particular, use of cumber-
some and manually-operated components that extend from
the scanner (e.g., cord and pulley systems) should be avoided
to minimize the risk of equipment malfunction, MRI system
damage or patient injury. Furthermore, such devices should
allow for physiologically relevant magnitudes of joint motion
and loading while ensuring patient comfort.

The purpose of this work was to develop a novel MRI-safe
device for dynamic imaging of the knee joint that addresses

the aforementioned challenges and that allows for guided knee
motion in the sagittal plane, both passively (i.e., motor-driven)
and actively (i.e., muscle-driven) with the joint loaded or
ys 32 (2022) 500–513 501

unloaded. In this article, we describe the design and speci-
fications of the knee motion/loading device; characterize the
participant experience during active knee motion and loading
using the device; and present preliminary data obtained from
dynamic MRI to demonstrate the different capabilities of the
device.

2 Material and methods

This study was approved by the research ethics boards of
the Charité – Universitätsmedizin Berlin (EA2/088/16) and
the Friedrich Schiller University Jena (4756-04/16). All par-
ticipants provided written, informed consent prior to taking
part in the study.

2.1  Device  specifications

The knee motion/loading device (Figure 1) was specif-
ically designed for a 3T whole-body MRI scanner with a
60 cm diameter bore (Magnetom Prisma Fit, Siemens Health-
ineers, Erlangen, Germany). The main components were built
out of polyoxymethylene (POM), polylactic acid (PLA) fil-
ament, onyx filament and fiberglass, and the various parts
were secured together using adhesives and nylon screws (see
Appendix).

The different components of the device are depicted in
Figures 2, 3 and 4; corresponding identifiers are given in
square brackets in the following text. The baseplate [A] is
composed of two overlapping, attached pieces. The proximal
piece is single-plied (2.62 cm thick), sits atop the patient table,
and has two cut-outs for the coil plugs [B] and four small pins
on each side that can be pressed down into the slits of the
patient table rails to secure the device in place. The distal piece
is double-plied (3.16 cm and 2.62 cm thick) and sits atop the
rails within the bore of the scanner, which are normally used
to guide and support the patient table. The assembled base-
plate (total dimensions of 170 cm x 54 cm) has an opening in
its center through which the lower leg can move up and down,
thus permitting a larger range of motion that is unhindered by
the patient table.

Proximally, there are two pillow blocks [C] secured to the
baseplate, each of which are connected to 30-toothed sprock-
ets whose centers correspond to the axis of rotation of the knee.
Each of these pillow blocks contains attachments in the front
and on the sides for a thigh strap [D] and a rotary encoder
[E], respectively. The encoder (MR338-Y10C10, Micronor,
Camarillo, CA, USA) [F] – a fiber optic absolute position
sensor with 0.025◦ resolution – connects to a remote con-
troller module (MR330-1, Micronor, Camarillo, CA, USA)
outside the MR room and enables real-time monitoring of
knee flexion angles during MRI acquisition using a custom
Inc., Natick, Massachusetts, United States of America). A
built-in thigh positioning wedge [G] lies between the prox-
imal pillow blocks. A leg support [H] comprised of two rigid
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Figure 1. A 3D rendering of the knee motion/loading device (left) and two photographs of the device in a Siemens Magnetom Prisma Fit
MRI scanner (right). The top right image (rear view) demonstrates how the distal part of the device sits atop the rails within the scanner bore,
which are normally used to guide and support the patient table. The bottom right image (front, oblique view) demonstrates an individual
positioned in the device with a flexible coil around the index knee, the thigh secured between the proximal pillow blocks and the ankle
fastened to the leg support, as well as the coil plug setup.

Figure 2. Depictions of the different components of the MRI-safe knee motion/loading device, including an oblique view (left), a side view
(top right) and a top view (bottom right). The components, which are described in detail in the methods section, are as follows: baseplate [A];
cut-outs for coil plugs [B]; proximal pillow blocks (with 30-toothed sprockets) [C]; thigh strap attachments [D]; rotary encoder attachments
[E]; rotary encoder [F]; thigh positioning wedge [G]; leg support [H]; ankle rest [I]; distal pillow blocks (with 30-toothed sprockets) [J];
drive axle [K]; 44-toothed circular gear [L]; belts [M]; belt clamps [N]; gearbox [O]; proximal, upper, 30-toothed circular gear [P]; proximal,

 dis
ing
lower, 30-toothed circular gear [Q] (not visible here; see Figure 3);
plates [T] (not displayed here; see Figure 3); gearshift [U]; and lock

shafts that run along either side of the lower leg (clearance
of 16.3 cm between shafts) is connected proximally to the
sprockets and protrudes from the pillow blocks; and distally
by a foam-padded crosspiece that serves as an ankle rest [I].
The latter is adjustable to one of three positions (i.e., 33 cm,

38 cm, 43 cm) to accommodate different leg lengths.

Distally, there are two smaller pillow blocks [J] fixed to
the baseplate, each of which are connected to 30-toothed
tal 44-toothed circular gear [R]; 21-toothed linear gear [S]; weight
 pin [V].

sprockets by the central shaft of a drive axle [K]. The drive
axle is solidified by five peripheral shafts and four bracing
disks, and contains in its center a 44-toothed circular gear [L].
The proximal and distal sprockets are linked by two 168.45 cm
toothed belts [M] that run along either side of the lower leg,

which are themselves secured by small clamps [N]. The most
distal component of the device is the gearbox, which is used
exclusively for active motion trials. For passive motion trials,
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Figure 3. Close-up depictions of the different components that comprise the gearbox (left; cross-sectional view) and the air cushion setup
(right) of the MRI-safe knee motion/loading device. The components are described in detail in the methods section. Components that are used
exclusively for active motion trials are as follows: gearbox [O]; proximal, upper, 30-toothed circular gear [P]; proximal, lower, 30-toothed
circular gear [Q]; distal 44-toothed circular gear [R]; 21-toothed linear gear [S]; weight plates [T]; gearshift [U]; and locking pin [V] (not

 for
 pla
displayed here; see Figure 2). Components that are used exclusively
cushion connector [X]; compression platform [Y]; and compression

the gearbox is disabled and a motorized air pressure system
is used to generate knee motion, as described subsequently.

2.1.1 Gearbox  –  active  knee  motion

For active motion trials, knee motion is guided by the belt
and sprocket assembly that runs along either side of the lower
leg and that connects to the gearbox, which is put into motion
by the leg support when the participant actively flexes and
extends the knee. The gearbox [O] is comprised of three inter-
linked circular gears: a proximal, upper, 30-toothed gear [P]; a
proximal, lower, 30-toothed gear [Q]; and a distal 44-toothed
gear [R] that interlinks with a 21-toothed linear gear [S], form-
ing a gear rack upon which weight plates [T] can be placed
to adjust the magnitude of knee loading. To enable the gear-
box, one of its two proximal gears must be connected to the
gear from the drive axle using a gearshift [U] and locking pin
[V]: the selected configuration will determine the rotational
direction of the gears and will depend on whether knee motion
should be driven by the quadriceps or hamstring muscles.

Active motion trials can be performed in unloaded (no
added weight) or loaded conditions, with up to 40 kg of exter-
nal load. However, due to the various components implicated
in generating knee motion (e.g., sprockets, belts), the actual
load actively moved by the knee muscles is less than the
applied external load. This linear relationship, which was
determined experimentally with the ankle rest in the default
middle position, can be expressed using the following equa-
tion: load  moved  by  knee  muscles  (kg)  = 0.135 ×  external  load

(kg) + 0.943. Thus, a maximum external load of 40 kg results
in ∼6.3 kg (or 62 N) applied to the muscles. Depending on the
moment arm (i.e., distance from the knee axis of rotation and
the adjustable ankle rest), the device can create knee moments
 passive motion trials are as follows: inflatable air cushions [W]; air
tform adapter [Z].

of ∼20–27 Nm (without accounting for the inertial properties
of the lower leg/foot).

2.1.2  Motorized  air  pressure  system  –  passive  knee
motion

For passive motion trials, guided knee motion is gener-
ated using a motorized pneumatic system designed for slow
and continuous motion over the available range, with speeds
adjustable between ∼1◦/min and 10.5◦/min. The motorized
system can also be used to position and lock the knee in
specific flexion angles for static imaging. To use the passive
setting, three stacked, inflatable air cushions [W] are attached
with an interlocking connector [X] atop the disabled gearbox
of the device. A compression platform [Y], which is connected
to the drive axle of the device via an adapter [Z], is positioned
over the air cushions. Lastly, the air cushions are connected
via a flexible air tube (20 m) to a motor assembly located
outside the MR environment.

The motor assembly is powered by a 24 V power supply
and is housed inside a control box [I]. A control panel [II]
containing an organic light-emitting diode display and asso-
ciated buttons (1.3” SPI Serial 128x64 OLED module for
Arduino, SainSmart) is used to set the desired speed and range
of motion. Passive knee motion is generated and controlled
by a linear system, which is comprised of a microcontroller
(Arduino Mega 2560, Arduino) [III], a digital stepper driver
(DM542T, Stepperonline) [IV] and a modified electrome-
chanical linear actuator (load capacity 750 N; stroke length

100 mm, Justech) with stepper motor (current 1.5 A; step angle
1.8◦, MVPower) [V]. When activated, the actuator drives
upward a piston rod [VI], which compresses a triad of inflat-
able air cushions [VII]. As the air cushions in the motor
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Figure 4. Depictions of the different components of the motor assembly used to generate passive motion with the MRI-safe knee
motion/loading device, including an exterior view (left) and an interior view (right). The components, which are described in detail in

]; m
e ai
the methods section, are as follows: control box [I]; control panel [II
stepper motor [V]; piston rod with compression plate [VI]; inflatabl

assembly are deflated, those attached to the device are inflated
thereby raising the compression platform, rotating the drive
axle and setting the device in motion, ultimately raising the
lower leg. Reversal of this process (i.e., airflow in the opposite
direction) will result in lowering of the compression platform
and the lower leg. Finally, a manual bulb air pump [VIII] con-
nected to the air cushions allows to equilibrate the air pressure
in the system prior to a passive motion trial.

2.1.3  Participant  positioning

The device can be used with either knee, in supine or prone
position. The individual is positioned with the pelvis and
lower limbs on the proximal portion of the baseplate and with
the upper body extended onto the padded patient table. The

index knee is instrumented anteriorly and/or posteriorly with
one or two suitable flexible coils, and positioned between the
two proximal pillow blocks with its axis of rotation aligned
with that of the device using padding as required; the thigh is
icrocontroller [III]; digital stepper driver [IV]; linear actuator with
r cushions [VII]; and bulb air pump [VIII].

fastened upon the wedge positioner; and the lower leg is fas-
tened to the ankle rest approximately 2 cm proximal to the
malleoli. The contralateral leg is placed alongside the bore.
Once positioned, the participant is asked to perform several
knee flexion-extension cycles to ensure that the leg is properly
positioned within the device, and to ascertain whether there is
any bodily discomfort during knee motion prior to data col-
lection. Examples of a participant performing an active supine
protocol, an active prone protocol, the transition into the bore,
as well as passive motion using the motorized pneumatic sys-
tem are shown in Video 1.

2.2  Participant  experience  during  active  knee  motion
and loading
Self-reported outcomes were used to characterize the expe-
rience of 10 healthy male participants (age 34.6 ±  6.0 years;
body mass index 23.9 ±  2.2 kg/m2), without prior lower-limb
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injury/surgery or known musculoskeletal conditions, during
four different active knee motion and loading protocols using
the novel device. Each protocol consisted of a 90-second bout
of active, cyclic knee flexion-extension over the available
range of motion to the beat of a metronome. The protocols
were as follows: (1) 4 cycles/min with 20 kg of external load;
(2) 6 cycles/min with 20 kg of external load; (3) 4 cycles/min
with 35 kg of external load; and (4) 6 cycles/min with 35 kg
of external load. Participants were in supine position and the
device gears were configured for quadriceps-driven motion,
resulting in concentric contractions with knee extension and
eccentric contractions with knee flexion. The protocols, which
were completed outside the MR environment using a special-
ized setup that emulated the physical constraints of the scanner
bore, used knee motion speeds realistic for dynamic MRI (i.e.,
to accommodate data sampling rate) and external loads that
produced physiologically relevant knee loading magnitudes.
Knee angular data were recorded with the rotary encoder dur-
ing the protocols to determine the maximum knee range of
motion achievable.

After completing each protocol, participants answered the
questions “How much pain did you experience (and where)?”
and “How physically exerting was the task?” using an 11-
point numerical rating scale ranging from 0 “none/not at all”
to 10 “extreme(ly)”. Participants also answered the question
“How much discomfort did you experience (and where)?”
using a Likert scale with the following five mutually exclusive
answer options: not uncomfortable; barely uncomfortable;
somewhat uncomfortable; very uncomfortable and extremely
uncomfortable. These questions were deemed valuable in
determining whether it would be feasible to extend the use of
the knee motion/loading device to persons with musculoskele-
tal knee conditions who may experience worsening symptoms
with motion and loading.

2.3  Magnetic  resonance  imaging  data  acquisition

Knee MRI scans were acquired for three volunteers with-
out prior lower-limb injury/surgery, known musculoskeletal
conditions or contraindication to MRI. These volunteers were
not part of the aforementioned group that completed the
knee motion and loading protocol. Dynamic MRI was per-
formed using a 3T whole-body Magnetom Prisma Fit scanner
(Siemens Healthineers, Erlangen, Germany) and, depend-
ing on the desired knee coverage, one or two multipurpose
flex coils each with eight receive channels (Variety, NORAS
MRI products GmbH, Höchberg, Germany). To demonstrate
the different capabilities of the knee motion/loading device,
three distinct MRI measurements were performed: i) two-
dimensional (2D) imaging of unloaded, passive knee motion;
ii) three-dimensional (3D) imaging of unloaded, passive knee

motion; and iii) 2D imaging of unloaded and loaded, active
knee motion.

Dynamic 2D imaging was acquired for one volunteer (male,
29 years old, 70 kg) in supine position during a passive knee
ys 32 (2022) 500–513 505

extension-flexion cycle. Data were collected continuously
over 9 minutes using one flex coil positioned anteriorly and
a vendor-supplied 2D multi-slice Cartesian turbo spin-echo
(TSE) sequence with the following parameters: (0.5 x 0.5
x 3.0) mm3 voxel size, 405 Hz/pixel acquisition bandwidth,
echo time (TE) of 106 ms, repetition time (TR) of 780 ms,
150◦ refocusing flip angle and 5 sagittal slices, resulting in a
temporal resolution of 7.8 s per frame. Subsequently, a sec-
ond passive knee extension-flexion cycle was performed over
9 minutes to acquire data with enhanced soft tissue contrast
using a custom 2D single-slice radial gradient recalled echo
(GRE) sequence [17] with the following parameters: (0.6 x
0.6 x 4.8) mm3 voxel size, 1929 Hz/pixel acquisition band-
width, 2.46 ms and 7.48 ms TE, 15 ms TR, 12◦ excitation
flip angle, a single sagittal slice and golden-angle tempo-
ral ordering of the radially rotated readouts [18], resulting
in a temporal resolution of 7.7 s per frame. The radial GRE
sequence used fat saturation before every excitation pulse; the
Cartesian TSE sequence did not. For both sequences, the focus
was to acquire high-resolution 2D sagittal slices by leverag-
ing the slow, continuous, passive motion achievable with the
device.

Dynamic 3D images with isotropic resolution were
acquired for one volunteer (male, 31 years old, 65 kg) in supine
position during one passive knee extension-flexion cycle. Data
were collected continuously over 48 minutes using one flex
coil positioned anteriorly and a 3D ultra-short echo time
(UTE) imaging sequence [19] with the following parameters:
(1.2 x 1.2 x 1.2) mm3 voxel size, 1240 Hz/pixel acquisition
bandwidth, 0.05 ms TE, 2.0 ms TR, 5◦ excitation flip angle
and fat saturation before every tenth excitation pulse, result-
ing in a temporal resolution of 88 s per frame. In contrast
to the dynamic TSE and GRE sequences used in the previ-
ous measurement, the UTE sequence also obtains signal in
tissues with short T2* such as tendons and ligaments [20].
The UTE sequence was also selected because its center-out
3D radial nature renders it very robust against motion and
aliasing artifacts [21].

Dynamic 2D imaging was acquired for one volunteer
(female, 28 years old, 60 kg) in supine position as several
knee extension-flexion cycles were actively performed over
the available range of motion to the beat of a metronome (2
cycles/min). The device gears were configured for quadriceps-
driven motion, eliciting concentric contractions with knee
extension and eccentric contractions with knee flexion. The
knee motion speed was selected to accommodate the MRI
data sampling rate. MRI data were collected continuously over
2 minutes using two flex coils positioned anteriorly and poste-
riorly, respectively, and 2D single-echo, radial GRE imaging
with a golden-angle temporal order scheme and the following
parameters: (1.6 x 1.6 x 4.8) mm3, 2893 Hz/pixel acquisition

bandwidth, 2.4 ms TE, 5.1 ms TR, 10◦ excitation flip angle and
a single sagittal slice. The image acquisition was performed
twice; first without load and then with an applied external load
of 15 kg. Knee angular data were recorded simultaneously
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Figure 5. Self-reported outcomes characterizing the experience of 10 male participants who completed four different protocols using the knee
motion and loading device. Each protocol consisted of a 90-second bout of active (i.e., quadriceps-driven), cyclic, knee flexion-extension over

ysi
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the available range of motion to the beat of a metronome. Pain and ph
Physical discomfort was rated using a Likert scale with five mutuall

with the rotary encoder. Images were reconstructed using
nonlinear inverse reconstruction [22,23] after binning the
radial MRI readouts retrospectively into 1◦ windows based
on the measured knee angles.

Cartesian TSE images were reconstructed online at the
scanner using the vendor-supplied reconstruction pipeline.
The 2D and 3D radially-acquired datasets were recon-
structed offline with MATLAB using re-gridding with
iterative sampling density compensation and an optimized
kernel [24]. No image registration between frames was
performed.

3 Results

3.1  Participant  experience

The self-reported outcomes characterizing the experi-
ence of the 10 participants who completed the active knee
motion/loading protocol are presented in Figure 5. Slight pain
was reported by one participant for the protocol with the low-
est speed and lowest external weight (4 cycles/min; 20 kg), and
by three participants for all other protocols. Furthermore, mild

physical discomfort was reported by four to six participants
depending on the protocol, while varying levels of physical
exertion were reported by all participants for all protocols.
All pain and discomfort were reported in the anterior aspect
cal exertion were rated from 0 “none/not at all” to 10 “extreme(ly)”.
xclusive answer options.

of the index thigh (i.e., quadriceps), with the exception of
one instance when discomfort was reported in the buttock
(6 cycles/min; 20 kg). The mean ±  standard deviation max-
imum knee range of motion achieved actively was 39.5◦ ±
3.4◦ (minimum: 31◦; maximum: 44◦), which varied depend-
ing on the length of the lower leg/foot and ankle position
(plantar/dorsiflexed).

3.2  Magnetic  resonance  imaging  data

High-resolution 2D MRI scans acquired in sagittal ori-
entation during slow, passive knee motion are displayed in
Figure 6. All images were free of motion artifacts, indicat-
ing that the temporal resolution was sufficient to resolve the
motion. With the knee near full extension, the Cartesian TSE
sequence showed minor streaking artifacts in some poste-
rior knee muscles, likely caused by aliasing from tissues that
moved outside the field-of-view. The radial T1-weighted GRE
sequence did not exhibit any aliasing artifacts because of the
twofold readout oversampling of the k-space data and pro-
vided images with high cartilage contrast and residual signal
in the patellar tendon.
Dynamic 3D data acquired with a UTE sequence dur-
ing slow, passive knee motion are shown in Figure 7. Due
to the isotropic spatial resolution, dynamic images could
be retrospectively extracted from arbitrarily oriented slices.
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Figure 6. Four selected frames illustrating the extension portion of one passive knee extension-flexion cycle acquired in the sagittal plane.
High-resolution images were acquired continuously over 9 minutes with 2D multi-slice TSE without fat saturation (top row) and 2D single-

os 
slice GRE with fat saturation (bottom row) imaging sequences. Vide
3).

Image contrast was also T1-weighted (as in the aforemen-
tioned 2D GRE sequence), but with additional signal in
tissues with very short T2* relaxation times (i.e., tendons,
ligaments).

Fast 2D sagittal MRI scans and knee angular data acquired
during active knee motion are presented in Figure 8. Use of
a 1◦ knee angle window for image reconstruction resulted
in images with sufficient temporal and spatial resolution to
present the active knee motion without artifacts (i.e., no major
blurring or streaking). However, these images had inherently
inferior spatial resolution compared to those from the pas-
sive motion acquisitions due to the faster knee motion speed.
Visual comparison of the scans acquired for the loaded and
unloaded conditions showed slightly different positions for the
femur, tibia and patella in the through-plane direction, likely
due to out-of-plane motion, particularly because image regis-
tration was not performed. In addition, less knee extension was
achieved during the loaded condition than for the unloaded
condition, reflecting either natural variability in knee motion

between cycles or an inability to adequately contract the knee
extensor muscles and fully straighten the leg under the given
load.
showing all frames acquired continuously are available (Videos 2 &

4 Discussion

In this work, we described the design and specifications of a
novel multipurpose device for guided knee motion and loading
during dynamic MRI. This device addressed various logisti-
cal challenges, including use of MRI-safe materials, operating
within the confines of a closed scanner bore, and allowing for
physiologically relevant magnitudes of joint motion and load-
ing [25]. Moreover, self-reported outcomes demonstrated that
the use of the device was generally well tolerated in healthy
adult men. Finally, device functionality and suitability for use
with dynamic MRI was demonstrated through various types of
acquired data. Use of such multipurpose devices for acquisi-
tion of in vivo measurements of knee motion and loading may
provide valuable insight into physiological and pathological
joint mechanics.

The device operated within the 60 cm diameter closed bore
of the MR scanner and allowed for knee motion between
∼0◦ (full extension) and ∼40◦ of flexion, with joint moments

up to ∼27 Nm during volitional motion. The attained knee
range of motion was ∼10◦ greater than for previously
reported multipurpose devices, likely due to the opening in the



508 N.M. Brisson et al. / Z Med Phys 32 (2022) 500–513

Figure 7. Six selected frames illustrating the extension portion of one passive knee extension-flexion cycle acquired in axial (top row),
ges

ly i

sagittal (middle row) and coronal (bottom row) planes. Isotropic ima
imaging sequence. A video showing all frames acquired continuous

baseplate through which the lower leg can move; achiev-
able knee moments under loaded conditions were comparable
[14,15]. Importantly, these magnitudes of knee motion and
loading are encountered during the stance phase of gait [25],
underscoring their physiological relevance. Furthermore, the
versatility of the device allows for dynamic MRI data to
be acquired with the patient in supine or prone position,
and during volitional, loaded motion driven either by the
quadriceps or the hamstring. Such versatility is useful for
accommodating patient preference/comfort and for perform-
ing in vivo investigations of knee tissues during different
joint motion and loading conditions. Also, the distal position
of the gearbox/motorized system connection allows chang-
ing between passive and active motion types, quadriceps
and hamstring-driven motion, and load magnitudes between
image acquisitions without displacing the patient. Finally, by
simply customizing the baseplate design, the device can be
adapted for use with other MRI systems with different bore

diameters and patient table dimensions.

To our knowledge, no prior report has evaluated the partic-
ipant experience using MRI-safe knee motion and/or loading
 were acquired continuously over 48 minutes with a 3D radial UTE
s available (Video 4).

devices. We deemed it important to characterize the partici-
pant experience in healthy individuals prior to extending use
of the device to older persons and patients with musculoskele-
tal knee conditions who may experience worsening symptoms
with motion and loading. While some pain and discomfort was
experienced in the index quadriceps muscle by a sub-group of
participants, levels were generally classified as low or mild.
As expected, due to lengthy active protocols (90 seconds),
all participants reported some level of physical exertion for
all protocols. Furthermore, visual assessment of Figure 5 sug-
gested a trend toward increasing levels of pain, discomfort and
physical exertion with increasing speeds and loads. The pres-
ence of quadriceps pain and discomfort in some participants
was not surprising, and was likely directly due to knee load-
ing (i.e., exercise-induced muscular pain/discomfort) rather
than the device itself. The subjective experience during knee
loading is participant-specific and influenced by several fac-
tors such as previous exposure to knee loading protocols

(i.e., resistance training), as well as knee muscle strength and
endurance. Accordingly, it is impossible to avoid muscular
pain/discomfort entirely for some individuals. Ultimately, this
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Figure 8. Knee angular data collected with a rotary encoder during active, unloaded and loaded (15 kg), knee extension-flexion cycles, with
t ea ◦ ◦ ◦ ◦

ded

color-coded regions from where the data were extracted to reconstruc
respectively (top); the corresponding frames, acquired for the unloa
are shown underneath.

knowledge can be applied to develop protocols that minimize
pain and discomfort.

The device allowed for MRI acquisition during passive
and active knee motion. Naturally, the slow, passive motion
allowed for higher resolution images to be acquired using both
radial and Cartesian trajectories. Despite this, data acquired
using the latter suffered from minor aliasing artifacts, possibly
caused by the knee motion itself or field of view limita-
tions. Consequently, radial imaging sequences were chosen
for all other scans due to their inherent robustness against
motion and aliasing artifacts [26]. Furthermore, the device
allowed passive knee motion stable enough for continuous
3D acquisition with isotropic resolution using a radial UTE
sequence. Since this imaging sequence enables retrospective
reformatting of dynamic MRI data to any orientation, it may
permit more accurate 3D segmentation and tissue tracking
during joint motion compared to 2D imaging for which out-

comes may be influenced by through-slice tissue shifts [27].
In addition, position-dependent increases in signal intensity
could be noticed in some tissues; for example, in the patellar
ch of the four frames at knee flexion angles of 38 , 28 , 18 and 10 ,
 and loaded conditions using 2D single-echo, radial GRE imaging,

tendon as knee flexion angles increased (see Figures 6, 7 and 8)
due to magic angle effects [28], and in the tibia as knee flex-
ion angles decreased (see Figures 6 and 7) due to reduced
fat saturation efficacy [29]. Finally, data acquired during
faster muscle-driven (active) motions were limited to a sin-
gle sagittal slice acquired with reduced temporal resolution
of 0.5 seconds per frame; however, this enabled acquisition
of dynamic data under conditions that were more physiologi-
cally relevant. By applying recent advances in real-time MRI
[30,31] and compressed sensing [32], it should be possible
to acquire images with higher temporal resolution to resolve
faster, and therefore, more physiologically relevant volitional
motions.

Mention of further device applications and potential use
of dynamic data beyond qualitative visualization is war-
ranted. Currently, dynamic MRI is typically performed using
one of three approaches [11,33]: stepwise acquisition with a

change in the position of the joint between each acquisition;
motion-triggered acquisition that requires multiple repetitions
of the same motion cycle (i.e., CINE MRI); or specialized
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acquisition sequences that facilitate real-time MRI during
continuous joint motion requiring no repetition. Although all
imaging data presented in this manuscript were sampled using
continuous dynamic MRI, the device can be used with all three
of the aforementioned approaches. For instance, since the
device allows to lock the knee in specific knee flexion angles, it
can be used for stepwise acquisition of static images with man-
ual changes in knee angle between each acquisition. This can
be useful for acquiring high-resolution images of joint struc-
tures that could otherwise not be sufficiently temporally and
spatially resolved when imaging continuous motion. Nonethe-
less, the novel device allows for slow, continuous, passive knee
motion (i.e., as slow as 1◦/min), likely overcoming the need
for stepwise, static image acquisition. Moreover, reconstruc-
tion of image frames based on the rotary encoder data ensures
matching knee angles for comparing data from different tri-
als, sessions or conditions; and may be used to combine data
from multiple motion cycles to enable CINE imaging [17].
However, this possibility remains subject to future studies as
standard CINE imaging may represent a suboptimal option
for populations with musculoskeletal disorders as the need
for repetitive and often lengthy motion (up to 2 minutes) may
be unfeasible due to symptoms (e.g., pain, weakness) [13],
especially during volitional, loaded knee motion. Another
alternative is real-time MRI, which acquires a time series of
single image slices with reduced spatial resolution and volume
coverage in only one motion cycle [1]. As dynamic MRI acqui-
sition methods (and times) continue to improve, use of such
multipurpose knee motion and loading devices could prove
indispensable for facilitated evaluation and quantification of
in vivo musculoskeletal dynamics in healthy and pathological
populations, including functional joint anatomy, tissue defor-
mation (or strain), morphology/morphometry and relaxation
parameter mapping [12].

This study had some limitations. First, the device can only
be used with surface coils or flex coils. Second, the maximum
speed of passive knee motion is limited to 10.5◦/min due to the

current design and capacity of the motorized system. Third,
load magnitude and direction during knee motion were not
validated (e.g., using load cells). Such a validation is required

Appendix. List of materials used to build the different componen

Identifier Description Mat

MRI-safe materials
A Baseplate

Pins
POM

P
B Cut-outs for coil plugs -----
C Proximal pillow blocks

Ball bearings
Axles
30-toothed sprockets

POM
P
U
p
F
O

d Phys 32 (2022) 500–513

in future work to enable detailed biomechanical characteri-
zations of joint loading when using the device. Fourth, the
participant experience using the knee motion/loading device
was characterized for healthy males only. It remains to be
determined whether device use is also well tolerated in other
populations, including older persons and patients with mus-
culoskeletal knee conditions. Fifth, device functionality with
participants in prone position and during active, hamstring-
driven motion was confirmed outside of the MRI scanner only;
thus, no imaging data were presented for these conditions.
Finally, demonstrating device use for advanced dynamic MRI
applications (e.g., CINE, morphology/relaxometry measure-
ments) was outside the scope of this work.

5 Conclusion

A novel multipurpose device for guided knee motion and
loading during dynamic MRI was developed. Preliminary
data demonstrated that use of the device was well toler-
ated in healthy individuals and suitable for acquiring high
quality imaging data during different motion and loading
conditions. In future work, this device could be used to
further our understanding of physiological and pathological
joint mechanics, and to evaluate various musculoskeletal knee
conditions.
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ts of the knee motion/loading device.

erial (or item #) Manufacturer

LA filament
Grünberg Kunststoffe
BASF Innofil3D *

----------- ----------------

LA filament
ltra-high-molecular-weight
olyethylene + Soda-lime glass
iberglass
nyx filament

Grünberg Kunststoffe
BASF Innofil3D *
MISUMI

Fibrolux

Mark3D *
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Identifier Description Material (or item #) Manufacturer

D Thigh strap attachments
Thigh strap/padding

PLA filament
Nylon (Velcro)/foam

BASF Innofil3D *
Fastech/CERV

E Rotary encoder attachments Onyx filament Mark3D *
F Rotary encoder Polyether ether ketone (encasing) Micronor
G Thigh positioning wedge PLA filament BASF Innofil3D *
H Leg support POM Grünberg Kunststoffe
I Ankle rest

Ankle strap/padding
PLA filament

Nylon (Velcro)/foam
BASF Innofil3D *
Fastech/CERV

J Distal pillow blocks
Ball bearings
30-toothed sprockets

Onyx filament
Plastic + Glass
Onyx filament

Mark3D *
MISUMI
Mark3D *

K Drive axle shafts
Bracing disks

Fiberglass
Onyx filament

Fibrolux
Mark3D *

L 44-toothed circular gear Onyx filament Mark3D *
M Belts Polyurethane + Kevlar Zahnriemen24
N Belt clamps PLA filament BASF Innofil3D *
O Gearbox

Axles
POM

Fiberglass
Grünberg Kunststoffe
Fibrolux

P Proximal, upper, 30-toothed
circular gear

Ball bearings

Onyx filament

Plastic + Glass

Mark3D *

Reely
Q Proximal, lower, 30-toothed

circular gear
Ball bearings

Onyx filament

Plastic + Glass

Mark3D *

Reely
R Distal, 44-toothed

circular gear
Ball bearings

Onyx filament

Plastic + Glass

Mark3D *

Reely
S 21-toothed linear gear Onyx filament

Fiberglass
Mark3D *
Fibrolux

T Weight plates PVC + cement mix Gorilla Sports
U Gearshift

Ball bearings

POM
PLA filament

Plastic + Glass

Grünberg Kunststoffe
BASF Innofil3D *
Reely

V Locking pin PLA filament
Fiberglass

BASF Innofil3D *
Fibrolux

W Inflatable air cushions Resin + fiberglass PChero
X Air cushion connector PLA filament BASF Innofil3D *
Y Compression platform POM

PLA
Grünberg Kunststoffe
BASF Innofil3D *

Z Compression platform
adapter

PLA filament
Fiberglass

BASF Innofil3D *
Fibrolux

Other materials Air tube (joins device to
motor assembly)

Polyurethane (maximum pressure:
0.8 MPa)

MISUMI

Screws Polyamide (nylon) Frantos
Adhesives Urethane methacrylate (UV632)

Acrylate (Vitralit 7041)
Permabond
Panacol

Motor assembly materials (located outside the MR environment)
I Control box Aluminum

Acrylic glass
MISUMI
Grünberg Kunststoffe

II Control panel PLA filament
1.3” SPI Serial 128x64 OLED
module for Arduino

BASF Innofil3D *
SainSmart

III Microcontroller Arduino Mega 2560 Arduino
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Identifier Description Material (or item #) Manufacturer

IV Digital stepper driver DM542T Stepperonline
V Linear actuator †

Stepper motor

Unspecified (load capacity: 750 N;
stroke length: 100 mm)

Unspecified (current: 1.5 A; step
angle: 1.8◦)

Justech

MVPower

VI Piston rod
Compression plate

Fiberglass
PVC

Fibrolux
Grünberg Kunststoffe

VII Inflatable air cushions Resin + fiberglass PChero
VIII Bulb air pump

Y-connector
Polyurethane

PBT (USYL6)
PChero
MISUMI

hlor

oto
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[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Note: POM = polyoxymethylene; PLA = polylactic acid; PVC = polyvinyl c
* indicates custom 3D-printing.
†  indicates modified design: the original motor was replaced with a stepper m

Appendix A Supplementary data

Supplementary data associated with this arti-
cle can be found, in the online version, at
https://doi.org/10.1016/j.plantsci.2004.08.011.
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