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A b s t r a c t

Response to loading of soft tissues as assessed by advanced magnetic resonance imaging (MRI) techniques is a
promising approach to evaluate tissue functionality beyond (statically obtained) structural and compositional
features. As cartilage and meniscus pathologies are closely intertwined in osteoarthritis (OA) and beyond, both
tissues should ideally be studied to elucidate further the underlying mechanisms involved in load transmission
and its failure leading to OA. Hence, we devised, constructed and validated a dedicated MRI-compatible
pneumatic force-controlled loading device to study cartilage and meniscus functionality in a standardized and
reproducible manner and in reference to alternative tissue evaluation methods. Mechanical reference mea-
surements using digital force sensors confirmed the reproducible application of forces in the range of 0–76N. To
demonstrate the device's utility in a basic research context, MRI measurements of human articular cartilage
(obtained from the lateral femoral condyle, n= 5) and meniscus (obtained from lateral meniscus body, n= 5)
were performed in the unloaded (δ0) and loaded configurations (δ1: [cartilage] 0.75 bar corresponding to 15.1 N,
[meniscus] 2 bar corresponding to 37.1 N; δ2: [cartilage] 1.5 bar corresponding to 28.6 N, [meniscus] 4 bar
corresponding to 69.1 N). Cartilage samples were directly indented, while meniscus samples were subject to
torque-induced compression using a dedicated lever compression device. Morphological MR Imaging using
Proton Density-weighted sequences and quantitative MR Imaging using T2 and T1ρ mapping were performed
serially and at high resolution. For reference, samples underwent subsequent biomechanical and histological
reference evaluation. In conclusion, the force-controlled loading device has been validated for the non-invasive
response-to-loading assessment of human cartilage and meniscus samples by advanced MRI techniques. Hereby,
both tissues may be functionally evaluated in combination, beyond mere static analysis and in reference to
histological and biomechanical measures.

1. Introduction

Magnetic Resonance Imaging (MRI) is clearly the most powerful and
versatile imaging method of contemporary clinical medicine because of
its non-invasiveness, superior soft tissue contrast, and absence of io-
nizing radiation. Of late, functional assessment using advanced MRI
techniques, in particular of orthopedic soft tissues, has been the focus of
clinical and scientific efforts, e.g. (Neu, 2014; Link et al., 2017; Ganal
et al., 2016; Nebelung et al., 2017a). In this regard, quantitative MRI
(qMRI) techniques have been applied to assess structural and compo-
sitional tissue features. Of these, spatially resolved T2 and T1ρ mapping

techniques are considered most promising in the comprehensive as-
sessment of tissues as they allow tissue assessment beyond morphology
and structure, render it more standardized and may increase the dis-
criminatory power between different pathological manifestations
(Nebelung et al., 2016a; Guermazi et al., 2015; MacKay et al., 2018). A
change in quantitative MRI parameters may reflect compositional and
orientational changes of cartilage constituents associated with strain.
However, these parameters' substantial intra- and inter-individual
variability reduces their sensitivity and specificity (Neu, 2014;
Nebelung et al, 2016a, 2016b). It is against this background that qMRI
techniques have been complemented with biomechanical loading
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regimes to assess the tissues in more functional (i.e., loaded) contexts,
thereby emulating actual load-bearing more closely than during un-
loaded measurements (Nebelung et al, 2017a, 2017b; Calixto et al.,
2016; Souza et al., 2014). The response to loading is commonly quan-
tified by determining ΔT1ρ and/or ΔT2 in distinct areas of interest by
obtaining measurements in the unloaded and loaded configuration.
Biophysically, T1ρ mapping techniques quantify the decay of transverse
magnetization during spin-lock and are an indication of the low-fre-
quency interactions between the tissue's macromolecules (i.e. pro-
teoglycans and collagens) and extracellular water. T2 mapping tech-
niques, however, quantify the decay of transverse magnetization and
provide a measure of the collagen structure and water content. For
cartilage, numerous in vivo, in situ and in vitro studies have been
conducted, and the response-to-loading patterns thus discernible were
found to be related to the tissue's degree of degeneration (among other
variables) indicating altered load transmission in cartilage degeneration
(Nebelung et al, 2017a, 2017b; Souza et al, 2010, 2014; Hamada et al.,
2015; Subburaj et al., 2012). For meniscus, in vivo data indicate sig-
nificant alterations in meniscal load transmission in osteoarthritis (OA)
(Subburaj et al., 2015): In the medial meniscus (posterior horn) clearer
changes in OA knees (as compared to hardly any changes in non-OA
knees) were determined for ΔT1ρ and ΔT2, again being indicative of
altered load transmission in OA (Calixto et al., 2016). The question of
whether meniscus pathologies are a cause or consequence of cartilage
degeneration remains to be answered even though common consensus
prevails that meniscus and cartilage pathologies are closely intertwined
(Englund et al., 2009). Because of the central relevance of the meniscus
in maintaining the joint's long-term health by dispersing loads and re-
ducing friction in adjacent cartilage (McDermott, 2011), any alteration
in both tissue's load-bearing capacities may indicate the presence of
(early) OA or a joint-at-risk status. Therefore, cartilage and meniscus
functionality should ideally be studied in combination, rather than in
isolation, to elucidate further the underlying mechanisms involved in
load transmission and its failure leading to OA.

However, despite these encouraging clinical results, both tissues'
loading responses remain to be defined in health and disease and in
relation to reference measures such as histology and conventional
biomechanics. Also, the MRI-compatible devices developed so far to
study tissue functionality in basic research contexts apply displacement-
controlled loading (e.g. (Nebelung et al., 2017a; Nebelung et al., 2017b;

Hamada et al., 2015; Nebelung et al., 2018; Shiomi et al., 2010;
Alhadlaq and Xia, 2004)), which is characterized by severe limitations
in standardized load application: First, compressing the sample over a
fixed distance (as in displacement-controlled loading) results in vari-
able strains within the tissue, depending on the sample's initial height
(Fig. 1A and B). In force-controlled loading, however, samples are ex-
posed to equal pressurization, irrespective of their initial height (Fig. 1E
and F). Second, if other tissues with differing mechanical properties are
present, e.g. when studying osteochondral samples with cancellous
bone and the subchondral lamella, displacement-controlled loading
may induce less-than-intended strains in the cartilage tissue as it is
absorbed by the underlying bone tissues (Fig. 1C and D). In force-
controlled loading, however, the cartilage tissue is exposed to the in-
tended amount of pressurization, irrespective of the subchondral tissue
(Fig. 1G and H). Third, in a material with highly viscoelastic behavior
such as cartilage, the strains within the different tissue regions and
zones will change over time and local strains will also be affected by
distinct depth-related differences in tissue properties, which renders
standardized loading over more extended time challenging. This issue is
particularly concerning when advanced MR Imaging techniques are
applied over long time periods that require constant loading conditions
(Nebelung et al., 2017b).

Against this background we aimed to develop, construct and vali-
date an MRI-compatible and a force-controlled loading device for the
respective functional assessment of human articular cartilage and me-
niscus, where each tissue is assessed in a physiologically meaningful
manner. As cartilage is primarily loaded along the mechanical leg axis,
which results in compression and shearing alike (due to the sub-
chondral bone plate) (Chan et al., 2016), meniscus experiences more
complex loading conditions that comprise compressive, tensile and
shear stresses and zonally different structural, compositional and bio-
mechanical tissue features (Fox et al., 2015; Sanchez-Adams et al.,
1985; Sweigart and Athanasiou, 2005; Son et al., 2013). In our study,
we tried to emulate the complexities of the in-vivo loading conditions
by uni-axial unconfined compression of cartilage and torque-induced
compressive loading of meniscus. Principally and within the confines of
our in-vitro study these different loading mechanisms correspond well
to the respective physiological situation.

Abbreviations

DCL Displacement-controlled loading
FCLD Force-controlled loading Device
MRI Magnetic Resonance Imaging
OA Osteoarthritis

PDW Proton Density-Weighted
PMMA Polymethylmethacrylate
RTL: Response to loading
PVC Polyvinylchloride
qMRI quantitative Magnetic Resonance Imaging

Fig. 1. Theoretical comparison and schematic
overview of displacement-versus force-con-
trolled loading of soft tissues. Displacement-
controlled (A–D) and force-controlled loading
(E–H). The tissue-of-interest, e.g. cartilage, is
depicted in grey, while underlying tissue, e.g.
subchondral bone, is colored in light blue.
Strains (of cartilage tissue) are given as a per-
centage value while the magnitude of displace-
ment is indicated by the length of the arrows.
Due to inter- and intra-patient variability, the
thickness of the cartilage samples may vary
substantially, e.g. the sample in B (and F) is

twice as high as the sample in A (and E). While displacement-controlled loading results in variable tissue pressurization in terms of intra-tissue strains, i.e. 15% (B)
versus 30% (A), force-controlled loading induces equal tissue pressurization, i.e. 30% (D, C) and -in the case of identical elastic properties-equal strains. If sub-
chondral bone is present, i.e. the subchondral lamella as well as remnants of cancellous bone, the cartilage tissue is compressed less than desired in the displacement-
controlled configuration (D), while force-controlled configurations induce standardized cartilage compression, irrespective of the underlying tissue (H).
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2. Materials and methods

2.1. Study design

This study was conducted in two consecutive phases: 1) the devel-
opment, construction and validation of the multi-purpose force-con-
trolled loading device (FCLD) and 2) the prospective ex-vivo imaging
study to evaluate the response to loading of surgically obtained human
knee joint cartilage and meniscus samples based on the device. Samples
were obtained from patients undergoing total knee replacement at our
institution. Local institutional review board approval to include such
samples (Ethical Committee, RWTH Aachen University, Germany, AZ-
EK 157/13, 180/16) and individual written informed patient consent
had been obtained before the study.

2.2. Force-controlled loading device

The device is designed to transmit loading as controlled by force,
rather than displacement in order to precisely and reproducibly com-
press the tissue of interest. By tissue of interest, we mean the actual
cartilage or meniscus tissue, but not potential remnants of the dissec-
tion such as lamellae of the subchondral bone (see Fig. 1). To enable

this, we employ a pneumatic actuation piston as described below.

2.2.1. System design
Fig. 2 gives a detailed representation of the FCLD for evaluating the

response to loading of cartilage (Fig. 2A–C) and meniscus (Fig. 2D–G).
The central part of the device is a pneumatically driven sample tray that
is moved upward towards a non-porous piston attached to a vertically
adjustable cover screw contained within the device's upper frame. The
device's modular construction allows for direct surface indentation of
cartilage samples and indirect torque-induced compression of meniscus
samples, respectively: When cartilage is loaded, the cartilage sample
(resting in the sample box) is moved towards the cylindrical piston
(10mm diameter, 10 mm length, 1 mm beveled edge) and indented
accordingly. When the meniscus is loaded, the piston is replaced by a
half sphere (10mm diameter) to allow for tilt-free force transfer and to
avoid slanting or canting when loads are applied. The upward move-
ment of the meniscus sample (that is placed into a dedicated lever
device within the sample box) translates to a torque on the compression
lever that is designed to conform well to the meniscus shape. To prevent
compression-induced motion of the meniscus samples -whose dimen-
sions may vary considerably-modular inlays made of polyvinylsiloxane
(wirosil®, Bego, Bremen, Germany) are used to contain and support the

Fig. 2. Layout of the indentation device. Cross-sectional CAD images (A, D), 3D CAD rendering (E) and photographs (B, C, F and G) of the force-controlled loading
device viewed from different perspectives (lateral [B, G] and top-down [C, F] with the upper frame taken off). Display of the setup for cartilage (A–C) and meniscus
measurements (D–G). Cartilage samples are placed in the sample box (1) underneath the non-porous indentor piston (2). The sample box is directly screwed onto the
pneumatically actuated pneumatic piston (3) which is upwardly displaced towards the indentor piston when the pressure chamber (4) is filled with air. An airtight
encasement (5) prevents gross air leakage. The position of the indentor piston can be regulated (according to sample height) using the vertically adjustable cover
screw contained within the device's upper frame (6). Pressurized air can be remotely fed via tubes (7a) connected to the pressure connection port (7b). Imaging is
performed using a dedicated receiver coil (8) and support beams (9) mounted onto the MRI table and attached to the device's lower frame allow for standardized
positioning of the sample (10) within both the device and the MRI bore. For compression of meniscus samples, the indentor piston (1) is replaced by a hemi-sphere of
similar dimension (11), while a dedicated lever compression device (12) can be inserted into the sample box. The modular polyvinylsiloxane inlay (13a) and PMMA
plate (13b) comprise the meniscus sample (14) and prevent its lateral displacement secondary to torque application.
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meniscus samples circumferentially. The inlays are available in distinct
heights (ranging from 1 to 15mm height in 1mm intervals) and are
selected to contain half of the meniscus base height. Additionally,
modular PMMA plates of different widths (ranging from 1 to 15mm
width in 1mm intervals) are placed between the polyvinylsiloxane
inlay and the sample box for complete sample confinement. A pneu-
matic mechanism actuates Force-controlled upward displacement of
sample tray and box (see below). The support frame is designed to be
fully demountable for easy access to all parts of the device. For stan-
dardized positioning within the MRI bore, the FCLD is mounted on two
beams positioned on top of the MRI examination table's guiding rails.
Thus, bore center position of the sample box is guaranteed for optimal
B0 field homogeneity. Of note, all components are either made of
polymethylmethacrylate (PMMA) or polyvinylchloride (PVC) to ensure
full MRI compatibility.

2.2.2. Pneumatic Control
Forces on the samples are applied via a pneumatic mechanism that

is connected to a standard hospital pressure line providing pressures of
up to 5 bar. Principally, any compatible air compressor device may be
used as an alternative pressure source when in-house pressure ports are
not available. The pressure is subsequently downregulated to the de-
sired value via an electronically actuated valve (pressure valve type
VPPM-6L-L-1-G18-0L6H–V1P–S1C1, Festo, Esslingen, Germany, Type).
Valve pressure is controlled via a digital-to-analog converter
(Multifunction I/O USB-6001, National Instruments Corporation
Austin, USA) and customized software routines implemented in
LabVIEW (National Instruments Corporation, Austin, USA). Thereby,
the target pressure may be set accurately to be smoothly upregulated
from 0 bar without jerky movements to avoid possible tissue damage.
Digital control components are located outside of the MRI examination
room and the resulting pressure is transferred to the device via standard
pressure tubes (PUN-6X1-BL, Festo, Esslingen, Germany).

Set pressure levels act on a cylindrical pneumatic piston within the
device that is laid out to generate forces of up to 127 N (pneumatic
piston specifications: diameter 18mm, cross-sectional area 254.3 mm2).
The force range is thus generated is reflective of the physiological range
in vivo: With the total cartilage surface area being roughly 320 mm2 in
one human knee joint (Walker and Hajek, 1972) and the average
weight being 75 kg (= 750 N), the average pressure on cartilage on one
knee amounts to 11.7 bar (= 1.17 N/mm2). To achieve the same
pressure range immediately underneath the indentor piston (with a
diameter of 10mm) and pneumatic pressures generating up to 5 bar,
the pneumatic piston diameter was then calculated as

= =d d mm11.7
5

15.3pneu ind

To account for pressure loss due to the pericylindrical air flow, we
included a safety margin of 20% for dpneu to arrive at a diameter of the
pneumatic piston of 18mm. Pressure is freely adjustable in the range of
0–5 bar, resulting in calculated forces on the pneumatic piston (and the
indentor piston) in the range of 0–127 N. Low peri-cylindrical airflow is
intended to allow for free and nearly frictionless movement of the
pneumatic piston. The chamber behind the pneumatic piston is venti-
lated via a small opening to avoid unwanted pressurization and guar-
antee ambient pressure behind the pneumatic piston. The resulting

force is rigidly transferred to the sample tray holder which is con-
secutively displaced upwards against the piston (or half-sphere, re-
spectively) attached to the vertically adjustable cover screw that acts on
the interposed tissue.

2.2.3. Validation studies
Mechanical validation of the FCLD and its control was performed

using digital sensors (K-Scan 4000, Tekscan, Boston, US), which is a
widely used system to map static and dynamic forces and pressures in
joints (Suero et al., 2017). The sensitive area comprises 62 sensor ele-
ments/cm2 and has a thickness of 0.1mm. After calibration using
normed weights (8 kg), the sensors were placed onto the sample tray
underneath the piston and input pressure levels were varied between 0
and 4.5 bar (in 0.5 bar intervals) while simultaneously recording the
force data output by the digital sensor system. The procedure was re-
peated five times to assess repeatability. Resultant force data were
plotted as a function of set pressure levels and a linear function was
fitted to the data using the libraries NumPy and SciPy in Python soft-
ware (Python Software Foundation, Version 3.6.5) (Oliphant, 2007).
Additionally, Pearson's correlation coefficient r was calculated (Fig. 3).

2.3. Sample preparation procedure

Human articular cartilage and meniscus samples were obtained
from total knee replacement surgeries. Following their surgical exci-
sion, the cartilage-bone material was collected in sterile Dulbecco's
Modified Eagle Medium (DMEM, Gibco-BRL, Gaithersburg, US) con-
taining 100 U/ml penicillin, 100 μg/ml gentamycin and 1.25 U/ml
amphotericin-B (all from Gibco-BRL, Gaithersburg, US). For the sake of
topoanatomic consistency cartilage samples were harvested from the
central part of the lateral femoral condyle only and only macro-
scopically intact cartilage without visible damage, i.e. Outerbridge
grade 0 (Outerbridge, 1961), was included. Subsequently, samples were
cut to round shape and standard size (8 mm diameter) using a biopsy
punch (reference number 48801, pfm-medical, Cologne, Germany). All
cancellous bone was removed, while the subchondral lamella was
preserved. For reference purposes, notches were created at opposing
sample sides to define the mid-sagittal plane.

Correspondingly, meniscus samples were obtained from the lateral
meniscus body region of the same patients. Following dissection from
any adherent capsular soft tissues, the meniscus body region of each
surgical specimen was identified and cut to standard anteroposterior
diameter (i.e. length 15mm), while the mediolateral diameter (i.e.
width) was left unaltered. For reference purposes, the mediolateral
imaging plane (extending from meniscus base to apex) was marked
with tissue-marking dye (dye 24111, Polysciences, Warrington, US).

A total of five lateral femoral condylar cartilage and five lateral
meniscus body samples were thus prepared. Patient demographics
were: 2 female, 3 male patients; mean age 66 [range, 55–75] years; 2
right, 3 left knees.

2.4. MRI measurements and analyses

Next, MR imaging studies were performed on a clinical 3T MRI
system (Achieva, Philips, The Netherlands) using a modified single-
channel prostate coil (BPX-30, disposable endorectal coil, Medrad-

Fig. 3. Timeline of the MRI measurements for a single cartilage or meniscus sample measurement. Time is given in minutes. Acquired sequences are denoted in blue,
while the presence or absence of loading is denoted in red. δ0 – unloaded; δ1 – loaded to 0.75 bar (=15.1 N, cartilage) or 2 bar (=37.1 N, meniscus); δ2 – loaded to
1.5 bar (=28.6 N, cartilage) or 4 bar (=69.1 N, meniscus); PDw – Proton Density-weighted.
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Bayer, Leverkusen, Germany) that enclosed the sample box. The coil
was placed around the circumference of the sample box so that the coil
centre coincided with the cartilage sample (Fig. 2B and G). After po-
sitioning the cartilage sample centrally within the sample box filled
with medium and additives (as above), scout views were used to obtain
high-resolution morphological Proton Density-weighted sequences in
the axial, coronal and sagittal orientation. Subsequently, spatially re-
solved T1ρ and T2 maps were obtained along the mid-sagittal plane (as
defined by the two opposite notches). Table 1 gives details of the se-
quence parameters.

Correspondingly, meniscus samples were placed in the meniscus
compression lever device as detailed above. The modular poly-
vinylsiloxane inlay and PMMA plate were chosen depending on the
sample size and the lever was placed loosely onto the femoral meniscus
surface to bring the half-sphere in loose contact with the lever after
adjusting its height by means of the cover screw. Similarly, scout views
and Proton Density-weighted sequences in the three principal planes
were obtained followed by T1ρ and T2 maps along the mediolateral
plane.

After imaging the samples in the unloaded configuration (δ0) for
reference purposes, the samples’ response to loading was assessed at
two consecutive pressure levels. For cartilage samples undergoing di-
rect indentation loading, pressure levels were set to 0.75 bar (δ1) and
1.5 bar (δ2), corresponding to forces of 15.1 N and 28.6 N. For meniscus
samples undergoing torque-induced compression by means of the lever,
higher pressure was chosen as the entire femoral surface was loaded.
Hence, pressure levels were set to 2 bar (δ1) and 4 bar (δ2), corre-
sponding to 37.1 N and 69.1 N of force on the half-spherical piston,
respectively. This translates to torques of 0.67 Nm (δ1) and 1.24 Nm
(δ2) by the compression lever. Of note, the lever arm (i.e. the distance
between rotational center of compression lever and center of half-
sphere) is 18mm.

Following 5min equilibration after each change in pressurization,
the imaging protocol, i.e. PD-weighted [axial, sagittal, coronal], T2
mapping [sagittal] and T1ρ mapping [sagittal] sequences, was com-
pleted for each sample and loading position individually. Fig. 3 gives a
detailed timeline of the MRI measurements.

Upon importing the MR raw data of the T1ρ and T2 measurements
into MATLAB (MatlabR2017b, MathWorks, Natick, USA), spatially re-
solved T1ρ and T2 maps were generated as described previously
(Nebelung et al., 2017a). R2 statistics adjusted to the degrees of
freedom were used to check fit quality. Manual segmentation of me-
niscus and cartilage samples was performed at each pressure level and
based on the PD-weighted morphological images. Segmentation out-
lines were transferred to the parameter maps using scanner coordinates
and checked by visual comparison. Mean T1ρ and T2 values for the
entire sample cross-section were calculated for each sample and pres-
sure level. Testing for significance was done using Friedman's test.

2.5. Reference evaluation

After MRI measurements, samples underwent histological and bio-
mechanical reference evaluation.

For cartilage, the subchondral lamella was removed using a surgical
scalpel to obtain a cylindrical chondral (i.e. cartilage-only) sample.
Sample thickness was determined using a standard digital micrometer
(Type: 293–521, Mitutoyo, Tokyo, Japan). Confined compression tests
were conducted using a custom made device in line with earlier studies
(Korhonen et al., 2002a): Chondral samples were placed into a con-
fining chamber that matched exactly the samples' outer dimensions. To
allow fluid outflow, porous stainless-steel filters were placed both un-
derneath and above the sample. Compression was performed by moving
the upper filter downwards using a universal mechanical testing ma-
chine (Type Z2.5, Zwick/Roell, Ulm, Germany). The piston was lowered
at a rate of 1%/min with 20 ramped compressions and intermittent
equilibrium phases up to a maximum strain of 20%. Instantaneous
Young's modulus was determined as the ratio of stress and strain at the
range of 10–20% strain (Jurvelin et al., 1997). Afterwards, the cy-
lindrical chondral sample underwent standard histological workup:
Upon fixation in paraformaldehyde, chondral samples were embedded
in paraffin, cut to 5-μm thick slices and stained with hematoxylin-eosin
and Safranin O according to standard protocols. Of note, the adjacent
osteochondral region parallel to the mid-sagittal plane had been har-
vested during the initial preparation of the samples (see 2.3 Sample
preparation procedure) to allow for assessment of the cartilage-bone
transition. After simultaneous decalcifcation and fixation in Ossa fixona
(Diagonal, Muenster, Germany), the osteochondral samples underwent
the same histological workup as detailed above. Chondral and os-
teochondral samples were visualized and documented using a light
microscope (DM/LM-P; Leica, Wetzlar, Germany) and associated soft-
ware (Diskus software, Leica, Wetzlar, Germany). Samples were graded
semiquantitatively by the senior author (SN, fellowship trained, 9 years
of experience) according to the Mankin classification (Mankin et al.,
1971) that assesses structural (score 0–6), cellular (score 0–3), PG
staining-associated (score 0–4), and tidemark-associated (score 0–1)
tissue properties. The sum gives the Mankin sum score (range, 0–14)
and, accordingly, score 0 indicates the absence of degeneration,
whereas score 14 indicates most severe degeneration.

For meniscus, two 4-mm diameter cylindrical samples adjacent to
the mediolateral plane were cut from the transition of the red-red to the
red-white zone (i.e. transition from outer to central meniscus third) by
use of a biopsy punch (pfm-medical). Femoral and tibial surfaces were
resected, and a cutting block was used to obtain truly cylindrical
samples of standardized height (i.e. 3 mm) from the tissue's mid-sub-
stance. Subsequent biomechanical testing was performed using un-
confined compression and the parameters reported in earlier studies
(Abdelgaied et al., 2015; Proctor et al., 1989): displacement rate:
0.0083mm/s; strain 100%. In line with earlier studies assessing bio-
mechanical properties of the meniscus (Leslie et al., 2000), a two-
parameter exponential model was implemented to which the stress-

Table 1
Sequence parameters.

Sequence Orientation Type Sequence Parameters Duration

PDw ax, sag, cor Turbo-spin echo (2D) Repetition time, 1500msec; echo time, 11msec; turbo spin-echo factor, 6; field of view, 62× 62mm;
acquisition matrix, 144× 144; reconstruction matrix, 256× 256; slice thickness, 1 mm; number of signal
averages, 2

2min 21 s

T1ρ mapping sag Spin-lock multi -gradient
echo (2D)

Repetition time 30msec, echo time msec, 3.8msec; spin-lock durations, 0/10/20/30/40 msec; spin-lock
frequency 500 Hz; field of view, 52×52mm; acquisition matrix, 176× 176; reconstruction matrix,
224× 224; flip angle, 11°; slice thickness, 3 mm; number of signal averages, 4

14min 30 s

T2 mapping sag Multi-spin echo (2D) Repetition time 1500msec; echo time, n x 8.4 msec (n= 1–12); field of view, 52× 52mm; acquisition
matrix, 176×176; reconstruction matrix, 224× 224; flip angle, 90°; slice thickness 2mm; number of
signal averages 2

4min 29 s

Abbreviations: PDw – Proton Density-weighted, ax – axial, sag – sagittal, cor – coronal.
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strain data were subsequently fitted. Here, the strain energy Ψ is given
by

= −Ψ c
2b

[exp(bε) 1]2
(1)

where b and c denote material parameters and ε is strain. The resulting
expression for the stiffness S is given by

=S c b bεexp( ) (2)

Non-linear optimizations were performed in MATLAB to specifically
fit the material constants on a per-sample basis. Fit quality was checked
by determining R2. Stiffness values S were determined at distinct strains
of 20% and 80% as before (Leslie et al., 2000). Afterwards, samples
were fixed in paraformaldehyde and sectioned along the mediolateral
plane. Otherwise, histological workup was as detailed above for carti-
lage. Meniscus samples were visualized using a digital light microscope
(BZ-9000, Keyence, Osaka, Japan). Individual micrographs were digi-
tally merged into one image per sample. Samples were graded semi-
quantitatively according to the Williams classification (Williams et al.,
2012) by the senior author. To this end, surface and matrix integrity
(score 0–3), cellularity (score 0–3), matrix organization and alignment
(score 0–3), and matrix staining intensity (score 0–3) were assessed and
summed up. The sum gives the Williams sum score (range, 0–12) and,
accordingly, score 0 indicates normal meniscus tissue and score 12 most
severe degeneration.

3. Results

3.1. Validation of Pneumatic Control

The force-pressure calibration indicates a close-to-perfect linear
dependency of set pressure levels versus measured forces (r= 1.0,
p < 0.001) (Fig. 3). Force at the highest set pressure level of 4.5 bar
was determined as 75.5 ± 1.4 N, which was considerably lower than
the pre-calculated level of 114.4 N

= ∗ = ∗ =F p A bar mm N( 4.5 254.3 114.4 )2

Repeated force measurements at set pressure levels of 1.0, 2.0, 3.0,
4.0 and 4.5 bar resulted in force values of 19.5 ± 0.7 N (1 bar),
37.7 ± 0.8 N (2 bar), 54.2 ± 0.7 N (3 bar), 68.6 ± 1.1 N (4 bar) and
75.5 ± 1.4 N (4.5 bar), respectively.

3.2. Safety and usability aspects

Device handling, sample positioning and pressure-controlled force
application during MR imaging was performed without difficulties. No
adverse or unexpected events were registered.

3.3. MR imaging studies

At all three pressure levels (i.e. δ0, δ1, and δ2), cartilage and me-
niscus samples could be imaged in their entirety without any visible
image distortion and artefact induction by the FCLD.

Morphologically, cartilage and meniscus samples appeared homo-
geneous in the PD-weighted sequences at δ0. The corresponding T1ρ
and T2 maps displayed depth-wise alterations in both T2 and T1ρ maps
(for cartilage, Fig. 4) and higher T2 and T1ρ values in the central me-
niscus zone as compared to the inner or outer zones (Fig. 5). With
loading both meniscus and cartilage were subject to considerable de-
formation and compression. While cartilage samples exhibited de-
formation predominantly in the directly indented regions, meniscus
samples were compressed to a considerable extent and in their entirety.

Table 2 gives the quantitative T1ρ and T2 values of the five samples
in the unloaded and loaded configurations. With the limited amount of
samples no significant differences in quantitative parameters between
loaded and unloaded states were found according to Friedman's non-
parametric test. By trend, T2 values increased for cartilage with loading
(p= 0.82), in particular at δ2, while loading-induced increases in T1ρ
were only slight (p=0.74). Qualitatively, loading-induced signal in-
creases in T1ρ and T2 primarily involved the superficial and upper
transitional zones, while lower transitional and radial zone was altered
only to a limited extent (and more so in the T2 than in the T1ρ maps),
see also Fig. 5.

For meniscus, increases in T1ρ were found in response to loading by
trend (p= 0.07), while no such differences were found for T2
(p= 0.82). Qualitatively, focal signal hyperintensities in T1ρ and T2
present in the tissue's mid-substance at δ0 were less well distinguishable
at δ1 and -even less so- at δ2, with T1ρ and T2 maps becoming pro-
gressively more homogeneous with higher-intensity loading, see also
Fig. 6.

Fig. 4. Force calibration curve. Measured forces
plotted as a function of set pressure levels.
Single measurements are shown as crosses. As
expected, measured forces are close-to-linearly
related to set pressure (Pearson's correlation
coefficient r= 1.00, p < 0.001, linear fit
shown as dotted curve). To account for flat-
tening of the curve at higher pressures (sec-
ondary to air leakage) a second-degree poly-
nomial function was used for calibration
purposes (solid line). Formulas for both fitting
curves are displayed in the lower right corner.
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3.4. Reference measurements

Histological assessment revealed all cartilage samples to be struc-
turally grossly intact as indicated by mean Mankin sum scores of
2.8 ± 1.1 (range, 1–4). Meanwhile, meniscus samples were found to
display variable signs of degeneration with mean Williams sum scores
of 8.0 ± 2.9 (range, 4–12). Mean Instantaneous Young's modulus of
cartilage samples was 1.23 ± 0.49MPa and mean meniscus stiffness at
strain levels of 20% and 80% was 17.3 ± 11.2MPa and

299.6 ± 70.8MPa.

4. Discussion

The most important finding of our study is that the developed MRI-
compatible device allows for precise application of force-controlled
loading of cartilage and meniscus samples to study both tissues’ re-
sponse to loading using advanced MRI techniques.

To the best of our knowledge, our study is the first to bring together
force-controlled loading of soft tissues and advanced MRI techniques.
This is particularly important as recent literature suggests that func-
tional techniques applying quantitative MRI and simultaneous loading
allow for more refined assessment of tissue properties, both in cartilage
(Nebelung et al., 2017a; Souza et al., 2014; Subburaj et al., 2012) and
meniscus (Calixto et al., 2016; Subburaj et al., 2015; Hornakova et al.,
2018). Yet, literature data are inconsistent and contradictory at times
with some studies reporting T1ρ increases (Nebelung et al, 2017a,
2018) and decreases (Hamada et al., 2015; Souza et al., 2010) in car-
tilage in response to loading. Even though these discrepancies might be
attributable to differences in cartilage origin, study design, imaging
protocols and segmentation approaches, possibly one central con-
founding factor is the hitherto ill-controlled stress level and distribution
within the joint region or sample, thereby limiting inter-individual and

Fig. 5. Serial quantitative T1ρ and T2 mapping of cartilage as a function of force-controlled loading. Serial T1ρ (upper row) and T2 (lower row) maps of human
articular cartilage samples as a function of increasing loading (δ0 unloaded; δ1 loaded to 15.1 N [0.75 bar]; δ2 loaded to 28.6 N [1.5 bar]). Segmentation of cartilage
was performed manually and the calculated parameter values were overlaid onto the corresponding morphological image (TE= 25.1m s). Color code on the right is
given in ms. Piston diameter is 10mm. The articulating sample surface is oriented towards the indentor piston (up).

Table 2
Quantitative MRI parameters of human articular cartilage and meniscus sam-
ples as a function of force-controlled loading at pressure levels of δ0, δ1 and δ2.
Mean ± standard deviation [ms]. N=5 samples. Friedman's test was used to
test for groupwise differences between unloaded and loaded states.

Lateral meniscus body region Lateral femoral condylar cartilage

T1ρ T2 T1ρ T2

δ0 53.9 ± 8.5 26.1 ± 2.8 69.7 ± 7.7 42.6 ± 4.5
δ1 50.8 ± 7.1 27.0 ± 3.6 73.2 ± 7.6 46.6 ± 7.1
δ2 65.4 ± 4.5 26.3 ± 2.1 71.3 ± 8.8 50.4 ± 9.0
p value 0.07 0.82 0.74 0.82

Fig. 6. Serial quantitative T1ρ and T2 mapping of meniscus as a function of force-controlled loading. Serial T1ρ (upper row) and T2 (lower row) maps of human
lateral meniscus samples as a function of increasing loading (δ0 unloaded; δ1 loaded to 37.1 N [2 bar]; δ2 loaded to 69.1 N [4 bar]). Segmentation of meniscus was
performed manually and the calculated parameter values were overlaid onto the corresponding morphological image (TE= 25.1m s). Color code on the right is
given in ms. Half-sphere diameter is 10mm. The femoral surface of the meniscus is oriented towards the lever arm (up), while the tibial surface is oriented towards
the base plate of the lever arm device (down). Note that the polyvinylsiloxane inlay undergoes deformation together with the meniscus sample.
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inter-study comparability.
Therefore, precise standardization and improved reproducibility of

loading regimens across different samples and studies is one key feature
of this device. Moreover, intra-sample comparability is also con-
siderably improved as standardized tissue functionality assessment may
be performed in a variety of essential research contexts. Of note, the
mismatch between theoretically calculated forces, i.e. 114.4 N at
4.5 bar, and actually measured forces, i.e. 75.5 N at 4.5 bar, was ex-
pected as the designated peri-cylindrical air-flow causes a pressure drop
in the pressure line according to Hagen-Poiseuille's law, thereby redu-
cing the air pressure that acts on the cylinder. Hence, careful calibration
of the pressure-force relation is obligatory before being fully opera-
tional. For functionality assessment of both tissues, we chose piston
forces of 15.1 N (δ1) and 28.6 N (δ2) for cartilage and 37.1 N (δ1) and
69.1 N (δ2) for the meniscus. However, the force range may be prin-
cipally increased by revising the pneumatic piston's diameter, even to
supraphysiological loads that may be injurious to the tissue.

In consideration of this study's in-vitro configuration, these values
are reflective of in-vivo levels determined for the knee joint (Ahmed
and Burke, 1983; Donahue et al., 2002; Taylor et al., 1998; Fukubayashi
and Kurosawa, 1980). As outlined in 2.2.2 Pneumatic Control, the
achievable pressure levels are representative of quasi-static loading, e.g.
of a standing human during two-legged stance. Considerably higher
peak levels occur during walking, running, stair-climbing and -in par-
ticular-jumping (Taylor et al., 1998; Kutzner et al., 2010; Damm et al.,
2017). However, the device was constructed with the later in-vivo
transferability in mind as forces on the knee that the patient should be
subjected to during the lengthy MRI measurements should not be
greater than those experienced when standing. Nevertheless, the device
could be altered to apply greater loads with the available 5 bar pressure
lines by increasing the diameter of the pneumatic piston.

No relevant artifacts which might hinder image evaluation and
analysis were observed, neither in the spin-echo sequences (i.e. PD-w
and T2) nor in the gradient-echo sequence (i.e. T1ρ), which is ex-
quisitely prone to image artifacts and quantification errors (Chen,
2015). In contrast to in-vivo approaches that achieve only relatively low
resolutions due to limited scanning times (e.g. (Calixto et al., 2016)),
our in-vitro setup allows imaging at optimized signal-to-noise ratio and
image resolution which mitigates quantification errors in both T1ρ and
T2 maps and renders subsequent parameter quantification within dis-
tinct regions of interest more reliable.

However, indentation loading is not reflective of the physiological
situation within the joint in vivo which involves both compression and
shearing when bearing weight (Neu, 2014; Chan et al., 2016). An al-
ternative to render loading more physiological would be to use human
cadaver knees, in particular, if the tissues are subject to subsequent
histological and/or biomechanical reference evaluation. Another lim-
itation involves sample geometry, which is -in the case of the femoral
condyles-characterized by highly variable and considerable curvature
(Terukina et al., 2003). Consequently, a curved (or otherwise non-flat)
cartilage sample will exhibit inhomogeneous local strains underneath
the flat indentor piston. Similarly, the equally well-confining and
-conforming geometry of the dedicated compression lever device used
for meniscus compression is not necessarily physiological as the human
meniscus undergoes complex movements and adaptations when loaded
in vivo (Ahmed and Burke, 1983; Donahue et al., 2002). Another aspect
relates to the elastic polyvinylsiloxane inlay that was used to prevent
motion of the meniscus samples. This inlay was deformed during
compressive loading which increases the complexity when interpreting
the tissue's mechanical response to loading. Biomechanically, a rigid
inlay might have prevented such deformation while providing fixed
boundary conditions. We did not, however, choose such an inlay, be-
cause it is unphysiologically stiff and might have hindered effective
load transmission. In vivo, both meniscus and the surrounding fibrous
tissues (i.e., joint capsule, meniscotibial ligaments and the menisco-
capsular junction) are subject to considerable deformation and

displacement when bearing weight (Vedi et al., 1999). In efforts to keep
the setup as physiological as possible, sample confinement was based
on elastic polyvinylsiloxane and not as rigidly realized as biomechani-
cally desirable. Moreover, this pilot study was focused on laying out the
principal biomechanical and imaging framework for future studies as-
sessing meniscus functionality by advanced MRI techniques. Once the
imaging correlates of the tissue's response to loading have been defined
more clearly, human cadaveric measurements are indispensable to
properly emulate the actual in-vivo conditions. Another aspect relates
to the biomechanical reference characterisation of the cartilage sam-
ples. While loading was performed by indentation and in an unconfined
manner during the MRI measurements, the supplementary reference
measurements were performed in a confined manner, which makes
their comparative evaluation difficult. Even though the elastic para-
meters to be derived are closely related (Korhonen et al., 2002b), future
studies involving larger sample sizes should include unconfined com-
pression tests as a reference.

Due to the exploratory nature and pilot character of this study
limited sample numbers were studied. This naturally limits the pre-
dictive power of this preliminary study, yet the morphological and
quantitative changes of cartilage and meniscus in response to loading
were consistent. With loading, both tissues exhibited considerable
tissue deformation, primarily underneath the piston in cartilage,
leading to reductions in tissue thickness, and across the entire cross-
sectional area in the meniscus. Quantitative parameter maps are re-
flective of these intra-tissue adaptations: In cartilage, consistent (yet not
statistically significant) increases in T2 and T1ρ were found in response
to loading and may be attributed to the complex interplay of the solid
and fluid tissue phases during loading. Here, the extracellular matrix is
deformed and condensed, the proteoglycan concentration increased,
the fiber orientation altered, and water moved within and out of the
tissue (Nebelung et al, 2017a, 2018; Chan et al., 2016; Grunder et al.,
2000). In meniscus, loading-induced increases in T1ρ were found by
trend, while T2 levels remained about constant. Loading-induced in-
creases in qMRI parameters in human medial meniscus have been re-
ported before (Subburaj et al., 2015; Hornakova et al., 2018).

Even though the loading responses of cartilage and meniscus can
only be assessed separately, the different trends in the respective re-
sponse-to-loading patterns in hyaline and fibrocartilage may be in-
dicative of the fact that the exact biophysical correlates of T1ρ and T2
relaxation are entirely different in cartilage and meniscus due to dif-
ferences in tissue structure and composition, fluid dynamics and com-
pressibility as well as biochemical interactions with adjacent tissues
(Nebelung et al., 2016a; Calixto et al., 2016; Englund et al., 2009;
Hutchinson et al., 2014). Future studies studying larger sample sizes as
well as different sample sources across the knee are necessary to better
understand the complex underlying mechanosensitivity and MRI cor-
respondence of both tissues. In particular, the interplay between T2 and
T1ρ maps, tissue ultrastructure and composition and tissue function-
ality need better characterization in orthopedic soft tissues and in
health and disease. Due to the heterogenous structural, compositional
and biomechanical properties, the response-to-loading patterns need to
be studied in consideration of the distinct tissue zones and regions and
as a function of degeneration, biomechanical properties and/or har-
vesting locations. Additionally, the response-to-loading patterns thus
discernable should be referenced to exact tissue strains obtained by
comprehensive Finite Element procedures. By providing intra-in-
dividual comparisons in unloaded and loaded configurations, our de-
vice may be of assistance to this end.

In conclusion, the force-controlled loading device developed and
validated within the framework of this study allows the assessment of
human articular cartilage and meniscus based on advanced MRI tech-
niques and in response to standardized and reproducible loading. As a
result of this, basic imaging research on both closely intertwined tissues
in functional contexts and questions related to degeneration, trauma
and beyond is possible.
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