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ARTICLE INFO ABSTRACT

Keywords: Magnetic resonance imaging (MRI) under mechanical loading, commonly referred to as stress MRI, allows the

L"ading'de"ic‘? evaluation of functional properties of intra- and periarticular tissues non-invasively beyond static assessment.

ISVIECha;i;?l axis Quantitative MRI can identify physiological and pathological responses to loading as indication of, potentially
tress

treatable, early degeneration and load transmission failure. Therefore, we have developed and validated an MRI-
compatible pressure-controlled axial loading device to compress human knee specimens under variable loading
intensity and axis deviation. Ten structurally intact human knee specimens (mean age 83.2 years) were studied
on a 3.0T scanner (Achieva, Philips). Proton density-weighted fat-saturated turbo spin-echo and high-resolution
3D water selective 3D gradient-echo MRI scans were acquired sequentially at 10° joint flexion in seven con-
figurations: unloaded and then at approximately half and full body weight loading in neutral, 10° varus and 10°
valgus alignment, respectively. Following manual segmentation in both femorotibial compartments, cartilage
thickness (ThC) was determined as well as meniscus extrusion (ExM). These measures were compared to
computed tomography scans, histological grading (Mankin and Pauli scores), and biomechanical properties
(Instantaneous Young’s Modulus).

Compartmental, regional and subregional changes in ThC and ExM were reflective of loading intensity and
joint alignment, with the greatest changes observed in the medial compartment during varus and in the lateral
compartment during valgus loading. These were not significantly associated with the histological tissue status or
biomechanical properties.

In conclusion, this study explores the physiological in-situ response of knee cartilage and meniscus, based on
stress MR, and as a function of loading intensity, joint alignment, histological tissue status, and biomechanical
properties, as another step towards clinical implementation.

Cartilage
Meniscus
Functionality

magnetic resonance imaging (MRI) is considered the most powerful and
versatile imaging modality in contemporary clinical medicine. While
1. Introduction MRI undisputedly constitutes the reference standard in the diagnostic
work-up of numerous musculoskeletal conditions and joint pathologies,

Due to its non-invasiveness, superior soft tissue contrast, high spatial clinical standard MRI techniques have some deficits in the diagnosis of
resolution, functional capability, and absence of ionizing radiation,
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Abbreviations

ax axial

BW body weight

cLF central lateral femur
cMF central medial femur
cor coronal

CT computed tomography
ExM meniscus extrusion

fs fat-saturated

IYM Instantaneous Young’s Modulus
LM Lateral Meniscus

LT lateral tibia

MM Medial Meniscus

MRI Magnetic Resonance Imaging
MT medial tibia

OA osteoarthritis

PA - polyamide

PDw proton density-weighted
PVC polyvinyl-chloride

sag sagittal

SPAIR  spectral attenuated inversion recovery
ThC cartilage thickness

WATSc water selective cartilage scan

intra- and periarticular knee joint pathologies (Jandaghi et al., 2016;
Palmer et al., 2013; Phelan et al., 2016). In clinical MRI studies, patients
are routinely imaged supine, with the knee unloaded, unlike the relevant
physiological condition. Unloading fundamentally alters the knee joint’s
morphological configuration and functional status, which has
strengthened efforts aimed at examination conditions that are more
reflective of the knee joint’s physiological configuration during load
bearing and motion (Jerban et al., 2020; Patel et al., 2016; Souza et al.,
2010, 2014).

Degenerative structural and compositional changes in osteoarthritis
(OA) significantly alter the tissues’ mechanical properties (Fischenich
et al., 2015; Kleemann et al., 2005; Saarakkala et al., 2010). Biome-
chanical imaging techniques may thus be applied to quantify such
changes based on MRI measures as surrogate parameters of tissue
functionality (Eckstein et al., 2005; Herberhold et al., 1999; Nebelung
etal., 2017b, 2020; Truhn et al., 2019). Loading-induced changes in the
morphological features of cartilage and meniscus, i.e. volume, thickness,
contact area, and position, have been investigated in vivo, differentiating
OA from non-OA knees (as reviewed by (Jerban et al., 2020)). Based on
such stress MRI techniques, aberrant tissue functionality has been
determined, with OA knees undergoing greater reductions in cartilage
thickness (Cotofana et al., 2011), greater deformations (Subburaj et al.,
2012), and greater increases in femorotibial contact areas (Shin et al.,
2011) and in meniscus extrusion (Patel et al., 2016) than healthy,
structurally normal knees. Although these studies have focussed on the
diagnostic potential of stress MRI, the loading conditions were generally
not well defined and standardized. Moreover, these clinical studies used
the radiographic Kellgren-Lawrence classification (Kellgren and Law-
rence, 1957) for patient stratification and allocation, which is a highly
disputed reference (Roemer et al., 2011, 2018). Likewise, these clinical
studies did not obtain detailed information on the cartilage and
meniscus status to be related to the response-to-loading patterns.
Knowledge of joint and tissue functionality across a wide range of
physiological and pathological conditions is thus still scarce.

This study was therefore designed to develop and validate an MRI-
compatible pressure-controlled axial compressive loading device and
to compress human knee specimens under variable loading intensity and
axis deviation in a standardized and controlled experimental in-situ
setting. Joint functionality was explored in relation to computed to-
mography (CT) as well as histological and biomechanical measures of
cartilage and meniscus. We tested the following hypotheses: 1, human
knee joints undergo consistent changes in imaging biomarkers when
loaded by means of a dedicated axial compressive loading device; 2, the
response to loading as assessed by high-resolution morphological MRI
differs between knee compartments as a function of loading intensity
and mechanical axis alignment; 3, these response-to-loading patterns
are related to histological and biomechanical properties of cartilage and
meniscus.

2. Materials and methods
2.1. Study design

This study was conducted in two phases: 1, development and vali-
dation of an MRI-compatible pressure-controlled axial compressive
loading device; and 2, systematic study of intraarticular changes in
human knee specimens based on MRI (and CT) and as a function of
variable biomechanical loading conditions.

2.2. Axial compressive loading device

2.2.1. System design

The MRI-compatible pressure-controlled axial compressive loading
device was designed for compressive loading of single human knee joint
specimens in a constrained manner and in various experimental settings,
i.e. variable joint flexion angles (0°-20°) and joint alignment (axis de-
viations; 0°-10° varus - 10° valgus). The device consists of an MRI-
compatible loading unit within the scanner, and of a separate control
unit for remote control outside the scanner. Below, mechanical axis refers
to the knee joint’s anatomical axis, as no additional information on the
remaining lower extremity’s overall anatomy or biomechanics were
available for the individual knee joint specimens. For details, please see
2.3 Human Knee Joint Specimens below.

2.2.2. Loading unit

The loading unit (displayed in detail in Fig. 1) was made of synthetic
MRI-compatible materials, i.e. polyamide (PA), polyvinyl-chloride
(PVQC), and ABS-M30, a 3D-printable thermoplastic (Stratasys Inc.,
Eden Prairie, MN, USA). Any mechanical fasteners such as screws, bolts,
and rods were made of PA, while the restoring spring and all remaining
components were made of ABS-M30 and PVC, respectively.

The solid base plate was dimensioned to take any bending moments
and counter forces during loading. Mounting blocks located on both
sides of the joint were firmly attached to the base plate via PA screws. On
the tibial side, the pneumatics was attached to and contained within the
mounting block. The loading piston contained in the pneumatics was fed
via standard pressure lines (PUN-6X1-BL, Festo, Esslingen, Germany)
connected to the cylinder head’s pressure port. The loading piston
(radius r = 3.25 cm) was laid out to generate a (theoretical) maximum
compressive force (Feom) of approximately twice body weight (BW) with
maximum pressure levels of pressure pmax = 4.69 bar as provided by the
in-hospital pressure outlets (F.,, = 7*r**p = 1556 N). Pressurization
actuated the spring bolt, which in turn displaced the rigid fork mount-
ings and, eventually, the tibia. For the perspective implementation of
dynamic loading regimes, a restoring spring (material: ABS-M30; inner/
outer diameter: 32/48 mm; length: 53.4 mm with pretension of 10 mm;
spring constant: 4356 N/m, printed on a 3D rapid prototyping printer
[Dimension SST 1200es, Stratasys]) was included in the pneumatics.
The restoring spring surrounded the spring bolt to smoothly guide the
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Fig. 1. CAD schemes (a), reconstructed CT views (b), and photographs (c) of the axial compressive loading device. a) Total view (a;) and cross-sectional view (ay).
All components are firmly attached to the solid base plate (1). The mounting blocks on both sides of the joint provide pressure-controlled displacement of the tibial
side (2) versus the rigidly fixed femoral side (3) of the human knee joint specimen (4). On the tibial side, the pneumatics consist of the cylinder head (5a) and
pneumatic cylinder (5b), which contains the loading piston (5c), seal ring (5d), restoring spring (5e), and associated spring bolt (5f). On the femoral side,
compensation of specimen length is realized by a threaded adapter component (6a) driven by an adjusting screw (6b). Principally, the joint may be set to variable
varus and valgus deviations by rotatable holding blocks (7a) that are mounted on rigid fork mountings (7b) and allow for rotation along their studs (7c). Axis
deviation is also secured by the varus-valgus positioning unit (8) consisting of two parallel abutments (8a) with fitted press-point discs (8b) that may be adjusted in
the mediolateral plane along a threaded rod (8c) centered by firmly attached counter-bearings (8d). Analogously, different specimen lengths are compensated by an
adjustable sliding block (8e) in a centering guide element (8f). Defined joint flexion angles may be set by appropriately angled bone adapters (9a) that contain the
bone end pots (9b) and an additional spike (9c) for fixation purposes. The multi-purpose coils used for MR imaging (10) circumferentially comprise the press-point
discs at the medial and lateral aspect of the joint. b) Sagittal (b;) and axial (b,) reconstructions of CT data (without specimen). The light blue line (in b;) indicates the
sectional plane of b,. ¢) Device in the unloaded (c;), loaded-nonoperational (c»), and loaded-operational configurations (c3). In ¢, and c3, the device is loaded with a

human femur and tibia for visualization purposes.

loading piston back to the starting position upon release of pressure.
Upon pressurization, the tibial-sided rigid fork mountings were dis-
placed towards the knee joint. Mechanical load transmission to the tibia
was implemented by a rotatable holding block, an angled bone adapter,
and a disposable bone pot, into which the tibial bone end was fixed. The
bone adapters contained the bone pot and the angular spike at the base
of the bone pot provided additional mechanical fixation of the femoral
and tibial bone ends. On the femoral side, a threaded adapter compo-
nent driven by an adjusting screw allowed the inclusion of knee joint
specimens of variable length (range, 28-32 cm). Mechanical load
transmission to the femur was realized in a similar, yet mirrored,
configuration in the same way as on the tibial side, i.e. via rotatable
holding block, angled bone adapter, and disposable bone pot. Angula-
tions of the femoral and tibial bone adapters (0°, 5°, and 10°) brought
the disposable bone pots (and the femur and tibia contained therein)
into distinctly inclined positions. Thus, maximum knee joint flexion of
20° could be implemented under simultaneous axial compressive
loading. Defined deviations of the mechanical axis could be set based on
two separate mechanisms: i) On the tibial and femoral sides, the
holding blocks were mounted on fixed fork mountings by means of studs
that allowed for continuous rotation and variation of the mechanical
axis in varus or valgus. Despite the holding blocks’ rotatable mountings,
their studs (and the chosen varus or valgus angles) were mechanically
arrestable by a hexagon screw and nut. Precise setting of axis deviation
could thus be carried out based on radial markings at 1° intervals on the
mountings and holding blocks (range, 0-10° [varus] - 10° [valgus]). 2)
Additionally, the set mechanical axis was secured by a varus-valgus

positioning unit at the level of the joint. To this end, two parallel
abutments on the medial and lateral aspects of the joint were adjustable
in the mediolateral plane along their threaded rods that were bilaterally
centered between the peripheral counter-bearings and the central
sliding block. Press-point discs fitted to the abutments could be adjusted
in height as required by the individual knee joint specimen’s anatomy
and position. While this configuration allowed for variable positioning
of the abutments in the X- and Y-planes, it also mechanically secured the
chosen varus or valgus configuration and maintained it once set.

2.2.3. Control unit

Due to its MRI incompatibility, the control unit was located outside
of the MRI scanner room and connected to the device via standard
pressure lines. Analogous to an earlier device (Truhn et al., 2020), the
control unit consisted of a digital-to-analogue converter (Multifunction
I/0 USB-6001, National Instruments, Austin, US) that was controlled by
customized software routines implemented in LabVIEW (National In-
struments). The control unit actuated a digital pressure valve
(VPPM-6L-L-1-G18-0L6H-V1P-S1C1, Festo) that could be set to any
target pressure levels from O to 4.69 bar. Resultant (theoretical) forces
on the loading piston ranged from 0 to 1556 N. As detailed above (see
2.2.2 Loading Unit), loading was rigidly transferred to the tibia by
displacement towards the joint.

2.2.4. Calibration of set pressures vs. resultant forces
The axial compressive loading device and its digital control were
mechanically validated using a digital hydraulic force gauge
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(#HKMD29D, Induk, Wuppertal, Germany, specifications: pressure
range 0-2.5 kN; accuracy +1.0% [of full scale]) positioned between the
tibial-sided holding block (empty) and a rigid PVC plate clamped be-
tween both arrested abutments. Resultant forces were determined as a
function of increasing pressure levels set at intervals of 0.2 bar. These
measurements were repeated three times and mean forces were calcu-
lated for each set pressure level. Pearson’s correlation coefficient r was
then determined using GraphpadPrism (version 5.0, GraphPAD Soft-
ware Inc., San Diego, CA, USA). Moreover, we also assessed force levels
as a function of time, i.e. longitudinally. To this end, mean force levels at
constant pressure levels of 1.5 bar and 3 bar were determined every
minute over a period of 30 min.

2.3. Human knee joint specimens

2.3.1. General information

In total, ten fresh and structurally intact human knee joint specimens
were obtained from the Department of Anatomy (RWTH Aachen Uni-
versity, Germany) from body donors who had deceased due to unrelated
medical conditions. The specimens’ characteristics were 7 male and 3
female, 4 right and 6 left, and their mean age at death was 83.2 + 8.5
years (range, 75-95 years). Knee joint specimens were frozen immedi-
ately after death and thawed at least 24 h prior to the measurements. At
study initiation, local Institutional Review Board approval (Ethical
Committee, RWTH Aachen University, AZ-EK180/16) and written
informed consent by the body donors were available.

2.3.2. Preparation

In line with standard procedures, the human knee joint specimens
were prepared to 28-32 cm length because of spatial restrictions in
component positioning within the device. Shorter specimens were
rejected, while longer specimens were cut to approximately 30 cm
length by use of an electric saw. Then, the soft tissues around the
resected femoral and tibial diaphysis were cleared at a length of
approximately 5 cm using standard surgical scalpels (No. 11, Feather
Safety Razor, Osaka, Japan). During these preparations, the fibula was
shortened to prevent mechanical interference. Not yet mechanically
fixed, the thus prepared femoral and tibial diaphyses were positioned in
the bone pots with residual play. Once the specimen was settled in full
extension and normal rotation, the exposed femoral and tibial bone ends
were fixed in the bone pots using liquid polymethyl-methacrylate
(Technovit 3040, Heraeus Kulzer GmbH, Wehrheim, Germany). Prior
to curing, the spike attached at the bottom of the bone pot was driven
into the cancellous bone for additional fixation. The bone-filled pots
were inserted into the 0°-angled bone adapters and the entire knee joint
specimen was aligned in the neutral position without force application.
After curing, the 5°-angled bone adapters were used to bring the knee
joint specimen in 10° knee flexion. Similarly, the varus-valgus posi-
tioning unit was adjusted so that the bilateral abutments and press-point
discs were brought in line with the joint line and in loose contact with
the specimen.

2.4. Imaging studies

2.4.1. MR imaging studies

Absence of relevant magnetic field inhomogeneity was determined
by By mapping of the device. To this end, a T2*-weighted 3D gradient
echo sequence was acquired using the Q-body coil and the following
sequence parameters: axial image orientation; TR [time to repetition] =
52 ms; TE [echo time] = 12 ms; flip angle = 20°; number of slices = 50;
ST [slice thickness] = 7.5 mm; no SG [slice gap]; FOV [field of view] =
560 mm x 560 mm; AM [acquisition matrix] = 256 x 256; RM
(reconstruction matrix) = 672 x 672; scan percentage = 78.5%; NSA
[number of signal averages] = 3.

Loaded with a single knee joint specimen, the axial compressive
loading device was then centrally positioned in the bore of a clinical
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3.0T scanner (Achieva, Philips, Best, The Netherlands). For MR imaging,
multi-purpose coils (Sense Flex L Dual Coils, Philips) circumferentially
comprised the press-point discs at the medial and lateral aspect of the
joint. The use of a dedicated multi-channel knee coil was not possible
due to the device’s overall configuration. After setting up and checking
of operability, we carried out the MRI measurements in seven configu-
rations per joint:

1) unloaded (&),

2) neutrally aligned at 1.5 bar (=0.33 kN, 8,e41),
3) neutrally aligned at 3.0 bar (=0.74 kN, 8peu2),
4) 10° varus aligned at 1.5 bar (8var1),

5) 10° varus aligned at 3.0 bar (8yar2),

6) 10° valgus aligned at 1.5 bar (8y141), and

7) 10° valgus aligned at 3.0 bar (Syg2).

All measurements were performed in 10° knee flexion. Of note,
overall joint integrity and largely preserved cartilage tissue thickness in
both femorotibial compartments were orientationally checked at
8¢ before proceeding with the measurements. Two knee joint specimens
with severe and wide-spread cartilage lesions and focal cartilage ebur-
nation were excluded from the study after the §; measurements.
Following each change in pressure level, a 5 min pause was taken to
allow for equilibration. For each configuration of the joint, the imaging
protocol was completed, which included fat-saturated 2D Proton
density-weighted sequences (PDw fs) and 3D water selective cartilage
scans (WATSc). Please see Table 1 for details on sequence parameters. In
clinical contexts, PDw fs sequences are commonly used for musculo-
skeletal imaging in general and for knee joint and articular cartilage
assessment in particular (Gold et al., 2009; Rogers et al., 2013). For &g,
PDw fs sequences were acquired in sagittal, axial, and coronal orienta-
tions, while for all loaded configurations (i.e. Speu1, Sneu2s Svarl, Ovar2s
8ylg1, and 8yigo) only the axial and coronal sequences were acquired. In
research contexts, WATSc sequences are used for performing cartilage
segmentations and morphometric measurements at high resolutions
(Eckstein et al., 2014). In our study, the sequence was obtained in the
coronal orientation. Proper joint position and loading were checked
based on multiplanar scout views. For each joint configuration, MRI
measurements were performed in the order 1-7) as detailed above, and
at room temperature, which was monitored during one measurement
series (19.8 &+ 0.9 °C).

Table 1
Acquisition Parameters of MR sequences.
PDw fs WATSc

Orientation cor, ax (sag) cor
Type of fat saturation SPAIR water-selective excitation
Sequence Type Turbo spin echo Gradient echo
Repetition Time [ms] 7125 9.6
Echo time [ms] 30 5.0
Turbo spin-echo factor 15 1
Field of view [mm] 180 x 180 180 x 180
Acquisition matrix 368 x 360 368 x 368
Reconstruction matrix 512 x 512 512 x 512
Scan percentage [%] 100 78.5
Flip angle [°] 920 17
Number of signal averages 1 1
Slices 30 266
Slice Thickness/Gap [mm] 3.0/3.3 1.5/0.75
Duration [min] 3 min 45s-6 min 30 s 9min 30 s

PDw - proton density-weighted, WATSc - water selective cartilage scan, SPAIR -
spectral attenuated inversion recovery, fs - fat-saturated, cor - coronal, ax - axial,
sag - sagittal. In the unloaded reference configuration, the PDW fs sequences
were obtained in the cor, ax, and sag orientations. In all loaded configurations,
the PDW fs sequences were only obtained in the cor and ax orientations.
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2.4.2. CT studies

Sequential CT scanning of the knee joint specimens was performed
on a clinical multidetector-row CT scanner (SOMATOM Force, Siemens,
Erlangen, Germany). Tube voltage was set to 120 kV, tube current to
800 mAs, and slice thickness to 0.6 mm. Further scan parameters were
rotation time, 1 s; increment, 2 mm; pitch, 0.8. The field of view (FOV)
was adapted to the topographic outline of the specimen within the de-
vice so that pixel size was 0.31 mm x 0.31 mm (FOV, 150 x 150 mm;
matrix, 512 x 512). The scan duration was approximately 5.3 s per
configuration. We used the Siemens kernel Br64s for image re-
constructions in all three principal planes. Similar to the MRI mea-
surements, the corresponding CT series were performed in the order
1-7).

2.5. Image analysis

2.5.1. MRI studies

The MRI data of the knee joint specimens were processed individu-
ally for each joint configuration. Chondrometrics software (Chondro-
metrics GmbH, Ainring, Germany) was used to obtain morphometric
measurements of the femoral and tibial cartilage thickness in the medial
and lateral femorotibial compartments, based on manual segmentation
and subsequent computations as described previously (Wirth and Eck-
stein, 2008). Due to its excellent cartilage-bone and cartilage-fluid
contrast, the coronal 3D WATS-c sequence was used for segmentation
of the subchondral bone interface and cartilage surface. Experienced
readers performed segmentation in each of the coronal images that
displayed cartilage tissue while being blinded to the joint’s configura-
tion and remaining readings. An expert reader performed quality checks
of segmentation quality. Based on the segmented bone interface and
cartilage surface, 3D reconstructions of cartilage surface areas were
generated and used to compute the mean cartilage thickness and related
morphometric measures of cartilage over the subchondral bone. Carti-
lage thickness (ThC) was computed for the following cartilage plates and
subregions: medial and lateral tibia (MT, LT), medial and lateral
weight-bearing (i.e. central) femur (cMF, cLF), five subregions (anterior,
posterior, central, external, and internal) of the MT and LT, and three
subregions (internal, external, and central) of the cMF and cLF (Wirth
and Eckstein, 2008). Of note, ThC was determined in each specimen,
configuration, and (sub)region. The reliability of these measurements
has been reported previously (Wirth and Eckstein, 2008).

In addition, meniscus extrusion (ExM) was determined for each joint
configuration by determining the centres of the medial and lateral
meniscus body at the midportion of the tibial plateau and by consecu-
tively measuring the horizontal distance from the cartilage-covered
tibial plateau’s outermost (medial or lateral) aspect to the outermost
edge of the base of the medial (MM) or lateral meniscus (LM) as pub-
lished previously (Patel et al., 2016).

2.5.2. CT studies

For CT analyses, sagittal, coronal, and axial reconstructions were
evaluated to quantify joint flexion and mechanical axis deviation in all
joint configurations. To this end, the central sagittal slice was identified
as the one that visualized the spikes within the femoral and tibial shafts
to the greatest possible extent, while the central coronal slice was
identified as the one that centrally bisected the weightbearing region of
the femorotibial joint, i.e. at half of the anteroposterior distance be-
tween the deepest point of the trochlear groove and the posterior
condylar line. On the central sagittal slice, joint flexion was quantified as
the angle between the femoral and tibial shafts as measured using the
inbuilt angle measuring tool of the clinical picture archiving and com-
munications system (PACS, iSite, Philips) available in house. Similarly,
mechanical axis deviation was measured on the central coronal slice as
the angle between the femoral and tibial shaft. One investigator (MW,
two years of experience in musculoskeletal imaging) performed these
measurements for each joint configuration. Total blinding of the reader
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was impossible as the joint’s configuration in terms of alignment and
loading intensity was easily discernible.

Shaded CT volume renderings were generated using IntelliSpace
Clinical Applications (Philips) for the sake of visualizing the entire joint
in all configurations.

2.6. Reference assessment

2.6.1. Histological Assessment

Following imaging, the human knee joint specimens underwent
histological and biomechanical work-up. For the former, the joint was
accessed through the medial parapatellar approach, the patella everted
laterally, the collateral and cruciate ligament complex completely
dissected, and the femoral and tibial joint surfaces thus fully exposed.
The peripheral central (i.e. mid-coronal) weightbearing joint areas were
sampled at the distal femoral condyles and proximal tibial plateau using
an electric saw and a rongeur. Similarly, the central body region of the
medial and lateral meniscus was sampled using a surgical scalpel.
Sampled joint regions were cut to standard dimensions of ca. 2 x 2 cm
(width x length) and tissue-marking dye (Polysciences, Warrington, US)
was used to define the coronal plane (for consistent future reference) of
these samples. Histological sections were prepared along this plane ac-
cording to standard as before (Nebelung et al., 2018, 2019a, 2019b;
Truhn et al., 2019). In brief, paraformaldehyde (4%) was used to fix
meniscus samples, while Ossa fixona (Diagonal, Miinster, Germany) was
used for simultaneous decalcification and fixation of cartilage-bone
samples. Upon embedding in paraffin, cutting to 5-um sections, stain-
ing with hematoxylin/eosin and Safranin O, samples were imaged using
a digital light microscope (BZ-9000, Keyence, Osaka, Japan). For visu-
alization of the cartilage and meniscus samples in their entirety, two - six
individual micrographs were merged into one image per sample. Two
investigators (SN [fellowship trained, 11 years of experience in
musculoskeletal histopathology]; MW [2 years of experience in
musculoskeletal histopathology]) performed the semiquantitative his-
tological grading. Cartilage samples were graded based on the Mankin
classification (Mankin et al., 1971) by assessing structural (score 0-6),
cellular (score 0-3), PG staining-associated (score 0-4), and
tidemark-associated (score 0-1) tissue properties. Individual scores
were summed to give the Mankin sum score (range, 0-14) that indicated
the absence of degeneration by score 0 and most severe degeneration by
score 14. Similarly, meniscus samples were graded based on the Pauli
classification (Pauli et al., 2011). Briefly, the Pauli classification assesses
surface integrity for the femoral, tibial, and inner meniscal surfaces
(score 0-3 each, i.e. 0-9), cellularity (score 0-3), collagen organization
(score 0-3), and matrix staining (score 0-3). Analogously, the range of
Pauli sum scores is 0-18 with 0 indicating no degeneration (score 0) and
18 indicating most severe degeneration. Both investigators graded the
tissues individually and on a per-sample basis. Final scores were dis-
cussed until consensus was reached, thus, no measures of inter- or
intra-rater variability was calculated.

2.6.2. Biomechanical assessment

For biomechanical reference assessment, cartilage samples were
harvested from the sampled medial and lateral femoral and tibial joint
surfaces (see 2.6.1 Histological Assessment) but were not fixed but
processed fresh. As published earlier (Nebelung et al., 2017b), a skin
biopsy punch (diameter: 8 mm; pfm-medical, Cologne, Germany) was
used to cut cylindrical chondral samples from the cartilage-bone mate-
rial. The subchondral bone was removed from the cartilage-bone
interface by use of a surgical scalpel to obtain samples of uniform
thickness. Upon determination of sample thickness by digital micro-
metry (Mitutoyo 293-521; Mitutoyo, Tokyo, Japan), chondral samples
underwent unconfined compression tests on a universal mechanical
testing machine (Zwick/Roell Z2.5; Zwick/Roell, Ulm, Germany)
equipped with a compressive piston (diameter: 20 mm) and a load cell
(force range: 200 N). In practical terms, samples were compressed to a
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maximum strain of 21% at a constant displacement rate of 0.15%
strain/sec. The response to loading of cartilage depends on the complex
interplay of fluid pressurization and fibril reinforcement. This strain rate
was chosen because of its time efficiency and assesses the former’s
contribution over the latter (Li and Herzog, 2004). Displacement and
load data were simultaneously recorded using TestXpert software
(Zwick/Roell) and used to determine Instantaneous Young modulus
(IYM) as the ratio of stress and strain within the strain range of 10-20%.
To this end, a tangent was fitted to this strain range to determine the
specific chondral sample’s IYM. In total, four cartilage samples were
prepared per knee joint specimen, i.e. femoral medial and lateral as well
as tibial medial and lateral. These were always kept hydrated.

2.6.3. Force validation

Following imaging, femorotibial pressure mappings were performed
for each configuration in four of the human knee joint specimens. Digital
electronic pressure-sensitive sensors (K-Scan 4000, 10.000 psi, Tekscan,
Boston, MA, US; further specifications: pressure-sensitive area, 33 x
27.9 mm [height x width]; number of sensor elements/cm?, 62;
maximum pressure level, 68948 kPa; thickness, 0.1 mm) were used as in
earlier studies that investigated static pressure distributions in human
knee joints (Agneskirchner et al., 2007; Suero et al., 2017). In practical
terms, the joints were accessed as detailed above (see 2.6.1 Histological
Assessment) and in two of the four joints, the cruciate ligament complex
had to be partially cut for full access to the joint. The sensors were then
inserted into the medial and lateral femorotibial compartments above
the menisci while attention was paid to avoid crinkling or displacement.
The sensors were positioned to cover the anterior and central
weight-bearing regions of the medial and lateral femoral condyles. Yet,
coverage of the femur was limited to the anterior two-thirds of the
tibiofemoral articular surface due to limitations in the sensor area.
Following preconditioning and calibration as recommended by the
manufacturer, total force levels were determined in all configurations.
Of note, equilibration periods of 5 min were observed after changing the
pressure level or joint configuration and no intraarticular forces were
detected at 80. In total, forces on the entire femorotibial joint were
measured three times after sensor repositioning and equilibration.
Forces as output by the sensors were recorded and averaged.

2.7. Statistical analysis

Statistical analysis was performed by the senior author (SN) using
GraphpadPrism. In the following, 50 gives the parameter value in the
unloaded reference configuration, while 8peu1, Sneu2s Svarl, Svar2, Svigl,
and 8yig refer to the parameter values in the six loaded joint configu-
rations 1-7) as defined above. Relative changes were calculated by
relating the parameter values to 50.

Parametric tests were chosen as morphometric cartilage and
meniscus measures as well as histological and biomechanical measures
were assumed to be normally distributed. Hence, repeated-measures
ANOVA followed by Tukey’s post-hoc test was applied to assess differ-
ences between the joint configurations, while one-way ANOVA was used
to assess differences in the histological and biomechanical reference
measures between the four cartilage plates, i.e. medial/lateral and
femoral/tibial. Correspondingly, paired Student’s t-test was used to
assess differences between histological Pauli sum scores of the two
menisci within the joint. Correlations between relative changes in ThC
and histological as well as biomechanical measures were assessed per
cartilage plate using Spearman’s correlation coefficient. Data are given
as means + standard deviation. Due to our study’s exploratory nature,
the Bonferroni correction was applied to correct for multiple compari-
sons and to adjust for alpha inflation. Hence, the level of significance
was set to p < 0.05/20 = 0.0025 as cartilage thickness was assessed in
four joint regions and five tibial as well as three femoral subregions,
respectively. This ‘stricter-than-usual’ level of significance was intended
to contain the number of statistically significant, yet scientifically
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(likely) irrelevant findings.
3. Results

Validation studies of axial force generation revealed a highly linear
association with set pressure levels (y = 0.264*x — 0.063; 2= 0.999),
where x is the pressure applied, and y the resultant force level.
Accordingly, set pressure levels of 1.5 bar and 3 bar resulted in forces of
0.33 + 0.02 kN (= 33.7 kg) and 0.74 + 0.01 kN (= 75.5 kg), respec-
tively. Longitudinal force evaluation at set pressure levels of 1.5 bar and
3 bar revealed constant force levels and no loss in force.

Total forces within the joints revealed significantly different absolute
forces of 0.12 £ 0.02 kKN (8pey1); 0.39 £ 0.09 kN (8peu2), 0.37 + 0.07 kN
(Svar1), 0.59 & 0.09 kN (Syar2), 0.37 + 0.04 kN (8y141), and 0.63 + 0.09
kN (8y1g2) (p < 0.0001) in the different joint configurations. In the 8yar1
and dyarp configurations, the medial joint compartment was loaded
exclusively, while the lateral joint compartment was distended and not
pressurized at all. The opposite was observed for the 8yjg1 and 8yig0
configurations.

All human knee joint specimens underwent complete MRI and CT
scanning according to protocol (all joint configurations), and no adverse
or unexpected events occurred. In qualitative terms, the medial and
lateral femorotibial compartments were homogeneously compressed in
the neutral axis. As indicated by progressive exudation of intraarticular
compartmental synovial fluid, the extent of pressurization was clearly
related to loading intensity. Cartilage thickness and volume became
smaller with higher loading intensity (Fig. 2a—e). In varus alignment, the
medial femorotibial compartment was compressed, while the lateral
compartment was distended. In valgus alignment, however, the lateral
compartment was compressed, while the medial compartment was dis-
tended (Fig. 2f-i).

In quantitative terms, loading-induced changes in cartilage
morphometry, i.e. ThC, were reflective of the biomechanical loading
conditions in terms of intensity and alignment. In both compartments,
ThC decreased significantly in response to loading, both at compart-
mental, regional and sub-regional level. Tables 2 and 3 indicate regional
and sub-regional changes in ThC, while Table 4 gives details of the post-
hoc analysis. More intense loading induced more substantial changes in
ThC, e.g. cMF (relative change in ThC vs. 8y [%]): Sneu1, -2.1%; Sneuzs
-4.6%; Byar1, -4.9%; Syar2, -8.8%; Byig1, -1.5%; Syig2, 3.3% (p < 0.0001);
CLF: Bneu1, -1.2%; Sneuz, -3.9%; Svar1, -4.9%; dvarz, -2.0%; yig1, -6.5%;
Syig2, -9.4% (p < 0.0001). Quantitatively, relative changes in ThC were
related to loading intensities to further elucidate the relation between
both variables. When referencing relative changes in ThC [%] to applied
loading intensities [kN], the following values of the relative changes in
ThC per kN [%/kN] were found: medial femorotibial compartment,
Sneut, ~16%/kN; Sneuz, ~10%/KN; Syar1, -14%/kN; Syara, -14%/kN; yig1,
-4%/KN; 8y1g2, 5%/kN; lateral femorotibial compartment; Speu1, -12%/
KN %; Sneuz, -12%/KN; Syart, -14%/KN; Syarz, -3%/kN; Syigr, ~20%,/kN;
Svig2, -17%/kN. Of note, if not directly loaded (e.g. the medial
compartment in valgus alignment), the respective compartment’s
morphometric parameters remained largely unchanged, even though
slight increases in ThC were found alongside slight decreases (Tables 2
and 3).

Detailed analyses of femoral and tibial subregions are given in Ta-
bles 3 and 4 Except for the posterior lateral tibial and internal central
femoral subregions, all subregions displayed decreases in ThC under
loading. In neutral alignment, the distribution and magnitude of relative
changes were quite variable with the central subregions displaying the
largest changes both medially and laterally. In valgus alignment,
changes were most prominent in the external subregion of the central
lateral femur and throughout the entire lateral tibia (except for the
posterior subregion). Correspondingly, in varus alignment, changes
were largest in the central and external subregions of both medial femur
and tibia.

Meniscus extrusion increased significantly in response to loading,
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Fig. 2. Representative MR images of a right human knee joint undergoing standardized compressive loading at variable intensities and mechanical axis deviations. a-
¢) MR images of the unloaded configuration (8y) and in the coronal (a, ¢) and sagittal orientations (b). Coronal images were obtained through the central weight-
bearing region of the femur (a, ¢) and the central lateral (b;) and medial (b,) femorotibial joint compartments as indicated by the numbered blue lines. The posterior
horns of the lateral and medial menisci displayed signs of severe meniscopathy with surface disintegration, while gross tissue tearing was only found in the medial
meniscus (femoral surface). Otherwise, the knee joint was structurally largely intact. d-i) Mid-coronal MR images (as in a, ¢) in response to increasing loading of 0.33
kN (8peu1 [d]) and 0.74 kN (8,eu2 [€]) in the neutral axis. Analogously, equal loading intensities were applied to the joint in 10° varus alignment (8,1 [f] and 8yar2
[g]) as well as in 10° valgus alignment (3,1, [h] and 8,1g [i]). While the joint was homogeneously compressed in the neutral axis, it was compartmentally com-
pressed in varus and valgus alignment with the medial (in varus) and lateral (in valgus) compartments undergoing substantial compression while the contralateral
compartments were grossly distended. All images are proton density-weighted and fat saturated, except for the WATSc sequence used for cartilage segmentation and
morphometric analyses (c).

Table 2
Mean thickness [mm?®] of medial and lateral tibial and femoral articular cartilage regions of human knee joints (n = 10) as a function of variable loading intensities and
mechanical axis deviations.

8o Sneut Sneuz Svarl Svarz Bvig1 Svig2 p-value
Medial Tibia 1.52 + 1.50 £ 0.16 1.47 £ 0.15 1.44 + 0.14 1.41 £ 0.13 1.55+0.17 1.56 + 0.14 (2.4 < 0.0001
Compartment 0.15 (-1.7 £ 2.6) (—3.4+£3.2) (-5.7 £ 2.3) (=7.7 £3.3) (-1.4+3.4) + 3.4) [1]
Femur 1.51 + 1.48 +£0.30 1.44 +£0.27 1.44 + 0.28 1.38 + 0.29 1.53 £ 0.35 1.56 + 0.32 (2.9 < 0.0001
0.27 (—2.3+5.1) (—4.5 +3.8) (-5.1+37) (-9.0£7.7) (0.7 £ 6.8) + 4.4) [2]
Lateral Tibia 1.80 + 1.77 £ 0.30 1.70 £ 0.29 1.69 + 0.30 1.77 + 0.30 1.65 + 0.30 1.58 + 0.24 < 0.0001
Compartment 0.28 (-1.8 +29) (—5.4 + 3.6) (-5.9 £ 3.4) (-1.7 £3.1) (-8.6 +5.4) (-11.8 + 4.6) [3]
Femur 1.60 + 1.58 £ 0.20 1.54 £ 0.19 1.52 + 0.20 1.57 £ 0.22 1.50 £+ 0.20 1.45+0.18 < 0.0001
0.18 (-1.2+3.6) (-39 +5.1) (—5.0 £ 4.5) (-2.2+4.3) (—6.6 +£5.4) (—9.3 +£4.8) [4]

Joint configurations are as follows: unloaded (§¢), neutral alignment and set pressure level of 1.5 bar (8pey1), neutral alignment and 3.0 bar (8,eu2), 10° valgus
alignment and 1.5 bar (8y141), 10° valgus alignment and 3.0 bar (8142), 10° varus alignment and 1.5 bar (8var1), and 10° varus alignment and 3.0 bar (ya:2). Data are
given as mean + standard deviation and (percentage change as compared to 5, [%] [mean + standard deviation]). Statistical analysis was performed by repeated-
measures ANOVA. Tukey’s post-hoc testing details as indicated by square brackets [1-4] may be found in Table 4.

both for the MM (extrusion [mm], 3.7 & 1.4 [5¢]; 4.3 & 1.2 [8peu1l; 4.8
+ 1.6 [Sneu2l; 4.5 £ 1.2 [Svar1l; 4.6 + 1.3 [Syaral; 3.2 + 1.4 [8y1g1]; and
3.2 £ 1.3 [8yig2]; p < 0.0001) and for the LM (extrusion [mm], 2.3 + 0.8
[80]; 2.8 + 0.7 [Speu1]; 3.0 + 0.8 [Spewz]; 1.5 + 1.5 [Syar]; 1.6 &= 1.5
[Bvar2]; 2.9 + 0.6 [8yig1]; and 2.8 & 0.9 [8y152]; p < 0.0001).

Reference assessment by CT revealed hardly any joint space nar-
rowing in response to compressive loading in the neutral axis, while the
medial (and lateral) joint spaces were compressed in varus and valgus
alignment, indicating compartmental pressurization and compression
(Fig. 3).

When assessing coronal and sagittal alignment under loading we

made the following observations. First, the mechanical axes (as assessed
on the central coronal slices) remained largely unchanged during
loading in the neutral alignment (coronal angles [°], 0.5 & 1.3 [§¢]; 0.8
+ 1.5 [8peu1]; 1.2 + 1.9 [Sheu2]; p = 0.026) with slight valgus angulation
maintained throughout. In contrast, coronal angles were significantly
different from the unloaded configuration in varus and valgus alignment
(varus: 7.4 £+ 1.3 [8yar1], 7.3 £ 0.9 [8yar2l, p < 0.001; valgus: 9.7 + 1.1
[8vig1]; 9.4 £ 0.8 [3y152]; p < 0.001). In contrast, joint flexion angles did
not change significantly throughout the different joint configurations
(sagittal angles [°], 10.6 + 2.0 [§p]; 11.0 £+ 2.3 [dpen1]; 11.2 £ 1.9
[Sneu2]; 11.6 + 1.5 [Syar1]; 11.8 £ 1.6 [Syarol; 11.1 £ 1.7 [Syig1]; 11.2 £
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Mean thickness of the medial and lateral tibial and femoral articular cartilage subregions as a function of variable loading intensities and mechanical axis deviations.
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Table 3
8o Speul Sneu2
Medial Tibia central 2.02 + 1.96 + 0.28 1.90 + 0.29
Compartment subregion of 0.25 (-3.2+4.7) (-5.9+6.7)
MT
external 1.22 + 1.20 £ 0.17 1.16 £ 0.19
subregion of 0.16 (-1.7 £ 6.5) (-5.3+8.6)
MT
internal 1.71 + 1.71 £ 0.23 1.70 £+ 0.22
subregion of 0.21 (0.0 + 2.4) (—-0.6 &+ 3.9)
MT
anterior 1.51 + 1.49 £ 0.15 1.47 £ 0.16
subregion of 0.14 (-1.0+3.3) (24434
MT
posterior 1.21 + 1.18 £ 0.15 1.18 £ 0.15
subregion of 0.15 (—2.4+24) (-2.6 £2.9)
MT
Femur  central 1.81 + 1.74 + 0.42 1.68 + 0.37
subregion of 0.38 (-39+5.8) (-7.3+47)
cMF
external 1.24 + 1.20 £ 0.17 1.18 + 0.17
subregion of 0.18 (=26 +£5.1) (-4.7+5.5)
cMF
internal 1.50 + 1.50 + 0.33 1.48 +£0.28
subregion of 0.29 (-0.4 +5.2) (-1.2 4+ 3.9)
cMF
Lateral Tibia central 2.66 + 2.61 £ 0.59 2.45 £+ 0.62
Compartment subregion of LT 0.55 (—-2.0 + 4.9 (—8.5+7.5)
external 1.35+ 1.33 £ 0.25 1.31 £ 0.25
subregion of LT 0.24 (-1.4+3.1) (-3.3+3.8)
internal 1.81 + 1.76 + 0.33 1.67 + 0.33
subregion of LT ~ 0.30 (-29+39) (-81+6.4)
anterior 1.56 + 1.53 + 0.22 1.51 £ 0.18
subregion of LT ~ 0.22 (-2.0+29) (-3.4+3.9)
posterior 1.62 + 1.62 + 0.38 1.59 + 0.35
subregion of LT  0.36 (0.7 £ 4.0) (-2.3+3.3)
Femur  central 1.92 + 1.90 + 0.29 1.85 + 0.29
subregion of 0.28 (-0.9+4.9) (-3.5+7.1)
cLF
external 142 + 1.39 £ 0.21 1.35+ 0.21
subregion of 0.19 (-28+3.7) (-5.6+5.0)
cLF
internal 1.48 + 1.48 + 0.15 1.44 + 0.11
subregion of 0.13 (-0.1+3.6) (-2.8+4.2)
cLF

Svar1 Svara Suig1 Suig2 p-value
1.84 + 0.25 1.78 +£ 0.24 2.04 £ 0.29 2.10 £ 0.28 <0.0001
(—8.7 £5.0) (-11.8 + 6.4) (1.2 +6.3) (4.0 £ 6.2) [5]
1.09 + 0.16 1.04 £ 0.14 1.26 + 0.21 1.27 £ 0.16 < 0.0001
(-10.9 +6.4) (=149 +7.2) (3.0 +£7.5) (3.9 +£5.4) [6]
1.64 + 0.20 1.64 + 0.20 1.77 £ 0.22 1.76 £ 0.21 < 0.0001
(-3.9+3.8) (—4.0 £ 3.9) (3.3+4.3) (2.7 £4.5) [71
1.46 + 0.15 1.44 £ 0.16 1.51 £ 0.16 1.52 £ 0.13 0.0012
(-3.3+2.8) (—4.9 + 4.6) (-0.3 £2.5) (0.8 £4.2) [8]
1.18 £ 0.16 1.16 £ 0.15 1.23 +0.17 1.23 £ 0.14 < 0.0001
(—2.8 £3.6) (—4.5+3.1) (0.9 +£3.2) (1.3 £ 4.6) [91
1.72 + 0.42 1.62 + 0.44 1.83 + 0.50 1.88 + 0.46 < 0.0001
(-5.7 £ 6.2) (-11.2 + (0.2+9.2) (3.1 £5.7) [10]
10.5)
1.13 £ 0.15 1.09 + 0.17 1.22 + 0.25 1.25 £ 0.21 < 0.0001
(-8.1 £5.7) (-11.7 £ 7.3) (-19+7.7) (1.0 £ 6.5) [11]
1.47 £ 0.30 1.43 £ 0.30 1.56 + 0.35 1.57 £ 0.34 < 0.0001
(—2.0 £ 3.5) (—4.4 £ 6.9) (3.3 +5.8) (4.3 £4.3) [12]
2.45 £ 0.61 2.60 £+ 0.61 2.33 £ 0.62 2.18 £ 0.54 < 0.0001
(-8.4+6.2) (-2.7 £5.4) (-13.3+ (—18.4 £ 8.4) [13]
10.4)
1.33 £ 0.25 1.38 £ 0.25 1.23 + 0.20 1.18 £ 0.17 < 0.0001
(-1.3+5.2) (2.0 £ 5.9) (—8.7 £ 5.6) (-12.3 £5.6) [14]
1.68 + 0.35 1.75 £ 0.32 1.65 + 0.36 1.62 + 0.33 < 0.0001
(-7.7 £6.2) (—3.8 +£3.3) (-9.2 +£8.1) (-10.9 +£7.2) [15]
1.47 + 0.15 1.50 + 0.19 1.46 + 0.17 1.38 £ 0.13 < 0.0001
(-5.6 £7.3) (-3.4+6.1) (-5.9 + 4.6) (-10.9+£9.4) [16]
1.56 + 0.40 1.64 + 0.42 1.56 + 0.42 1.57 £ 0.38 0.062
(—4.5 £+ 6.5) (0.2 +6.7) (-4.3+7.5) (—-3.8+6.2)
1.83 +0.29 1.90 + 0.32 1.82 + 0.30 1.75 £ 0.27 < 0.0001
(—4.6 £5.9) (-1.3+6.5) (-5.2+7.7) (—8.5+7.2) [17]1
1.33 £ 0.21 1.38 + 0.24 1.24 + 0.19 1.17 £ 0.16 < 0.0001
(-6.9 £ 4.7) (—3.5+5.8) (-12.9 + 3.8) (—17.6 £5.0) [18]
1.43 £ 0.13 1.45 + 0.14 1.45 + 0.15 1.44 + 0.15 0.055
(-3.5+3.8) (-1.9+3.4) (-2.3 +£5.8) (-2.5+5.2)

Human knee joints (n = 10) were subject to variable loading conditions. MT - medial tibia. cMF - central medial femur. LT - lateral tibia. cLF - central lateral femur.
Statistical analysis was performed using repeated-measures ANOVA. Wherever appropriate, post-hoc test details are numbered in square brackets [5-18] and detailed
in Table 4. Please see Table 2 for additional details on joint configurations, their connotations, and details on data presentation.

2.0 [8yig2]; p = 0.887).

Biomechanical evaluation of the sampled cartilage areas revealed no
significant location-dependent differences in the tissue’s biomechanical
properties. IYM was determined as 2.77 + 1.97 MPa (MT), 2.35 + 1.81
MPa (LT), 3.51 + 2.86 MPa (MF), and 3.68 + 1.98 MPa (LF) (p = 0.094).
However, variability was substantial with individual samples being very
soft to very stiff as demonstrated by the wide range of IYM values (0.10
MPa-8.28 MPa).

Histologically, cartilage samples were largely grossly intact to mildly
degenerative. Mean Mankin sum scores were 2.2 + 0.8 (range, 1-3) for
the LF, 1.7 £+ 1.1 (range, 0-3) for the LT, 3.2 + 1.3 (range, 1-5) for the
MF, and 3.1 + 0.9 (range, 2-5) for the MT (p = 0.011), indicating
considerably more advanced cartilage degeneration in the medial than
in the lateral femorotibial joint compartment. Qualitative evaluation
revealed slight-to-moderate signs of degeneration in the grossly intact
samples such as focal surface disintegration, hypercellularity and mild-
to-moderate proteoglycan de-staining originating at the sample surface.
In the more degenerative samples, we observed more severe signs of
degeneration, too, such as widespread cellular cloning, surface tearing
and clefting, pannus reformation and superficial tissue loss.

Meniscus samples were found to be of variable degeneration. With
mean Pauli sum scores of 8.2 + 2.3 (range, 5-12) for the LM and 4.3 +

1.7 (range, 2-7) for the MM (p = 0.004), differences between the fem-
orotibial compartments were significant. Consequently, LM samples
displayed more severe and widespread signs of degeneration such as
widespread surface disintegration and fibrillation, substantial fraying of
the apex, areal hyper-to hypocellularity, disorganization of the extra-
cellular matrix, signs of fibrocartilaginous separation, and moderate-to-
strong proteoglycan staining. MM samples demonstrated signs of less
severe degeneration.

Details of intra-specimen and intra-regional correlations between
histological and biomechanical reference measures of cartilage and
relative changes in regional ThC as well as between histological
meniscus measures and relative changes in ExM are indicated in the
Supplementary Tables 1 and 2

4. Discussion

The most important finding of the present study is that imaging
biomarkers such as cartilage thickness are reflective of the biomechan-
ical framework conditions applied during standardized compressive in-
situ loading of human knee joints, while they are not related to histo-
logical and biomechanical measures.

In a first step, we designed, manufactured, and validated a dedicated
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Table 4
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Tukey’s post-hoc testing details after repeated measures ANOVA as detailed by consecutive numbers [in square brackets] in Tables 2 and 3 Significant pair-wise
differences are marked by asterisks and stratified according to [***], p < 0.001; [**], 0.001 < p < 0.01; [*], 0.01 < p < 0.05; [ns], non-significant.

[1] [2] [3] [4] [5] (6] [7] [8] [91 [10] [11] [12] [13] [14] [15] [16] [17] [18]
8o VS. Speut ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
80 VS. Sneuz ns ns ns ns ns ns ns ns ns ns ns ok ns ok ns ns *
8o Vs. dyig1 ns ns ok ns ns ns ns ns ns kel el kel ns ns kel
8 Vs. Svlgz ns sk ns ns ns ns ns ns ek ek ek dekk dekk ek
80 VS. dyar1 ns o ns ns ns * ns o ns o ns ns o
8o vs. dvar2 ikl ns kel * * il o kel ns ns ns ns ns ns
Sneut VS- Oneu2 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Sneut VS. Syig ns ns o ns ns ns ns ns ns ns ns * * ns ns d
Speu1 VS. Oylga * ns * ns ns ns ns ns ns ns kel el kel kel
Bneul VS. Svar1 * ns ns ns ns el * ns ns ns ns ns ns ns ns ns ns ns
Bneu1 VS. dvara ok * ns ns ok R * ns ns ns ok ns ns ns ns ns ns ns
Sneuz VS. dyig ok * ns ns * * * ns ns * ns ns ns ns ns ns ns kel
Bneuz VS. Suig2 ok - Sk o Sk o ns ns * Sk ns % Kk Sk ns - ns Kok
Sneu VS. Svar1 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Bneu2 VS. Oyara ok ns ns ns ns ok ns ns ns ns ns ns ns ns ns ns ns
Bylg1 VS. Byiga ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns *
Byig1 VS. Byar1 ek * ns ns el ekl sk ns ns ns ns * ns e ns ns ns e
Svlgl VS. Syar2 ok ke Tk * Tk ok ek * Sk ok *k Kk ek Kk ns ns ns Kk
Sylg2 VS. Byar kel * ns * * ok kel ns ns ns
Sl VS. Syars Sk sk Sk - Sk . ok - sk Sk Sk Sk Sk Sk *x - Sk Sk

vig2 VS. Ovar:

Syar1 VS. Syar2 ns ns * ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns

Fig. 3. Shaded CT volume renderings of a right human knee joint undergoing standardized compressive loading. As compared to the unloaded configuration (a),
loading-induced compression of the joint space was hardly discernible in the neutral axis (b), while medial and lateral joint space narrowing was considerably more
prominent in response to compressive loading in varus (c) and valgus (d) alignment. The knee joint as the volume-of-interest was rotated and angulated for un-
obstructed visualization of the joint space. The knee joint is the same as in Fig. 2; please also refer to Fig. 2 for a more detailed explanation of the joint configurations.

axial compressive loading device to apply compressive loading of vari-
able intensity and alignment along the joint axis in an MRI-compatible
manner. For the sake of reproducibility and standardization, loading
was controlled by set pressure levels. We performed the measurements
at set pressure levels of 1.5 bar and 3 bar, resulting in theoretical
compressive forces of 0.50 kN and 1.00 kN, respectively. Pressure-force
measurements indicated actual mean compressive forces to be sub-
stantially lower at 0.33 kN (33.7 kg) and 0.74 kN (75.5 kg), most likely

secondary to unavoidable air leakage of the experimental setup. These
forces are approximately equivalent to half and full standard body
weight in the Western world (Walpole et al., 2012). Of note, even though
the setup had been laid out to take substantially larger forces of up to
twice standard body weight, such loading conditions were not imple-
mented to avoid over-pressurization and potential damage. In earlier
comparable studies by our group and others, loading was controlled by
displacement (Nebelung et al., 2017a, 2017b, 2018, 2019b; Truhn et al.,
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2019; Wang et al., 2015) or by pressure levels using specifically
designed pneumatics (Chan et al., 2016; Wang et al., 2015; Zevenbergen
et al., 2018). Displacement-controlled approaches incur stress relaxation
and limit standardization of lengthy imaging protocols. This fact renders
pressure-controlled approaches a more suitable choice for reasons of
standardisation and intra- and inter-subject comparability in scientific
and clinical contexts, even though a consensus on whether joint and/or
tissue loading should be static or dynamic has not been reached yet.

In our study, longitudinal pressure-force validation revealed stan-
dardized pressurization of the femorotibial joint throughout the
sequence acquisition period and no loss in force. However, we had to
strike a balance between realizing effective loading in terms of force
application, transmission, and absorption, and allowing sufficient
freedom for physiological adaptations of the joint under loading. Hence,
the relatively rigid experimental setup in terms of limited degrees of
freedom of femur and tibia and constrained femur-tibia relations does
not fully reflect the biomechanical boundary conditions of the human
knee joint encountered in vivo.

Conceptionally, several mechanisms were implemented to maintain
the joint in a physiological configuration during loading. Among these,
the adjustable press-point disks, the spike-augmented (initially rotat-
able) fixation of the bone shafts in the bone pot, the rotatable holding
blocks, mountings, and bone adapters and the axial length adjustment
were intended to adapt the experimental setup to inherent differences in
joint anatomy and physiology and to counter constraining forces, forced
postures, and unphysiological joint configurations during loading. While
our setup is likely to have emulated the tibiofemoral joint pressures and
forces encountered when axially loading the joint during standing or
walking, its physiological correspondence remains limited when
considering the complexities involved in physiological knee joint ki-
netics. In vivo, considerable biomechanical moments are taken up by
dynamic joint stabilizers such as muscles, which could not be considered
in our setup (Winby et al., 2009).

Our axial compressive loading device only assessed the contributions
of static stabilizers such as cruciate and collateral ligaments, the joint
capsule, and the menisci. Accordingly, our experimental setup was laid
out to standardize the biomechanical framework conditions of
compressive loading in an MRI-compatible manner, rather than
addressing all biomechanical complexities of in-vivo loading.

Pressure-controlled loading induced compression of the femorotibial
joint that was bicompartmental in neutral alignment and compart-
mental in axis deviation, i.e. the medial or lateral femorotibial com-
partments were exclusively compressed in varus or valgus loading,
respectively. Morphometric cartilage measures are indicative of these
intra-articular changes. In neutral alignment, absolute femorotibial
forces and relative changes in ThC were significantly lower than in varus
or valgus alignment, which confirms earlier studies assessing the effects
of altered mechanical alignment on compartmental contact pressures
(Agneskirchner et al., 2007; Suero et al., 2015). Relative changes of the
femoral and tibial cartilage were larger with higher loading intensities
across all alignments, which is plausible considering the tissue’s essen-
tial role in weight-bearing. Yet, these changes were significant only for
the LT in varus alignment, i.e. 8yar1 VS. Syara (ThC). Specific anatomic and
biomechanical aspects of the knee joint may help explain this finding as
the articular surface of the LT is convex, thereby decreasing the area of
articulation (Donahue et al., 2002). Consequently, compartmental and
regional loading may be borne in a more focal manner, which potenti-
ates the effects of compressive loading in altered alignment. Hence,
loading in valgus or varus alignment induced considerably larger rela-
tive changes than in neutral alignment, even at moderate loading in-
tensities, and relative changes tended to be relatively homogeneous
throughout the entire femoral and tibial cartilage plates. On the
sub-regional level, relative changes in ThC revealed distinctly different
loading patterns that were reflective of the joint’s alignment during
compressive loading. In the neutral axis, loading of the medial and
lateral femorotibial compartments was mainly borne by the central and,
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to a lesser extent, external subregions of the femur and tibia as indicated
by the largest relative changes in these subregions. These findings are in
line with earlier studies using human knee joints and intraoperative
pressure mappings obtained during total knee replacement surgery:
Upon axial loading of human knee joint specimens at 1000 N in neutral
alignment, Agneskirchner et al. found topographical differences in
pressure distribution across the femorotibial compartments with the
highest pressurization of the central compartments (Agneskirchner
et al., 2007). Earlier pressure mappings on the basis of total knee im-
plants demonstrated similar observations of primary load-bearing
through the central areas of the compartment (Werner et al., 2005).
Compartmentally different structural adaptations in response to loading
are indicated by the fact that the internal subregion of the medial tibia
underwent hardly any changes as opposed to the lateral tibia, which
might be attributable the slightly increasing valgus alignment with
increasing loading intensity that favoured progressively larger involve-
ment of the entire lateral femorotibial compartment, including the inner
subregion (Werner et al., 2005).

In varus and valgus alignment, loading-induced cartilage deforma-
tion was noted throughout the medial and lateral femorotibial com-
partments even though relative changes were largest in the central and
external subregions of femur and tibia. On the tibial side, the posterior
subregions underwent least changes, which may be attributed to the 10°
flexion position that certainly shifted the contact area to the anterior
portion of the femorotibial joint articulation (Ahmed and Burke, 1983),
indicating considerably less pressurization of the joint’s posterior
portion. Correspondingly, on the femoral side, the internal subregions
underwent least changes, confirming the more peripheral distribution of
mean and peak contact pressures in varus and valgus alignment
(Agneskirchner et al., 2007; Takahashi et al., 1997; Werner et al., 2005).

In clinical contexts, meniscus and cartilage pathologies are closely
intertwined in OA and beyond (Englund et al., 2009). Consequently,
meniscus extrusion is commonly associated with meniscal tears that
secondarily compromise hoop tension, malalignment of the joint, and
advanced loss of femorotibial cartilage (Crema et al., 2012). Thus,
meniscus extrusion is widely considered a predictor of severe structural
changes of cartilage and meniscus (Berthiaume et al., 2005; Englund
et al., 2011). Weight-bearing increases meniscus extrusion compared to
non-weight-bearing (Stehling et al., 2012) and may allow more accurate
assessment of load transmission and its failure in OA (Patel et al., 2016).
Against this background, we quantitatively evaluated meniscus extru-
sion in relation to the biomechanical framework conditions as well as
histological measures. We found significant increases in the extrusion of
the MM and LM in response to compressive loading in neutral alignment
and as compared to the unloaded configuration, which is in line with
earlier reports (Patel et al., 2016; Stehling et al., 2012). Similarly,
loading in varus and valgus alignment brought about equally significant
increases in meniscus extrusion, which again confirms the efficient
compartmental pressurization thus induced. In in-vivo MRI studies,
(medial) meniscus extrusion is defined as the protrusion of the meniscus
body beyond the tibial plateau by 3 mm or more (Breitenseher et al.,
1997). In our study, mean extrusion of the MM (in the unloaded
configuration) was determined as 3.7 + 1.4 mm and increased further
with loading. These values are substantially larger than those reported
in clinical trials (Patel et al., 2016; Stehling et al., 2012) and may be due
to post-mortem degradation of the tissue and the absence of active joint
stabilizers, which may have contributed to excessive laxity of the MM
and LM and their support structures.

Surprisingly, we did not find significant correlations between rela-
tive changes in ThC or ExM and histological or biomechanical reference
measures for cartilage or meniscus. Possible explanations involve the
overall limited specimen size, potential histological mismatching,
largely maintained tissue integrity, and the methodologies used for
biomechanical referencing and sequence acquisition. For once, even
though specimen size was sufficient to perform sound statistical analyses
and derive valid inferences, it was limited to ten specimens. For another,
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we harvested cartilage and meniscus along the mid-coronal plane for the
sake of standardization. Even though sampled tissue areas were selected
to be as representative as possible of the entire compartment, it is not
clear how the sampled areas compare to the loaded areas in each of the
joint configurations. Also, in light of the heterogeneous molecular and
morphologic degenerative processes across the joint (Squires et al.,
2003) that involve both the lesion site and the surrounding tissue
(Kretzschmar et al., 2019), the sampled tissue areas may not have
grasped the compartment’s degenerative status in its entirety. Moreover,
sampled meniscus and cartilage tissue was grossly intact to only mildly
degenerative as indicated by relatively low Mankin and Pauli sum
scores. Consequently, the specimens might not have been reflective of
the full range of health and disease and our study has thus only defined
joint and tissue functionality in intact to largely intact joints of aged
donors.

Cartilage degeneration was slightly more severe in the medial as
compared to the lateral femorotibial compartment, which is plausible as
medial compartment OA is far more common than lateral compartment
OA (Wise et al., 2012), most likely because of differences in motion and
geometry (Gulati et al., 2009). Surprisingly, the opposite was observed
for meniscus degeneration with more severe meniscal degeneration in
the lateral femorotibial compartment. As additional patient- and
joint-level information on our human knee specimens are lacking, this
observation may not be entirely clarified at the moment. Nonetheless,
these findings indicate once again the relevance of including alternative
reference methodologies for the assessment of tissue status to infer
correct conclusions on tissue functionality in health and disease. For
biomechanical referencing of cartilage, we used a relatively fast strain
rate of 0.15% strain/sec (Nebelung et al., 2017b). As the tissue’s
response to loading is largely governed by the contribution of fluid
pressurization and fibril reinforcement (Li and Herzog, 2004), this
relatively high strain rate may have favoured the contribution of fluid
over solid intra-tissue changes. Mid-to long-term static compression as
induced by our axial compressive loading device is clearly borne by the
cartilage extracellular matrix so that slight differences in samples’
load-bearing capacities might have been missed. In other words: While
the equilibrium behaviour is predominantly governed by the solid ma-
trix and assessed by imaging measures, the instantaneous behaviour is
primarily controlled by fluid redistribution and evaluated by the
biomechanical reference framework. These discrepancies may explain
the lack of correlation between imaging and biomechanical reference
measures. Another limitation pertains to the fact that we only used
morphometric cartilage and meniscus measures to assess tissue func-
tionality. For more comprehensive joint and tissue functionality
assessment, alternative advanced MRI techniques such as T2 or Tlp
mapping or diffusion-weighted imaging sequences may be employed to
gain in-depth insights into cartilage (ultra)structure and composition
and its changes in response to loading. Furthermore, repeatability of
such morphometric measurements was not assessed so that the possi-
bility of permanent alteration of morphology or function secondary to
loading cannot be excluded. Even though repeatability assessment is
scientifically warranted, it is important to note that any repeat mea-
surement following the successive unloaded (one) and loaded (six)
measurements would be subject to two different processes, i.e. contin-
uous post-loading relaxation and progressive post-mortem catabolic
degradation. Most likely, these concurrent processes would induce
considerable inter-measurement variability and, thus, call into question
measurement repeatability in such functional contexts.

Another limitation in our study’s setup involves its non-randomized
design. Specimen randomization along the three axis configurations, i.e.
normal, varus, and valgus, would have substantially reduced statistical
unit size and power, and was therefore not performed. Non-
randomization, however, comes at the cost of possible bias induced by
the sequential testing order of the joint configurations. Persistent re-
ductions in ThC of effectively unloaded compartments, i.e. of the lateral
compartment during loading in varus alignment, are the likely result of
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ongoing tissue relaxation following loading in neutral alignment. Joint
morphology and morphometry are therefore clearly affected by the
applied order of testing. Future study designs should therefore use
randomization schemes alongside larger specimen sizes to overcome
these issues.

Moreover, we only assessed the tissues in equilibrium instead of
longitudinally assessing their response to loading and unloading by se-
rial measurements as performed before (Choi et al., 2016; Halonen et al.,
2014; Nebelung et al., 2018, 2019a). Accordingly, we can only relate
cartilage deformation and meniscus extrusion to static loading and joint
configurations, while the study of time-dependent effects was not
possible as it requires serial imaging at considerably higher temporal
resolution. Future studies to define the imaging features of the cartilage
response to loading in situ and, possibly, in vivo will have to be matched
by an adequate biomechanical reference framework. Within this
framework, more sophisticated biomechanical methodologies need to be
applied that assess the tissue’s response to loading beyond preliminary
elastic approaches by considering the poro-viscoelastic and
depth-dependent tissue responses, possibly accompanied by constitutive
material models (Linka et al., 2017, 2019; Thuring et al., 2018).

5. Conclusion

In conclusion, this study is the first to standardize compressive
loading in situ in different varus and valgus configurations and loading
intensities and to assess joint and tissue functionality in the entire joint
by a quantitative MRI approach as well as in reference to histological
and biomechanical measures. Even though it is well known that axial
loading induces changes in cartilage, meniscus, and the entire joint, this
study is the first to define response-to-loading patterns of both tissues as
surrogate parameters of functionality in the human knee joint in a
standardized and controlled experimental setup. Thus, tissue and joint
functionality may be defined as a function of loading intensity, joint
alignment, histological tissue status, and biomechanical properties. This
is another step towards clinical implementation of MRI-based quanti-
tation of joint and tissue functionality and may help to conduct future
clinical studies in a more efficient manner. Additionally, further basic
research projects may be initiated that deal with alternative MRI tech-
niques (e.g. T2 or T1p maps), variable biomechanical loading regimes (e.
g. dynamic vs. static loading) or the effects of therapeutic interventions
(e.g. cartilage resurfacing or meniscus repair).
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