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Background: The field of orthopedics seeks effective, safer methods for evaluating articular cartilage
regeneration. Despite various treatment innovations, non-invasive, contrast-free full quantitative assessments
of hyaline articular cartilage’s regenerative potential using compositional magnetic resonance (MR)
sequences remain challenging. In this context, our aim was to investigate the effectiveness of different MR
sequences for quantitative assessment of cartilage and to compare them with the current gold standard
delayed gadolinium-enhanced MR imaging of cartilage ({GEMRIC) measurements.

Methods: We employed ex vivo imaging in a preclinical minipig model to assess knee cartilage regeneration.
Standardized osteochondral defects were drilled in the proximal femur of the specimens (n=14), which
were divided into four groups. Porcine collagen scaffolds seeded with autologous adipose-derived stromal
cells (ASC), autologous bone marrow stromal cells (BMSC), and unseeded scaffolds (US) were implanted
in femoral defects. Furthermore, there was a defect group which received no treatment. After 6 months,
the specimens were examined using different compositional MR methods, including the gold standard
dGEMRIC as well as T, T,, T,*, and T\, techniques. The statistical evaluation involved comparing the
defect region with the uninjured tibia and femur cartilage layers and all measurements were performed on a
clinical 3T MR Scanner.

Results: In the untreated defect group, we observed significant differences in the defect region, with
dGEMRIC values significantly lower (404.86+64.2 ms, P=0.018) and T, times significantly higher
(44.24£2.75 ms, P<0.001). Contrastingly, in all three treatment groups (ASC, BMSC, US), there were no
significant differences among the three regions in the dGEMRIC sequence, suggesting successful cartilage
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regeneration. However, T, T,*, and T, sequences failed to detect such differences, highlighting their lower

sensitivity for cartilage regeneration.

Conclusions: As expected, dGEMRIC is well suited for monitoring cartilage regeneration. Interestingly,

T, imaging also proved to be a reliable cartilage imaging technique and thus offers a contrast agent-free

alternative to the former gold standard for subsequent in vivo studies investigating the cartilage regeneration

potential of different treatment modalities.

Keywords: Cartilage regeneration therapy; compositional magnetic resonance imaging (MRI); adipose-derived

stromal cells (ASC); bone marrow-derived mesenchymal stromal cells (BMSC)

Submitted Apr 28, 2023. Accepted for publication Aug 28, 2023. Published online Oct 13, 2023.

doi: 10.21037/qims-23-570

View this article at: https://dx.doi.org/10.21037/qims-23-570

Introduction

Osteoarthritis (OA) is a common musculoskeletal disorder,
and its prevalence is expected to increase due to the aging
population and endemic obesity with a prevalence in
Europe & the United States (1,2). One of the characteristic
features of OA is irreversible cartilage degradation and
subsequent pathological changes in the surrounding tissues
(3,4). As a result, surgical interventions such as implantation
of cartilage substitutes like collagen scaffolds seeded with
adipose-derived stromal cells (ASC), bone marrow stromal
cells (BMSC), or unseeded scaffolds (US) have become
increasingly relevant. They have been investigated in
several studies (5-7). Nevertheless, there is an apparent
deficiency in methodically consistent studies that rigorously
assess the capability of these varied treatment modalities
to regenerate cartilage. Magnetic resonance imaging
(MRI) has the potential to offer invaluable insights into the
composition and structure of cartilage, extending beyond
mere morphological analysis. Hence, employing advanced
MRI techniques for a detailed quantitative evaluation
presents an enticing prospect to significantly enhance our
comprehension of cartilage regeneration therapies and
gauge their efficacy.

In previous studies, compositional magnetic resonance
(MR) sequences that allow characterization of the
biochemical composition, such as delayed gadolinium-
enhanced MRI of cartilage (d\GEMRIC), T, T,,, T, and
T,* mapping have shown an excellent ability to detect
the quantitative morphological changes in cartilage
(4,8-11). Compared to morphological sequences like
T,-weighted (T,,) or proton density-weighted (PD)
sequences, compositional MR sequences provide more
detailed information about the structure and composition

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

of cartilage tissue (10). Moreover, compared to other
biosensitive sequences such as chemical exchange saturation
transfer (CEST) (12,13), quantitative susceptibility mapping
(QSM) (14), and *’Na (15) imaging, the MRI techniques do
not require specific hardware, are less susceptible to noise,
require simpler post-processing, and are more commonly
used and validated, making them suitable for our focus on
more straightforward clinical translation.

Using OA as an example, the importance of compositional
MRI techniques can be noted. In the early stages of OA, the
cartilage microstructure breaks down and the tissue begins
to lose its functional capacity. These changes occur before
morphologic cartilage changes, which occur at an advanced
stage of OA and can be visualized by compositional MRI.
Thus, these novel techniques provide measurements that
correlate with various physiological properties of cartilage
and can detect disease earlier than conventional imaging
techniques (10,16).

In order to characterize cartilage as accurately as possible,
a combination of several quantitative MRI techniques is
required (17). Articular cartilage consists of approximately
70-80% fluid and 20-30% solid extracellular matrix
(ECM) (18). The ECM consists of a network of highly
organized collagen fibrils and proteoglycan (PG)
molecules (19). Among these techniques, dGEMRIC,
employs a negatively charged contrast agent to facilitate
the indirect measurement of the fixed charge density of
glycosaminoglycans (GAGs) within the cartilage (20,21).
dGEMRIC, a contrast-enhanced technique, has been shown
in several studies to be a sensitive method for imaging
cartilage composition and is therefore considered as gold
standard. Currently contrast agent-free techniques are
being investigated, such as T, imaging, which allows the
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investigation of proton motion by relaxation measurement in
the rotating frame induced by an additional radiofrequency
(RF) pulse (22). This can provide information about the
stiffness and integrity of the cartilage tissue and has a
dependence on PG concentration (23,24). In contrast, MR
sequences such as T, and T, measure the relaxation times
of protons in the tissue and provide information about the
water content and density of cartilage (25,26). Furthermore,
T,* relaxation time is mainly influenced by collagen
alignment and thus reflects the biochemical composition of
cartilage (27,28).

Most previous studies on the regenerative potential of
cartilage have focused on in vitro analysis (29-31). To bridge
the gap between iz vitro experiments and in vivo applications
in humans, our study used an appropriate minipig model
to assess the chondral regeneration potential of three
different treatment options: autologous ASC, autologous
BMSC treated scaffolds and US, our primary objective was
to investigate the capabilities of MR compositional analysis
in representing this cartilage regeneration. The minipig
model was used for evaluating osteochondral regeneration
due to its comparable joint size to humans, similar weight-
bearing and gait characteristics, and similar physiology of
cartilage regeneration (32). Our hypothesis was that this
multiparametric assessment would provide a comprehensive
MR evaluation of cartilage regeneration potential and reveal
differences in sensitivity between MR methods, allowing
reduced sequence selection for subsequent iz vivo studies.
This approach allows a more thorough investigation
of the potential for cartilage regeneration compared to
conventional in vitro experiments and provides valuable
insights for future clinical implementation. We represent
this article in accordance with the ARRIVE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-570/rc).

Methods
Study design

This study was designed as a prospective, comparative
and randomized preclinical MR imaging study in which
experiments were performed in accordance with the
institutional guidelines for the care and use of laboratory
animals at the Heinrich Heine University, Medical
Faculty. The study was approved by the regional authority:
Landesamt fiir Natur-, Umwelt- und Verbraucherschutz,
LANUV NRW, Germany under application number: 81-
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02.04.2020.A198. For this, a case count planning was
performed by the statistical advice of the medical faculty of
the Heinrich Heine University to ensure sufficient power to
detect statistically significant differences while minimizing
the number of animals used.

In total 14 Aachener minipigs derived from Hanford
pigs and the Columbian potbellied pig, were bred in
the animal testing facility of Diisseldorf (The Central
Institution for Animal Research and Scientific Animal
Protection; ZETT). Of these seven male and seven female,
aged (J=4.4 years), with an average weight (0=112,25 kg)
were surgically dissected on both hind legs (28 knee
specimens). And randomly distributed among four groups,
with seven knees each, in which they were either treated
with autologous ASC, autologous BMSC, US or did not
receive any therapy (defect group). For randomization, the
pigs were divided in a female and a male block and then
by flipping a coin classified in the control and treatment
group (head: control, tail: treatment). In the stables were
light from 7 am to 7 pm. The temperature was 21 °C and
the humidity was between 55% and 65%. The food was
from the Sniff company, Minipig maintenance, Energy
reduced, 4 mm. Inclusion criteria for study participation
were (I) perfect health condition, (II) same origin, (III)
approximately the same weight and age. Two minipigs
had to be excluded due to an infection and a neurological
problem before the investigation of the effectiveness of
different MR sequences. The animals were allowed to move
freely for a period of six months, after which they were
euthanized and evaluated using compositional MR methods.
A careful optimization process was carried out for the MR
sequences. For this purpose, two knees were fine-tuned
in detail under variation of the essential parameters such
as repetition time (TR), echo time (TE), and field of view
(FOV) with regard to optimization of the image quality.
The preparation for the dGEMRIC measurement was also
optimized. In order to maintain the consistency of the data
and to avoid subject-specific bias of the individual methods,
the two knee samples used in the optimization process were
excluded from the remaining data set. Subsequently, the
MRI examination results were compared, and the sensitivity
of the various MRI sequences was evaluated based on their
ability to reveal significant differences between the different
regions.

Surgical procedure and treatment methods

All surgical procedures were performed by the same team,
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Figure 1 Intraoperative picture of defect preparation. The
chondral defects were created at the limb (*), with a hollow cutter
($) in the central area of the medial femoral condyle () and

Langenbeck retractors (p) were used to restrain the tissue.

including two orthopaedic surgeons (with 19 and 12 years of
experience), one anaesthetist (with 30 years of experience)
and one laboratory technician (with 30 years of experience)
in charge of isolating cells. First peripheral venous access
was established. In order to be able to intubate the pig,
it must first be placed under sufficiently deep anesthesia.
For this purpose, a short-term barbiturate was injected i.v.
(thiopental 8-15 mg/kg). If the muscle tension of the jaw
ceased, the animal would be intubated. Subsequently, both
the animal and the surgical field were prepared. The animal
was then taken to the operating room, bandaged, and
inhalation anesthesia was induced (Isofluran 1.0-2.0 Vol.%
+ O,-room air mixture), maintained (Isofluran 1.3% + O,-
room air mixture) and the respective leg was disinfected.
Thirty minutes before the surgery started Piritramid
(0.3 mg/kg) was i.v. injected. The reflexes were checked.
After that, the surgery was started. A medial parapatellar
approach was used in all procedures. After the medial
condyle was exposed, we always placed the hollow cutter
at the center of the condyle, perpendicular to the chondral
surface and with the same axis as the femoral shaft so that
all of the defects were at the same location (Figure I).
According to the defect models published by Betsch

et al. and Gotterbarm et 4/. a chondral defect of 6.3 mm
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diameter was created (33,34). To prevent haemorrhage,
the manipulation was carried out carefully in order to not
penetrate the subchondral bone. The operating field was
irrigated with physiological saline during the process to
wash off the chondral debris and prevent dehydration of
the cartilage. Intraoperative analgesia was provided every
30 minutes i.v. with fentanyl (0.01-0.03 mg/kg). At the
end of the surgery, therapy was initially started with initial
meloxicam (0.4 mg/kg). The postoperative analgesia was
orally continued until day 10 with meloxicam (0.2 mg/kg).
Wound closure was accomplished with bioresorbable
sutures and the animals were then returned to their
enclosure and monitored until full recovery.

The treatment of the total of 28 defects was divided into
four treatment groups: (I) empty (defect group) (7 defects),
(IT) OptiMaix 3D® (Matricel GmbH, Herzogenrath,
Germany) as a US (7 defects), (IIT) BMSC + OptiMaix 3D®
scaffold (7 defects) and (IV) adipose stromal cells (ASC) +
OptiMaix 3D scaffold (US) (7 defects). The Optimaix-3D
scaffold is an open-porous porcine collagen I/III sponge
(<30% w/w elastin) with a porosity of 98% and pore sizes
around 85 ym, as described in Mollers ez al. (35). The size of
the scaffold was 6.3 mm in diameter and 1.5 mm in height.
The scaffold was carefully placed into the defect site using
gentle pressure to ensure secure placement and optimal
contact with the surrounding tissue.

The pigs that underwent mesenchymal stromal cell
therapy received a 2-stage procedure. In the first step,
BMSCs were harvested from the iliac crests by Jamshidi
vacuum aspiration. In this procedure, ASC was harvested
from subcutaneous hip adipose tissue. As published before
BMSC and ASC were isolated as described previously and
then cultivated in Dulbecco’s Modified Eagle Medium
(DMEM) (4.5 g/L glucose) supplemented with 2 mM
a-glutamine (PPA Laboratories, Colbe, Germany), 100 U/
mL penicillin (Sigma-Aldrich, Taufkirchen, Germany),
100 pg/mL streptomycin (PPA Laboratories) and
10% fetal bovine serum (FBS) at 37 °C in a humidified
atmosphere, containing 5% CO,. If necessary, cells were
frozen in N,. Before reimplantation ASC and BMSC
were chondrogenically differentiated for 5 days with 1%
insulin-transferrin-selenium (Sigma-Aldrich), 10 ng/mL
TGF-B1 (Pepro Tech, Hamburg, Germany) and 1 pg/mL
a-Ascorbin-2-Phosphat (Sigma-Aldrich). Afterward, cells
were washed two times with phosphate-buffered saline (PBS;
Sigma-Aldrich) and then applied on the scaffold in a cell
density of 1x10” for 20-30 minutes before reimplantation
according to the published approach of Jurgens et 4l. (36). In
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Figure 2 Experimental setup to investigate chondral regeneration potential using biosensitive MR sequences on an established minipig

model. (A) Knee specimens (*) were placed in the supine position, feet first, in a clinical knee coil (p,, which is open for better illustration)

and fixed with mechanical positioning aids such as pads (§) and cloths ($). Marker lines (black arrows) located on the coil were used for

standardized specimen placement. Here, the knee joint (blue ellipse) was placed centrally in the coil. (B) Once the knee sample was centrally

positioned in the knee coil, the coil was closed (p, and p,) and then positioned centrally in the MRI using the reference markings on the top (V)

of the coil.

the second step after a 12-week recovery period the group
underwent the surgical procedure. The defect in three knee
groups was filled with OptiMaix 3D®. Prior implantation
BMSC and ASC were added to the scaffolds.

After 6 months the animals from all groups were euthanized
and both back limbs were retrieved by exarticulation at the hip
joint. Then, the femur and tibia bones were sectioned proximal
and distal to the knee joint, with all peripheral soft tissue for
the following MRI measurements.

MR image acquisition

Each sectioned knee joint specimen was measured
individually in the supine position, feet first, and examined
by MRI. For this purpose, a clinical 3.0 T MRI scanner
(MAGNETOM Trio, Siemens Healthineers, Erlangen,
Germany) and an 8-channel knee coil (§ CHANNEL
KNEE COIL, Siemens Healthineers) were used.
Mechanical positioning devices such as cloths and pads
were used to hold the knee specimen in place during the
MRI scan. The kneecap was centrally aligned using the
guidelines provided on the coil (Figure 2).

The MR protocol included both a morphologic sequence
and compositional measurements. Specifically, a high-
resolution double-echo steady-state (DESS) sequence,
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gradient-echo T,* mapping sequence, T, mapping
sequence, T';, sequence, and double-flip-angle T, mapping
sequence were performed (7uable 1). The T, sequence
was executed both without contrast agent (T)) and with a
contrast agent (IGEMRIC). These were carried out after
the initial positioning of the knee within the MRI scanner.
To acquire the dGEMRIC measurements, the knee joint
specimen was removed from the scanner. Subsequently,
the anterior knee capsule was surgically incised using a fine
scalpel, without affecting the cartilage integrity, and stored
for 60 minutes in a vessel containing a gadolinium MR
contrast agent used in routine clinical practice (Clariscan,
GE Healthcare Buchler GmbH, Braunschweig, Germany)
diluted to a concentration of 2.5 mmol/L with clinical
NaCl (Fresenius Kabi Deutschland GmbH, Bad Homburg,
Germany) (37,38). Following this, the knee specimen
was repositioned in the MRI scanner, consistent with the
earlier measurements, and the T, mapping as dGEMRIC
was recorded again, along with another DESS to ensure
consistency between measurements at both time points. All
MRI measurements were performed at room temperature.
The knee specimens were warmed to room temperature
for 48 hours prior to measurement. The magnetization
time per sample was approximately 1.25 hours, and the
examination time was 2.25 hours.
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Table 1 Detailed sequence parameters of the morphological and biosensitive sequences

Biosensitive

Sequence parameters Morphological

T, T, T T1/deemRIC
Sequence type DESS GRE SE TFL magnprep VIBE
Orientation Cor Cor Cor Cor Cor
TR, ms 14.69 38 4,000 3,500 15
TE, ms 4.42 4.92,9.84,14.76, 11.7,23.4,35.1, 46.8, 58.5, 5.33 2.22

19.68, 24.60, 29.52  70.2, 81.9, 93.6, 105.3, 117

Average 1 1 1 1 1
Field of view, mm x mm 160x160 160x160 160x160 160x160 160x160
Acquisition matrix, pixels 512x512 256%256 256x256 192x192 256x256
Flip angle, © 25 25 180 15 5and 26
Slices 256 176 30 64 176
Pixel size, mm x mm 0.31x0.31 0.63x0.63 0.63x0.63 0.80x0.80 0.63x0.63
Slice thickness, mm 0.31 0.63 1.2 1.2 0.63
Spin lock duration, ms NA NA NA 0, 20, 80, 140 NA
Duration, min 8:30 8:58 9:26 16:25 12:21

DESS, double-echo steady-state; dGEMRIC, delayed gadolinium-enhanced magnetic resonance imaging of cartilage; GRE, gradient echo;
SE, spin echo; TFL magnprep, Turbo Flash magnetic preparation; VIBE, volumetric interpolated breath-hold examination; Cor, coronal; TR,

repetition time; TE, echo time; NA, not available.

Post-processing

Knee specimens were manually segmented using the
brush and polygon tools of ITK-SNAP software (v3.8.0,
Cognitica, Philadelphia, PA, USA) by a clinical radiologist
with seven years of musculoskeletal imaging experience
blinded to the animal treatment. Manual segmentation of
the knee specimens included the femoral cartilage layer,
tibial cartilage layer, and the region of the standardized
defect on the medial femoral condyle. All segmentations
were performed on the two high-resolution DESS
sequences, taking care to exclude marginal voxels at the
joint-fluid interface to reduce partial volume effects. Based
on the spatial information stored in the DICOM header,
the DESS masks were transformed to the biosensitive MR
sequences using a custom Python framework (Github:
https://github.com/MPR-UKD/MaskRegistration).
The script we developed for this purpose has a graphical
interface and is made freely available for subsequent studies
via the GNU license.

Subsequently, the relaxation times T,*, T, and T, were
determined voxel-wise using exponentially fitting routines
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(Egs. [1-3]) to obtain information about the properties of
the cartilage tissue to infer its composition and structure.
Compositional evaluations were performed using a Python
framework that we developed, and that is freely available
under the GNU license (GitHub: https://github.com/
MPR-UKD/bMRI). We used the Levenberg-Marquardt
algorithm, an iterative method based on minimizing the
squared error between the raw data and the calculated data.

T,*-Fitting: §(7E) =S, exp(—#j + const (1]
T,-Fitting: S(TE) =S, exp [—%) + const (2]
T,,-Fitting:

S(TSL) =S, sin(a) eXp[f%J(l _ EXp(fTR;-iITSLDBXP(f ZZ-ZE*J +const [3]

1—ex _Ist ex [*TR?TSLJCOS(Q)
P71, P o

The T, and T 4gemric relaxation maps were automatically
calculated using two different flip angles on the scanner and
evaluated using the transferred masks.
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Statistical analysis

Statistical analyses were performed by KLR in R (v4.1.3, R
Foundation for Statistical Computing). In this study, our
aim was to track the regeneration potential of knee cartilage
within individual subjects rather than comparing across
groups. Therefore, each group was assessed separately with
a Friedman test. Individual regions, i.e., femoral, tibial and
lesion areas, were compared for each subject as the main
aim of our statistical analysis was to determine whether
the expected intra-subject changes could be represented
by compositional MRI methods. A post hoc Wilcoxon
signed rank test was used to detect significant differences
between the regions, given that these are inherently paired
measurements within the same knee joint. Due to the
experimental design of this study, the significance level
in the post hoc tests and multiple comparisons of the
individual relaxation times was corrected using Bonferroni’s
conservative alpha adjustment method to prevent inflation
of the alpha error. An adjusted significance level of P<0.05

was used in all statistical analyses.

Results
Laboratory animals

The study included 14 experimental animals (28 knee
specimens), of which 26 were investigated by compositional
MR. Two knees were used for sequence optimization.
Among the remaining 26 knee specimens, seven were
treated with scaffolds that had been seeded with ASC, five
with BMSC, seven were administered US, and seven served
as the defect group, receiving no treatment.

Compositional analyses

We observed different levels of precision in the validation of
cartilage quality when analyzing the different compositional
MR sequences (Tuble 2).

dGEMRIC

Significant differences were observed in the defect group,
between the defect region and the uninjured cartilage layer
of tibia and femur, with the defect region exhibiting the
lowest values at 404.86+64.2 ms (Figure 3), as determined
by a Friedman test, with a P value of 0.018. In contrast,
no statistically significant differences were detected in the
dGEMRIC sequence among the three regions studied,
i.e., tibia, femur, and defect, for all three groups that
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received therapy: ASC (P=0.368), BMSC (P=0.074), and US
(P=0.565).

T,

A significant increase in T, values was observed in the
defect region for the US group (P=0.021), as determined
by a Friedman test and confirmed in post-hoc tests. For the
BMSC group, we observed significant differences (P=0.022),
but this was not confirmed by post-hoc tests. In contrast, no
statistically significant variations were detected in T’} values
without contrast agent among the three regions studied, i.e.,
tibial, femoral, and defect, for ASC (P=0.317) and defect
(P=0.495) groups (Figure 4).

AT1

In addition to the dGEMRIC and T, evaluation, we
determined the AT, (T, - T\ jararic) values. Analogous to
the dGEMRIC evaluation, we found significant (P=0.018)
variations in the defect group only, as determined by
a Friedman test. These variations were observed to be
significant between the tibia and defect as well as between
the femur and defect in post-hoc analyses (Figure 5), as
determined by a Wilcoxon test.

T,

Significant variations were observed in the T, sequence
among the three regions studied in the ASC group
(Friedman test, P=0.007), as determined by a Friedman test.
Post-hoc analyses revealed significant differences between
tibia and femur and between femur and defect, with the
defect region having the lowest T, times of 39.42+4.47 ms.
In contrast, although T, times were lower in the defect
region than in the femur in both the BMSC and US
groups, these differences were not statistically significant
as determined by a post-hoc analysis. In the defect group,
significant variations were observed between all regions
(Friedman test, P<0.001), with the defect region having the
highest T, times of 44.24+2.75 ms (Figure 6), as determined
by a Friedman test.

T,*

Analogous to the T evaluation, in our study we found
significant variations between the three regions investigated
only in the US group. In the US region, we observed
significantly lower T,* values of 14.79+2.48 ms than in
the tibia and femur regions as well as in the comparison
regions of the other groups (Figure 7), as determined by
a Friedman test with a P value of <0.001. In contrast, no

Quant Imaging Med Surg 2023;13(11):7467-7483 | https://dx.doi.org/10.21037/qims-23-570



7474

Radke et al. Evaluating MRI techniques in cartilage regeneration

Table 2 Comparison of dGEMRIC, T,, T, T,* and T, values in the tibia, femur, and defect for the ASC, BMSC, defect and US groups

MRI techniques Groups Tibia Femur Defect
dGEMRIC, ms ASC 521.36+119.08 484.85+161.14 461.70+175.88
BMSC 533.46+77.51 443.23+105.52 432.03+170.03
Defect 616.53+141.57 610.01+190.82 404.84+64.2
us 599.00+227.09 647.55+237.60 649.81+295.73
T,, ms ASC 40.68+4.96 43.48+3.18 39.42+4.75
BMSC 42.11+4.30 45.54+4.41 38.79+3.51
Defect 36.71+£2.15 40.92+4.36 44.24+2.75
us 40.85+2.44 43.12+1.97 40.95+2.76
T,, ms ASC 901.62+103.67 839.15+38.97 857.51+102.81
BMSC 930.69+134.36 847.16+107.18 925.47+106.36
Defect 840.91+119.78 873.94+100.29 887.30+116.17
us 875.45+69.8 899.64+63.83 1041.12+113.71
T,*, ms ASC 17.18+4.21 18.14+3.26 17.28+3.32
BMSC 17.95+4.44 18.65+2.62 15.21+2.79
Defect 20.40+3.87 21.88+3.79 19.63+4.57
us 18.75+2.39 21.52+2.73 14.79+2.48
Ty Ms ASC 75.57+8.01 88.85+9.80 83.15+£9.19
BMSC 78.65+7.23 98.54+7.85 75.61+13.07
Defect 92.31+11.31 89.25+19.29 88.9+24.79
us 82.54+14.52 91.06+7.28 94.65+11.61
AT;, ms ASC 380.26+145.64 354.30+174.50 395.81+230.61
BMSC 397.22+164.95 403.93+76.61 493.44+203.46
Defect 224.38+237.20 263.94+192.48 482.43+117.97
us 276.46+192.06 252.08+223.23 391.32+381.68

Data are presented as mean + standard deviation. dGEMRIC, delayed gadolinium-enhanced magnetic resonance imaging of cartilage;
ASC, adipose-derived stromal cell; BMSC, bone marrow-derived mesenchymal stromal cell; US, unseeded scaffold; MRI, magnetic

resonance imaging.

statistically significant variations were detected in the other
groups, ASC (P=0.459), BMSC (P=0.074), and defect group
(P=0.230).

Tlp

In the BMSC we observed higher T, values in the femur
compared to the tibia, as determined by a Friedman test. In
the defect group, the differences were similar, but they were
not statistically significant as determined by a Friedman
test. Additionally, in the ASC and US groups, the Friedman
test did not yield any significant results in post-hoc analysis
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(Figure 8).

Discussion

In this study, the regeneration potential of cartilage in the
knee was evaluated using compositional MR imaging. The
primary objective of this study was to evaluate and compare
the sensitivity of different compositional MR sequences
in their ability to visualize and assess changes related to
cartilage regeneration following targeted defect placement.
"To this purpose, a preclinical feasibility study was conducted
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Figure 3 Boxplots and heat maps of dGEMRIC of cartilage relaxation times as a function of cartilage region and different treatment
strategies: collagen scaffold seeded with ASC, seeded with BMSC, defect group without collagen scaffold, and US. The box indicates
the IQR, with the median displayed as a line within the box. The whiskers extend up to 1.5 times the IQR, with any outliers depicted as
individual points. *, P<0.05 was considered statistically significant. dGEMRIC, delayed gadolinium-enhanced magnetic resonance imaging
of cartilage; ASC, adipose-derived stromal cell; BMSC, bone marrow-derived mesenchymal stromal cell; US, unseeded scaffold; ROI, region

of interest; IQR, interquartile range.
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Figure 4 Visualization of T, relaxation times as Boxplot and 3D heat maps before contrast administration depending on cartilage region and
different treatment strategies: collagen scaffold seeded with ASC, seeded with BMSC, defect group without collagen scaffold, and US. The
box indicates the IQR, with the median displayed as a line within the box. The whiskers extend up to 1.5 times the IQR, with any outliers
depicted as individual points. *, P<0.05 was considered statistically significant. ASC, adipose-derived stromal cell; BMISC, bone marrow-

derived mesenchymal stromal cell; US, unseeded scaffold; ROI, region of interest; IQR, interquartile range.

using a standardized minipig model with compositional contrast agent-based dGEMRIC technique. Furthermore,
MR imaging. The main finding of the study was that we observed that regenerative cartilage therapies with
compositional MR imaging, in particular the gold standard populated (ASC, BMSC) and US significantly improve the
dGEMRIC, as well as AT, and T, imaging, are well-suited regeneration potential compared to conservative treatment
methods for monitoring cartilage regeneration potential. (defect group) in terms of biosensitive MR parameters.

T, imaging is thus a contrast-free alternative to the The first finding of the study is that dGEMRIC, the
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Figure 5 Visualization of AT, relaxation times (T - T joemric) as Boxplot depending on cartilage region and different treatment strategies:
collagen scaffold seeded with ASC, seeded with BMSC, defect group, and US. The box indicates the IQR, with the median displayed as a
line within the box. The whiskers extend up to 1.5 times the IQR, with any outliers depicted as individual points. *, P<0.05 was considered
statistically significant. dGEMRIC, delayed gadolinium-enhanced magnetic resonance imaging of cartilage; ASC, adipose-derived stromal
cell; BMSC, bone marrow-derived mesenchymal stromal cell; US, unseeded scaffold; ROL, region of interest; IQR, interquartile range.
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Figure 6 Visualization of T, relaxation times as Boxplot and 3D heat maps depending on cartilage region and different treatment strategies:
collagen scaffold seeded with ASC, seeded with BMSC, defect group without collagen scaffold, and US. The box indicates the IQR, with the
median displayed as a line within the box. The whiskers extend up to 1.5 times the IQR, with any outliers depicted as individual points. *,
P<0.05 was considered statistically significant. ASC, adipose-derived stromal cell; BMISC, bone marrow-derived mesenchymal stromal cell;

US, unseeded scaffold; ROI, region of interest; IQR, interquartile range.

gold standard of MR imaging, demonstrates a higher analyses allow a quantitative assessment of the regeneration
regeneration potential in injured cartilage that has been potential of cartilage tissue. Currently, dGEMRIC imaging
treated versus that which has remained untreated. In is considered the gold standard in compositional MR
contrast to morphological MR imaging compositional imaging. This method has been successfully validated
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Figure 7 Visualization of T,* relaxation times as a function of cartilage region and different treatment strategies: collagen scaffold seeded
with ASC, seeded with BMSC, defect group without collagen scaffold, and US. The box indicates the IQR, with the median displayed as a
line within the box. The whiskers extend up to 1.5 times the IQR, with any outliers depicted as individual points. *, P<0.05 was considered
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Figure 8 Visualization of T, relaxation times as a function of cartilage region and different treatment strategies: collagen scaffold seeded
with ASC, seeded with BMSC, defect group without collagen scaffold, and US. The box indicates the IQR, with the median displayed as a
line within the box. The whiskers extend up to 1.5 times the IQR, with any outliers depicted as individual points. *, P<0.05 was considered

statistically significant. ASC, adipose-derived stromal cell; BMSC, bone marrow-derived mesenchymal stromal cell; US, unseeded scaffold;

RO, region of interest; IQR, interquartile range.

in numerous iz vitro, ex vivo, and in vivo studies and
used in routine clinical practice (20,37,39,40). In our
study, as expected, the defect group without therapy had
lower dGEMRIC values, indicating a more advanced
degeneration than all three treatment groups. Analogous
to previous studies, we observed a significant decrease in
measured dGEMRIC values after contrast administration

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in the defect group in the region of the defect, indicating
a significant decrease in GAG concentration in this region
(8,21,41). In contrast, the treatment groups (ASC, BMSC,
US) showed no changes in dGEMRIC values compared
to the femur and tibia regions, indicating regeneration of
GAG and successful regeneration of cartilage in the treated
regions.
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The second finding of the study is that T, imaging is a
useful, contrast-free alternative to dGEMRIC for evaluating
cartilage regeneration in future in vivo studies. The T,
imaging results showed significant differences between the
defect area and the comparative regions in the knee within
the untreated defect group. However, in the treated knees,
there was a narrowing of the T, values of the cartilage
defect area and the healthy comparative cartilage of the
same knee. In the defect group, we observed an increase in
T, values within the defect region, which may indicate an
accumulation of free water such as synovial fluid. Synovial
fluid has a longer T, time than cartilage so that partial
volume effects may have occurred in our study region due
to small progressive degeneration. This is also consistent
with the observations of previous studies in which an
increase in T, times was observed in OA patients (42,43).

Third, we also determined the T, times before contrast
administration for dGEMRIC measurements. We found
no significant differences between the femur cartilage
and the cartilage defect region and the tibia cartilage and
defect region in the defect group. Only in the US implant
region a significant increase in T, times was observed.
While dGEMRIC can mainly provide information about
GAG concentration, T, time is mainly influenced by water
concentration and cartilage density (25). The increase
we observed in the US group suggests that the presence
of a collagen scaffold alone is not sufficient to fully
generate water content and density. In the groups treated
with populated scaffolds (ASC and BMSC), we did not
observe these effects, which may indicate that populating
the scaffold with cells has a potentially positive effect on
regeneration.

Fourth, the difference in T, relaxation times before and
after contrast administration was evaluated with respect to
the regeneration potential of knee cartilage. Because we
determined the T, relaxation times both before and after
contrast administration, we were able to determine the
AT, times, i.e., which allows more accurate reproduction
of the gadolinium-diethylenetriaminepentacetate (Gd-
DTPA™) concentration in cartilage tissue (44). Here, the
results of dGEMRIC imaging that we observed manifested
themselves, where we consistently observed the largest
differences between T, measurements before and after
contrast in the defect area for all treatment strategies.
However, this was significant only in the defect group.
Nevertheless, for further ex vivo dGEMRIC studies, it is
recommended that T times be determined both before and
after contrast injection, as this increases the sensitivity of
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the technique and thus may allow significant discrimination
of treatment methods in larger groups.

The decrease in collagen fiber alignment observed for
T, in the US group is also consistent with the decrease in
T,* times we observed. This is consistent with the study
by Chu et al. using ultra-echo time (UTE) techniques and
the finding that UTE T,* mapping can detect deep tissue
cartilage changes (45). Moreover, previous research has
demonstrated that the addition of ASC or BMSC can lead
to full restoration of collagen alignment over a period of
several months (46,47). The study by Seifarth ez 4/. suggests
that the scaffold structure may play a role in collagen
alignment in unseeded collagen scaffolds (48).

Fifth and finally, T, measurements were performed, but
no significant changes were observed. In previous in vitro
studies, T, showed PG sensitivity (49,50). For example,
collagen and PG loss in bovine articular cartilage caused
by trypsin was observed in the study by Duvvuri ez a/. (49).
However, the T, time in healthy cartilage was 106 ms
and prolonged to 115 ms with 70% PG loss. Compared to
the other biosensitive sequences, the measurement of T,
requires a long measurement time and has low resolution.
Therefore, it is possible that no biomorphological changes
were observed due to partial volume effects and local
degeneration. This is also in agreement with the study by
van Tiel et al. who investigated the high specificity of T,
for GAG observed in vitro using dGEMRIC in an in vivo
study and did not find it for T, (51).

Although the findings were obtained from an ex vivo
minipig model, our study suggests that the T, imaging
technique may be a valuable and contrast-free alternative
to the dGEMRIC technique in evaluating the regeneration
potential of different treatment strategies for knee cartilage
repair. We observed an increase in T, values within the
defect region in the defect group, which might suggest
an accumulation of free water such as synovial fluid. In
contrast, we observed a slight but significant decrease
in T, times in the ASC region, potentially indicating a
higher GAG concentration within the defect compared
to the surrounding tissue. These results imply that T,
imaging could serve as a useful, contrast-free alternative for
evaluating cartilage regeneration in future iz vivo studies.

In our model, defects were created surgically. Compared
to models in which pathologic cartilage degenerations were
achieved by trypsin or complete rupture of the anterior
cruciate ligament, surgical defect induction defect enables
targeted and localized cartilage degeneration (43,52).
Therefore, we could reference the results within a knee joint
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(defect vs. femur and tibia), which makes the statistical test
we present independent of individual differences. One of the
strengths of our statistical analysis was that we were able to
examine and compare the cartilage regions within one knee,
so that individual differences between pigs, such as different
walking or standing times, did not affect the statistics.

In regard to potential risks, side effects, and systemic
implications of the treatments and MRI techniques
employed, it is important to note that no systemic
effects were expected due to the MSC application for
several reasons: (I) it is known that MSCs have low
immunogenicity; (II) autologous MSCs were applicated;
(IIT) MSCs were applicated locally; (IV) MSC have anti-
inflammatory properties; (V) in our prior studies (34,53)
we have also observed neither side effects nor systemic
effects. These observations align with those reported in
the very good overview articles by Nitkin & Bonfield and
Saeed et al. (54,55), who similarly did not report systemic
effects with comparable treatments in a broader context of
regeneration. The problem with MSC therapy tends not to
be the rejection but rather a lack of efficacy (54).

Although our study was applicable to all groups and the
T, assessment proved to be as sensitive as the dGEMRIC
technique, some limitations need to be considered. First, an
animal model was used in this study. Although the minipig
model is considered a valid model for studying cartilage
degeneration, there are differences between the minipig
and the human body, especially in terms of size. Compared
to humans minipigs have more chondrocytes in their
cartilage, which could lead to a higher regeneration potential
compared to humans (33,56). Despite this supposedly good
healing potential, the study showed significant cartilage
damage in the untreated defects as opposed to the treated
ones, further reinforcing the importance of therapy. Second,
we performed the measurement in an ex vivo model, so
measurements at multiple time points were not possible. To
better assess the regeneration potential, biosensitive MR
measurements at multiple time points would be of interest,
analogous to previous studies by Tsai ez 4/. in a rat model (57).
Due to the limited storage capabilities of minipigs in a
clinical 3 Tesla MR scanner and animal ethical concerns due
to the anaesthesia required, we refrained from measurements
at multiple time points. Third, in routine clinical practice,
dGEMRIC images are usually acquired after a 90-minute
delay following injection of gadolinium contrast agent to
allow for diffusion and contrast enhancement in tissue (10).
In our study, specimens were collected ex vivo, i.e., the joint
capsule was first surgically opened, and then the entire
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specimen was placed in a contrast medium solution for
60 minutes. Before the specimen was stored back in the
scanner, we removed the contrast medium from the joint
capsule again; however, contrast medium fluid may still be
present in the capsule and thus affect the readings locally.
However, since we refer to each individual knee in our
study, the dependence is reduced. Fourth, a limited number
of animals were examined in this study. By comparing
different cartilage regions within the same knee, we were
able to minimize the individual influence of different pigs,
so that even a smaller number of animals leads to adequate
results. Fifth, this study was performed exclusively with
respect to biosensitive MR sequences. However, it is also of
great clinical interest to evaluate the regeneration potential
in terms of various histological parameters to obtain a
comprehensive assessment. Sixth, a potential limitation of our
study is that we did not perform in vivo MRI immediately
post-injury due to considerations regarding animal welfare,
logistical constraints, and methodological accuracy. Future
studies could potentially incorporate iz vivo imaging at
multiple time points, provided appropriate care is taken to
minimize animal stress and ensure biosafety regulations are

adhered to.

Conclusions

In this preclinical study, we evaluated compositional MR
sequences’ ability to depict the regenerative potential of
knee cartilage, applying various therapies, including ASC,
BMSC, US, and conservative treatment, to standardized
cartilage defects. Our results emphasize the dGEMRIC
technique’s excellence for quantitative imaging of cartilage,
but also highlight non-contrast T, imaging’s reliability
and comparable sensitivity. Consequently, T, imaging
is a feasible, contrast-free alternative to dGEMRIC
and is recommended for future research. These results
were obtained from a preclinical model; thus, further
validation in clinical settings is required. We also advocate
for longitudinal clinical studies utilizing T, imaging to
understand these therapies’ long-term effects.
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