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Abstract

Magnetic resonance imaging (MRI) is a common clinical practice to visualize defects and to distinguish different tissue types
and pathologies in the human body. So far, MRI data have not been used to model and generate a patient-specific design of
multilayered tissue substitutes in the case of interfacial defects. For orthopedic cases that require highly individual surgical
treatment, implant fabrication by additive manufacturing holds great potential. Extrusion-based techniques like 3D plot-
ting allow the spatially defined application of several materials, as well as implementation of bioprinting strategies. With
the example of a typical multi-zonal osteochondral defect in an osteochondritis dissecans (OCD) patient, this study aimed
to close the technological gap between MRI analysis and the additive manufacturing process of an implant based on dif-
ferent biomaterial inks. A workflow was developed which covers the processing steps of MRI-based defect identification,
segmentation, modeling, implant design adjustment, and implant generation. A model implant was fabricated based on two
biomaterial inks with clinically relevant properties that would allow for bioprinting, the direct embedding of a patient’s own
cells in the printing process. As demonstrated by the geometric compatibility of the designed and fabricated model implant
in a stereolithography (SLA) model of lesioned femoral condyles, a novel versatile CAD/CAM workflow was successfully
established that opens up new perspectives for the treatment of multi-zonal (osteochondral) defects.
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Introduction

Additive manufacturing (AM) is expected to play an essen-
tial, leading role in the field of biomedicine and for the gen-
eration of case-specific implants for all types of surgery.
AM methods enable realization of a patient-specific design
of implants or tissue-substituting structures. Certain tech-
niques already allow the use of data applied for Digital
Imaging and Communications in Medicine (DICOM data)
from clinical imaging such as computed tomography (CT)
or magnetic resonance imaging (MRI) [1] for the design of
metal implants for bone replacement [2, 3]. Methods such
as selective laser sintering/melting are able to consider a
pre-defined individual geometry and can contribute tremen-
dously to any biomedical application [4]. These methods
and non-degradable materials play a major role in ortho-
pedics, where the main function of surgical intervention
is the mechanical support of load-sharing tissue. In addi-
tion to implant fabrication, these strategies also include the
design of patient-specific molds for injection molding and
individual scaffolds for tissue engineering. AM, including
stereolithography (SLA), also provides new concepts for
other aspects of health science—such as diagnosis, genera-
tion of surgical tools, and design of virtual and actual 3D
defect models for training and patient information [5-7].
Most tissues and organs, however, consist of highly com-
plex structures, a heterogeneous architecture, and a certain
hierarchy of different cell types and anisotropic tissue zones.
Therefore, computer-aided design (CAD) is based on MRI
data in particular due to its better suitability with tissue char-
acterization over CT [6]. It can contribute to highly specific,
biomimetic design of tissue substitutes and scaffolds for tis-
sue engineering, the combination of materials and (patient-
derived) cells [8].

Orthopedic cases often require degradable, patient-
specific solutions rather than simply the purely mechani-
cal replacement that titanium implants offer [9]. With the
aid of additive manufacturing and 3D printing techniques,
different material classes can play an additional role here
[10-12]. With extrusion-based 3D printing (3D plotting)
under mild conditions, volumetric constructs based on
degradable materials can be generated with open macropo-
res that allow infiltration with cells and nutrients (through
vessel ingrowth) in order to provide oxygen and nutrients.
3D plotting further allows the combination of several materi-
als through multichannel extrusion. Therefore, biomaterial
inks (paste-like compositions of biocompatible materials) or
bioinks—typically hydrogel blends based on (bio-)polymers
with embedded living cells (3D bioprinting)—can be depos-
ited simultaneously or independently to form individually
shaped multi-material 3D constructs or implants with the
potential for intrinsic biological functionality.

In orthopedic surgery, a common example of a combined
(osteochondral) tissue defect in joints is osteochondritis
dissecans (OCD), a defect of the subchondral bone (SCB)
which also affects the covering articular cartilage (AC)
[13]. About 75% of OCD cases affect the knee. However,
elbow, hip, or ankle joints can be the site of impairment
as well. Typically, in the initial stages OCD is primarily
associated with cystic changes and bone marrow edema,
caused by avascular necrosis in the bone underneath the
AC layer. In severe cases and with ongoing overload, this
results in “flap lesions” or fragmentation of AC (“dissec-
tion”’)—with free movement of tissue into the joint space.
In children and adolescents, conservative therapy is often
sufficient [14] while in adults the prognosis for a positive
outcome is less likely [15]. In severe cases of osteochondral
defect, reconstruction of the subchondral bone and car-
tilage is necessary [16]. Conventional strategies include
retrograde drilling [17] in the early stages; and formerly,
autologous cartilage implantation (ACI) [18]; matrix-
augmented bone marrow stimulation in small, localized
cartilage defects [19, 20]; matrix-associated autologous
chondrocyte implantation (MACI) [21, 22]; or the trans-
plantation of autologous, cylindrical osteochondral plugs
from the lateral femoral condyles (FC) or bone plugs from
the iliac crest [23-25] for larger defects. Some of these
options indicate that tissue engineering approaches, i.e.,
the combination of (autologous) cells with biomaterials
[26], already play a certain role which could be enhanced
by means of 3D bioprinting. Compared to adolescents,
the capacity for AC regeneration in adults is dramatically
reduced due to senescence and the decreased number of
mesenchymal stem cells available [27]. Therefore, there is
a need for improvement of surgical interventions for OCD,
mainly for medium and large defect sizes (>3 cm?), which
could be accomplished by generation of multilayered tissue
substitutes with an individual defect-guided design.

Although the typical in vivo resolution of CT might be
better, data from CT scans are not suitable for the design of
multilayered implants, including cartilage zones. In contrast
to conventional CT images, MRI data can be used to identify
the position, thickness, and orientation of the AC zone [28].
In this study, with the example of a patient suffering from
OCD, we aimed to present how clinically obtained MRI data
can be applied to help identify an individually shaped defect
and then design and fabricate a multiphasic implant which
fulfills clinical needs as well as the anatomical requirements
of the osteochondral interface. For multichannel 3D plotting,
such a workflow has not been established before. Tackling
this pathological situation (Fig. 1) with the aid of design
engineering methods and multichannel 3D plotting, we
established a workflow integrating clinical diagnostics, tis-
sue segmentation, 3D model generation and manufacturing
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Fig.1 Case description of the osteochondritis dissecans (OCD)
pathology of a real human patient, and design process of a patient-
specific tissue construct: a MRI-detected pathophysiological situa-
tion (coronal view) in the patient’s defect site in the left knee, high-
lighted with a yellow square inside the medial femoral condyle (FC).
The OCD affected both the bone zone and the articular cartilage
(AC, arrows), as detected via MRI. The other side of the joint space

of a geometry-adapted, individualized, multilayered implant
(Fig. 2). The implant design was intended to resemble the
zonal anatomy of the osteochondral interface (Fig. 1c).

For generation of a prototype implant, we chose two
model materials with the properties required for a stable
zonal design. They could also be combined by multichan-
nel plotting to generate volumetric mineralized constructs
and osteochondral tissue substitutes [29]. So far, there is
a limited range of hydrogels which can be combined with
cells and stacked in a highly precise fashion to specific
volumetric dimensions, based on different crosslinking
strategies [30]. The first material was an alginate-methyl-
cellulose (algMC) blend that was recently described for
the successful encapsulation of primary human chondro-
cytes; it can be processed in combination with the second
material, a clinically approved calcium phosphate cement
(CPC), to realize interwoven and stacked multi-material
scaffolds under cell-friendly conditions, with a stable
interlocking effect [29, 31, 32]. The CPC is able to form

» WJ D

\\ \\

is the non-affected tibial plateau (TP). b Magnified OCD lesion site,
with geometry (dashed line, orange) of different affected tissue lay-
ers identified (indicated with yellow arrows). ¢ Graphical illustration
of the typical zonal anatomy of the osteochondral interface, including
articular surface cartilage (AC), calcified cartilage region (CC), and
subchondral bone (SCB) region

nanocrystalline, calcium-deficient HAp closely mimicking
the mineral phase of native bone, making this combina-
tion interesting for clinical application [33-36]. However,
potential in vivo performance was not part of this study on
geometric, MRI-based design and fabrication.

With this printable biopolymer—cement combination as
the underlying concept, we developed a novel and effi-
cient workflow (Fig. 2) for computer-aided manufactur-
ing (CAM) that used the geometrical information obtained
from MRI data. These diagnostic data were expected to
be helpful for segmenting the defect site and, via implant
design, 3D printing a model of a personalized tissue sub-
stitute. This workflow should be easily transferable to other
material combinations besides the model system selected.
In addition to commercially available software solutions,
we hoped to extend the applicability of a recently devel-
oped software tool CT data in CAx product development
Applications (CTinA) [3, 37] toward use for data obtained
from MRI instead of CT.

Design and fabrication of a multi-zonal (osteochondral) implant based on MRI data

Defect
Identification

» Defining defect site
P Identifying inner,
outer geometry and
defect dimensions

CAD
Modeling

» Modeling defect site

» Designing individual,

multi-zonal implant

Implant
Design

» Adjusting implant

geometry with certain
level of flexibility

» Material selection

Implant
Generation

» Multiphasic plotting
» Optional: bioprinting
with autologous cells in
hydrogel

Implantation/
Fixation

» Developing fixation
strategies

» Designing individual
surgical equipment

Fig.2 Suggested workflow (with specific tasks, boxes below) for the design, fabrication, and implantation of potential multiphasic implants
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Materials and methods
Properties of the underlying imaging data

Anonymized patient data were provided after informed
consent and with permission of the Ethics Committee of
Technische Universitit Dresden by the University Center of
Orthopaedic, Trauma and Plastic Surgery, University Hos-
pital Carl Gustav Carus, Technische Universitidt Dresden,
Germany. MRI signals were collected using a Signa 1.5 T
HDxt (GE Healthcare, USA) at the Institute and Polyclinic
for Diagnostic and Interventional Radiology, University
Hospital Dresden, Technische Universitéit Dresden.

T, sagittal and T, coronal sections were mainly used
for identification and segmentation of the defect area,
with step sizes of ca. 500 and 3500 um, respectively. T'-
weighted images in the coronal and axial directions were
acquired with a field of view of 90 mm, and in the sagittal
direction, with a field of view of 80 mm. Image resolution
was 512 % 512 pixels. In the sagittal direction, the pulse
sequence parameters were determined by a repetition time
of 1800 ms and an echo time of 25.11 ms. In the coronal
direction, repetition time was 4239 ms while echo time
was 27.55 ms.

Identification and scaling of the defect region

For identification and viewing of the defect site, we used
a Dornheim DICOM Viewer (v2019.0.2, Dornheim Medi-
cal Images, Magdeburg, Germany). The defect region of
the patient was found in the left medial femoral condyle.

We performed segmentation of the lesioned FC using
Dornheim Segmenter Research (v2018.1.0, Dornheim
Medical Images). For this purpose, the area of interest
was manually marked in each slice image. For the bony
area and cartilage area, we defined different masks to
separate the structures. Automated filter algorithms such
as Region Growing (for determining areas of similar gray
value density based on a seed point) could not be applied
due to the given conditions of the MRI dataset: An overall
similar range of gray value intensities made it difficult to
define thresholds for the separation of certain regions.

The segmented areas were translated into a surface
model description in the Dornheim Segmenter software
and finally exported as STL (stereolithography) file. Geo-
magic Studio 2012 software (Geomagic, Morrisville, NC,
USA) was used to prepare the surface models for further
processing (e.g., closing holes, smoothing). The surface
model was also used to quantify the main dimensions
(maximum length, width, and depth) of the identified
defect region.

Design of the OCD implant

The implant geometry was first modeled with Geomagic
Studio based on discrete surface data. To do this, parts of
the surface were separated, offset surfaces were created
and an implant model was generated using Boolean opera-
tions. We adjusted bone and cartilage zones according to
the segmented defect zones. To adjust the outer AC zone
of the implant, we used the intact outer line of the native
AC tissue.

In addition, a new approach was introduced to directly
utilize imaging data for modeling in computer-aided
design (CAD) systems such as SolidWorks 2019 (Dassault
Systemes, Vélizy-Villacoublay, France). This approach,
in combination with a newly developed tool (CT data
in CAx product development Applications—CTinA) that
was described previously [37], allows the definition of
design elements (e.g., axes, planes, and splines) directly
from the imaging data and direct transfer into the mod-
eling tool. During processing, intermediate states of the
modeled implant body could be visualized in CTinA with
the imaging data (here MRI data) for review processes,
which underlines the advantage of this bidirectional inter-
face [37].

The main requirement for the implant design was the
adjustment of the inner and outer geometry according to the
MRI data. To allow a certain amount of flexibility during
fitting and fixation of the implant, we chose to consider three
different offset values for the inner implant-to-SCB-interface
(0.3, 3, and 5 mm). The implant design adjustments for this
study were made using Geomagic Studio. We will present
SolidWorks 2019 in combination with our custom-made tool
CTinA as a versatile, promising alternative path.

Plotting materials

To prepare the algMC blend, 3 wt% of alginic acid sodium
salt from brown algae (Sigma-Aldrich, Germany) was
blended with phosphate-buffered salt solution (PBS)
(Thermo Fisher, USA). The homogeneous solution was auto-
claved (121 °C, 20 min) using a D-23 table-top autoclave
(SysTek, Detmold, Germany). Later, 9 wt% of autoclaved
methylcellulose powder (MC 4,000 cP, Sigma-Aldrich,
USA) was added. Ink was used for 3D plotting after 2 h of
MC swelling at RT.

As a sacrificial support, we used an ink of 10% autoclaved
MC in double-deionized water, as described previously [11].
MC swelling in ddH,O was done at 4 °C overnight prior to
initiating printing.

As a HAp-forming, bone-mimicking component, we
chose a calcium phosphate cement (Plotter-Paste-CPC,
INNOTERE, Radebeul, Germany) based on a-TCP.
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Fabrication of the implant and post-printing
treatment for stabilization

We combined the established s#/ files describing the geom-
etry of the separated zones to a 3mf file using 3D Builder
software (Microsoft, USA). Slicing of this 3D model with
pre-defined bone and cartilage zones was carried out using
BioScaffolder 3.1 software (GeSiM mbH, Radeberg, Ger-
many); the plotting process was conducted by the corre-
sponding machine BioScaffolder 3.1. The plotting settings
that we adapted for the three different materials/material
blends to be extruded are summarized in Table 1.

Strand spacing for the CPC was chosen flexibly in the
range of 1.0-2.0 mm. For the algMC ink and MC support
ink, strand spacing was chosen in the range of the width of
extruded strands (algMC: 500 um; MC: 700 pm).

After completing the print (ca. 30 min), initial setting
of the CPC was possible by placing the entire implant in
a 37 °C water-saturated atmosphere for 30 min. 100 mM
CaCl, solution (Sigma-Aldrich, USA) was then added for
alginate crosslinking, completely covering the implant for
30 min. By lifting up the implant in a controllable manner,
a complete soaking of all parts of the implant was ensured.
This two-step post-processing procedure was based on a
recently established method which enables a combination
with cell printing of human mesenchymal stem cells or pri-
mary human chondrocytes while maintaining cell viability
and optimal CPC setting [29, 38]. In our study, after 30 min,
the entire implant was transferred to HBSS at 4 °C to speed
up the dissolution process of the MC support structure. After
4 h, the remaining MC support was removed manually.

For improved stabilization of the algMC-to-CPC inter-
face, we incorporated six interwoven layers of this material
in the most proximal part of the cartilage zone, closer to the
subchondral bone phase, as described previously [38].

Fitting of the generated implant
into a SLA-generated femoral model

To evaluate the fit of the generated implant into the actual
defect geometry, we used the segmented FC to fabricate a
3D model of the lesioned FC and the additional AC surface.
The Form 3 SLA printer (Formlabs, Boston, USA) allowed
us to print a combined, monophasic model of these struc-
tures. The resolution in the z-direction was set to 100 pum

Table 1 Plotting parameters of implant materials and support ink

Plotting parameter MC algMC CPC
Nozzle diameter (um) 610 410 410
Dosing pressure (kPa) 300 90 130
Printing velocity (mm-s~") 8 8

@ Springer

(fabrication time: 8 h) after designing and adjusting an
appropriate supporting scaffold structure using Preform soft-
ware (Formlabs, USA). Clear Resin v4 (Formlabs, USA)
was used as the photo-polymerizable resin. After fabrication,
the model was washed for 10 min in isopropyl-alcohol (IPA)
in a FormWash station (Formlabs, USA), and subsequently,
after evaporation of remaining IPA, a post-curing process
(for 20 min at 60 °C) was applied with a FormCure work
station (Formlabs, USA).

Design and generation of patient-specific fixation
equipment

Using SolidWorks 2019 software, we designed an adapter
for an implant fixation plunger with a concave surface cor-
responding to the outer convex shape of the cartilage zone
of the implant. For this purpose, we first modeled the basic
body according to the size of the implant and the given
insertion tool, and then subtracted the individual outer
shape of the cartilage from the model. We fabricated this
model using SLA printing (Form 3; Formlabs, USA), after
adjusting the related removable support structures via Pre-
Form software (see above). High Temp Resin v2 (Formlabs,
USA) was used as the photo-polymerizable material to form
the adapter. After fabrication, the model was treated like
the defect model (as described above) with the only differ-
ence being that the post-curing process was carried out for
120 min at 80 °C.

Results

Identification, segmentation, and measurement
of the lesioned region of the femoral condyles

From the provided clinical MRI data, we were able to iden-
tify the defect region and the corresponding anatomy. No
tissue fragment had detached from the FC in this case yet
(OCD stage 3). In the sagittal slices of 7|-weighted images
(Fig. 3a), we identified and segmented the FC and the artic-
ular cartilage (AC) region (Supplementary material, Fig.
S1). With this, the transfer of these data to a virtual and
editable environment was completed (Fig. 3), as described
in “Materials and methods” section above. We then deter-
mined the maximum depth (5.9 mm), length (21.7 mm), and
width (15.4 mm, Fig. 3c). For design of the corresponding
implants, the base of the defect site was smoothed.

Design of two implant phases for a bilayered
osteochondral implant

After identifying the defect region and determining its
dimensions, we used the MRI scan to distinguish the bone
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Sagittal
g section

Fig.3 Defect site modeling. a Identification, segmentation, and 3D
modeling of the geometry of the lesioned femoral condyle articular
cartilage (AC), separation from the surrounding muscle, tissue, and
the opposing tibial plateau (TP) of the joint space, all based on MRI

and cartilage zones of the OCD defect. Here, the CTinA soft-
ware tool allowed a more flexible and bidirectional work-
flow: It combined visualization of various orientations in the
clinical imaging data with processing and volume modeling
of segmented regions, and with the design of an individual
implant (Fig. 4a). Based on the identified zones of damaged
bone and cartilage layers, two artificial implant models were
designed, smoothed, and adapted to the respective geom-
etry (Fig. 4b i-iii). Later, we combined them to a biphasic
osteochondral implant (Fig. 4b iv) that reflected the defect-
facing and joint-facing geometry of the defect (Supplemen-
tary material, Fig. S2).

3D plotting of the biphasic osteochondral implant

We used the generated 3mf file describing the biphasic
implant geometry to generate an implant based on algMC
and CPC (Fig. 5), according to the pre-defined design and
the layer and strand pattern obtained after slicing the 3D
model (Fig. 5a). As a support structure for the overhanging
algMC, we chose a dissolvable hydrogel of 10% MC. The
original implant geometry, including the sacrificial support

DORNHEIM

data. b Virtual 3D model of the damaged bone anatomy of the FC. ¢
Measuring and determining the exact outer bone defect geometry and
the maximum depth (i), length (ii), and width (iii) of the defect site
based on the 3D model

material, consisted of 70 layers (Fig. 5d and 5e) or with
a bone phase offset of 5 mm, 102 layers. The completed
implant was crosslinked with the above-mentioned two-step
post-processing procedure, and placed in HBSS to acceler-
ate MC dissolution at 4 °C. The finalized implant exhibited
high shape fidelity and a well-established convex shape of
the outer algMC/cartilage surface, with a maximum cartilage
zone thickness of 22 layers (ca. 6 mm) and a minimum thick-
ness of 12 layers (ca. 3.4 mm) (Fig. 5f).

Individual adjustment of the defect-facing bone
phase geometry toward press-fit implantation

For tight, stable fixation of an implant, typically a press-
fit technique is applied, i.e., the implant is pushed into the
defect site with strong mechanical force. Due to the diseased
state of the underlying bone, the tissue generally is not solid
enough to withstand the force and the weakened bone struc-
ture is pushed back. Furthermore, the CPC strands in the
open-porous implant structure tend to be shifted and there-
fore potentially damaged. To allow some space so that the
implant could be pressed into the joint without causing the

@ Springer
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Fig.4 a Bidirectional workflow for image-based individual design in
modeling tools (left: Creation of arbitrary sectional images and ref-
erences as information for modeling; right: modeling of the implant
in SolidWorks based on the transferred data). b Design of the spe-
cific zones (phases) of the implant to fit the defect (orange) geometry,

risk of a misfit for the outer geometry, we adjusted the sur-
face of the bone zone facing native tissue to allow a certain
degree of flexibility during surgery. Figure 6 illustrates the
accommodation for a potential shift of the internal surface
that would increase the overall height of that bone phase by
0.3, 3.0, and 5.0 mm. The geometry of the internal surface
was separated from the bone-cartilage interphase and moved
into the FC direction (z-direction). To maintain a smooth
interphase, the size of the upper geometry was slightly
reduced. After establishing a new connection between the
upper and lower parts, the gap between them was completed
in a flat manner and smoothed.

@ Springer

coronal view (i). (if) Coronal view of the osteogenic zone (beige) of
the implant geometry. (iii) Convex-shaped implant zone replacing the
lost cartilage layers (gray). (iv) Combining two zones into a biphasic
implant, coronal view

Fine-tuning of further critical design characteristics

Besides this biphasic architecture, further crucial design
characteristics are required to allow zonal fusion and appro-
priate in vivo integration. The fusion of the two layers/mate-
rials with long-term stability is only ensured by applying a
certain number of layers of an interwoven network of the
two material phases. We 3D plotted this supportive inter-
woven zone after adding it to the sliced model (Fig. 7a—7c).
This resulted in a strong algMC-to-CPC interface adhesion
that could resist external forces. Furthermore, we tuned the
CPC strand spacing, and therefore the size and shape of



Bio-Design and Manufacturing (2021) 4:818-832

825

Fig.5 Fabrication of the individual, multiphasic OCD implant with
10% MC as a sacrificial support material. a Design of the sliced plot-
ting paths (software: GeSiM BioScaffolder 3.1) for the three required
materials (brown: CPC, blue: algMC, green: 10% MC), full design,
and sectioned design to illustrate the need for a support material (MC,
green). b Multichannel 3D plotting of the implant into the MC-based

macropores (Fig. 7d and 7e), in order to balance stability
and invasion capacity for surrounding cells in vivo. This
provided the required factors for flexibility, in addition to
the offset of the bone geometry described above (Fig. 6).

Fitting of the generated implant

To evaluate the design and geometric compatibility of the
finished implant, we generated a model of the lesioned FC
combined with the articular cartilage surface via SLA, using
a photo-polymerizable resin (Fig. 8). The generated implant
was inserted into the lesioned site of interest (Fig. 8e) and
revealed a perfect fit to the corresponding geometry. We suc-
cessfully restored the outer convex shape by inserting the
implant (Fig. 8g).

Design and fabrication of an individualized fixation
device

To enable a smooth placement of the implant and avoid
damage during the implantation procedure, we designed
an individually shaped adapter for the fixation instruments,
which took into consideration the outer shape of the implant
surface. Based on the convex shape of the cartilage phase,
we designed and fabricated a concave adapter tip for a surgi-
cal plunger via SLA (Fig. 9). This adapter cylinder, with a

support structure. ¢ Generation of the full implant. d Completed
implant after plotting prior to alginate crosslinking via CaCl,, scale in
mm. e Dissolving MC support by incubation in Hank’s Balanced Salt
Solution (HBSS) at 4 °C. f Implant structure after dissolving support
material

length of 25 mm and an inner diameter of 8 mm, connected
the individually shaped head (thickness 5—-8 mm) to the sur-
gical plunger. For orientation during surgery, anterior (A)/
posterior (P) indications were included at the back of the
adapter head.

Discussion

This study demonstrates a proof-of-concept and suggested
workflow for the design, generation, and visualization of an
in vitro approach for an MRI-guided, individual osteochon-
dral implant design. The central goal was the design and
generation of a multi-zonal, multi-material implant for the
presented defect that would fulfill defined requirements of
geometry, fabrication, stability, biological degradability, and
potentially intrinsic biological functionality.

A novel MRI-based workflow with the potential
to overcome current clinical challenges

The use of MRI data comes with both challenges and oppor-
tunities for workflow development: The quality of MRI data
sometimes makes it difficult to define the right interfaces and
geometries. Nevertheless, for the clinical diagnosis/monitor-
ing of osteochondral lesions pre- and post-surgery, MRI is
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Fig.6 Calculation of an internal “offset” to increase the inner
implant size, enabling fixation of the implant via the conventional
press-fit technique. a—c Offset generation process based on origi-
nally smoothed geometry: selection of the internal surface of the
bone phase, moving by respective distance, and closing the contour
again. d Sagittal view of the segmented defected FC region (yellow),
the segmented AC phase (red), the AC phase of the implant (gray),

a highly potent tool [39], since cartilage tissue is not clearly
visible in CT images. Recently, MRI data have also been
shown to be beneficial for the design of non-implantable
medical devices and demonstrators [1, 6] for various medical
fields. So far, to the best of our knowledge, no study has used
such data to generate an implant design and an actual 3D
construct by means of 3D multichannel plotting under mild
conditions. The most significant difference compared to pre-
vious segmentation and reproduction of human anatomical
structures or any anthropomorphic models from MRI data is
the condition that in the case of defected tissue, the geometry
that needs to be designed does not actually exist anymore,
i.e., it needs to be completed without complete knowledge
of the structure of the lost tissue. Therefore, consideration
of outer geometries like the convex surface of the AC in
this study plays a crucial role. The underlying pathology
diagnosed via DICOM data was identified as a stage 3-OCD
lesion according to classification by Guhl et al. [40], with an
AC malacia and a clearly developing fibrous necrotic zone
(Fig. 1) that might lead to a dislocating “flap lesion” later.
However, surgical intervention was required for that patient.
The approach presented here is meant to target lesions above
a size of ca. 2.5-3 mm?. Instead of using autologous bone
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(c)

and the smoothed bone phase geometries of varying offsets (beige:
0.3 mm, green: 3 mm, blue: 5 mm); insets: biphasic implant design
using bone phase depth offset of 0.3 mm (i) or 3.0 mm (ii). e 3D plot-
ted biphasic implant structure of algMC and CPC with a bone phase
depth offset of 5.0 mm and a CPC strand distance of 1.6 mm, scale
in mm; inset: virtual biphasic implant design with an increased bone
phase size (blue)

and an additional cartilage reconstruction or an autologous
osteochondral plug, this study aimed to combine these tissue
layers in one highly patient-specific multilayered implant.
Besides the technical, design-related aspects, the central
characteristics for the success of the presented concept were
defining general requirements for a multilayered, osteochon-
dral implant, evaluating the implant geometry, and allowing
for a certain degree of flexibility for clinicians.

The challenge here was to overcome certain limitations
of conventional autologous osteochondral grafts. A com-
mon limitation of recent approaches has been the lack of
precise consideration of patient-specific defect geometry
and anatomy. AM and bioprinting techniques that enable the
precise reproduction of anatomical shapes play an increas-
ingly important role in the generation of osteochondral tissue
substitutes [29, 41]. With the use of MRI data for segmen-
tation and a specific workflow (Fig. 2), these issues can be
overcome [1].

The precise representation of the defect-facing geom-
etry adjacent to the remaining SCB is not highly relevant to
clinical performance since the remaining bone beneath the
affected tissue is expected to be less stiff in a diseased state,
so that by press-fitting the implant into the defect site, the
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Fig.7 Internal design criteria as essential characteristics for clinical
performance. a An interwoven, biphasic zone during plotting. b In
the sliced model of the cartilage phase, several layers of an interwo-
ven network zone were considered. Light microscopic images of ¢ the

interwoven algMC+ CPC zone, d a bone zone with low pore diam-
eter (CPC strand distance set to 1.0 mm), and e a larger pore diameter
(CPC strand distance set to 1.6 mm)

Fig. 8 Stereolithographic fabrication of a 3D model of the lesioned
femoral condyles (FC) combined with the articular cartilage (AC).
a/b Virtual model of the printable geometry with support structures;
lesioned site highlighted in yellow. ¢/d Resin 3D model after fabrica-
tion and post-curing; lesioned site highlighted in yellow (d, arrows),

scale in cm. e/f Fitting of the biphasic algMC + CPC implant from top
(e) and side (f) views. g Outer convex implant geometry covers the
convex shape of the lesioned femoral condyle with the lesioned AC
surface
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Fig.9 Design and generation
of an individual implantation
device adapter. a Virtual model
of an individual adapter (gray,
with A =anterior, P=pos-
terior for spatial orientation
during surgery) that fits onto
the implant geometry (green
outline) to replace damaged AC
(red) and FC (yellow); inset:
shape of the adapter tip which
corresponds to the convex
outer shape of the implant. b
SLA-fabricated, resin-based
fixation adapter; inset: remov-
able support structures after
SLA process, scales in mm. ¢
Attaching the individual fixation
adapter to the surgical plunger
shaft applied to fix the implant
via the press-fit technique, that
d fits onto the generated patient-
specific implant for fixation

implant would be replacing some of that tissue during the
implantation procedure. While that shape, therefore, might
not be of major interest, the outer geometry certainly is: the
AC tissue was identified as mostly intact, without a visible
lesion. However, the tissue would have to be removed during
surgical intervention, in order to access the lesioned bone
site. Therefore, based on the MRI data, we virtually removed
the covering AC zone with overhanging lateral edges, and
later replaced it with the cartilage phase of the implant
(Fig. 4b). The most crucial aspect here is the successful res-
toration of the convex outer surface line of the AC substitute
(Figs. 5f and 8g). For better fusion of the material phases,
and as a potential calcified cartilage layer, we included an
interwoven zone (Fig. 7c) with a thickness similar to that
of the calcified cartilage layer in vivo. This particular zone
can be included as a non-individual even surface or as an
additional zone with an individualized geometry. With a
fairly flexible workflow and implant design, the surgeon
would also have several options to choose from spontane-
ously during surgery, based on the pathological situation
in vivo. The main flexible characteristics would include

@ Springer

the size (offset) and degree of porosity of the CPC phase
for the bone-replacing layer (Figs. 6 and 7). In addition to
being adjustable for the z-direction, this size can also be
adjusted to lateral directions by an additional offset value
when needed. The generated implant fitted quite well into
a SLA-fabricated defect site model. This defect model was
based on the same segmentation as that of the implant. This
primarily ensured the suitability of the material combina-
tion, the 3D plotting process, and the post-processing for
precise implant fabrication. Therefore, the defect model was
fabricated by SLA, a very precise but different AM method
that has been described for that purpose in oral surgery [7],
but does not allow the generation of biodegradable multilay-
ered implants. The fabricated FC defect site model merely
resembles the geometric shape of the defect and does not
fully consider the mechanical circumstances of an actual
implantation in vivo. However, the application shows the
valuable potential of SLA-processed material for geometric
anatomical models [7]. Due to the fact that we presented
our workflow based on a real patient case and did not plan
to include in vivo evaluation, a fitting of the designed tissue
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substitute into the actual defect site was not part of the scope
or aims of the study.

Selecting materials with regenerative potential
in vitro and in vivo

Hydrogel inks can be applied as biomaterial inks or bioinks,
with or without the encapsulation of cells [42]. However,
many common materials suitable for bioinks do not allow
the stable stacking of a larger number of extruded layers
that would be sufficient for the required clinically relevant
dimensions, or do so only after application of additional
technical stabilization strategies [43]. Applying the material
blend algMC enables the formation of volumetric structures
and, in addition, allows the incorporation of cells [29, 38]
or specific growth factors [44] that can attract or support
cells and ingrowth of blood vessels. The degree of poros-
ity of CPC can play an essential role in the success rate
of an implant, as examined for maxillofacial defects in rats
[32]. In this study, we suggested two different pore sizes of
CPC, arising from strand distances of 1.0 mm and 1.6 mm
(Fig. 7d and 7e). The pore size impacts the mechanical sta-
bility (brittleness) of the bone zone and the invasion behav-
ior of surrounding cells and capillaries in vivo. Furthermore,
tuning the CPC spacing allows for some flexibility of the
SCB-facing shape, which might be helpful during surgical
press-fit implantation. Although the specific CPC used in
this study is clinically approved and alginate has shown good
biocompatibility before, future in vivo evaluation is needed:
We suggest an initial validation of fitting geometries in a
cadaveric OCD defect model [45], while pre-clinical evalu-
ation in rabbits or sheep would be needed prior to possible
clinical evaluation [46, 47].

Consideration of implantation strategies

The pores ensure omni-directional integration with sur-
rounding cells and vessels, as well as an influx of oxygen
and nutrients and a supply of various essential growth fac-
tors contained in the surrounding blood after scraping or
microfracturing the underlying remaining bone tissue. With
respect to the mechanical properties, the structure after deg-
radation/resorption will be expected to resemble the poros-
ity of native cancellous bone [48]. Prior to implantation,
the encapsulation of cells inside the hydrogel (as a bioink),
which is possible in combination with CPC [29, 38], or pre-
seeding the CPC [32] phase, could be a valuable option to
improve or accelerate regeneration. The effect will need to
be investigated. Many options could be added and modified
for the implant design. This includes the potential considera-
tion of certain cartilage layers of different material densities
and with different fiber orientations [49], which might be
technically achievable but not beneficial. Fiber orientation

cannot be detected via MRI. Moreover, in the interdiscipli-
nary yet rather academic approach presented here, over-engi-
neering, the pure technical adjustment of additional param-
eters without certain clinical relevance, should be avoided.

However, an essential aspect that needs to be consid-
ered is the possibility of fixing the implant in the defect
site, which directly influences the on-site integration and
post-surgery performance [50]. The interlock between the
hydrogel and cement phase is quite strong with an additional
interwoven network zone (Fig. 7).

Therefore, conventional press-fit implantation would not
harm the integrity of the algMC-to-CPC interface [51] as
such (the mechanical properties of the interface have been
sufficiently described before [38]). However, depending on
the architecture and porosity of the rather brittle CPC phase,
the well-ordered structure of the hardened CPC strands
might be impaired; while fixation of the implant with a
conventional surgical plunger might damage the hydrogel
surface of the implant. AlgMC and other hydrogel blends
used as a cartilage zone would require a relatively gentle
implantation procedure. To avoid rupture, we designed an
individually shaped fixation tool (Fig. 9) as an adapter to the
conventionally applied plunger, based on an autoclavable
resin. To further ensure the integrity of the hydrogel, inser-
tion of fine reinforcing microfibers into the hydrogel could
be helpful [52]. As a biological bonding agent, fibrin tissue
glue could be applied as an optional addition to the press-fit
approach [53, 54].

Necessity for a novel bidirectional CAD/CAM
workflow

In addition to the implant design and generation, we pre-
sented a novel strategy for an optimized, bidirectional CAD/
CAM workflow (Fig. 4a): The main advantage of the CTinA
software tool is the bidirectional interface [3, 37] from the
MRI data to the CAD system, which allows full freedom for
reversibility and correction of previous editing steps. Thus,
no information is lost during additional import/export steps
between different software tools. Furthermore, it allows the
visualization of different phases of the implant design, and
therefore simultaneous editing of 3D-rendered CT/MRI
data, tomographs, and segmented s#/ models of the implant
(Figs. 3-5). This aspect is beneficial for the reliability of the
implant design and the documentation of the design pro-
cess, but above all, simplifies, accelerates, and improves the
quality of the modeling. The use of MRI instead of CT data
allows clear separation of different soft and hard tissues.
Advancing developments of high-field MRI scanners with
improved resolution also have great potential to limit the
challenges of image processing, while the image contrast
already provides clear advantages over other imaging tech-
niques [6]. However, thresholding the gray values correctly
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can be a complex and time-consuming step. For a pure bone
implant, therefore, usually CT data would be the preferred
dataset. This difficulty was avoided with the presented
solution of a software interface that includes appropriate
modeling tools but does not require a several-step workflow
covering separated transfer and conversion via segmentation
and model generation. This also allows inclusion of refer-
ence points to serve as rotation axes, reference plains, or
boundary lines. Therefore, an accurate representation of the
defect geometry and the respective tissue substitutes was
possible. These tissue substitutes can be freely adjusted after
completing the parametric modeling [55], ensuring a flexible
and transferrable workflow.

Conclusions

The development of this CAD/CAM workflow for a bipha-
sic, zonal OCD implant involved close communication and
collaboration between life scientists, mechanical engineers,
and clinicians in order to explore the relevance and possible
adjustment of certain implant properties and geometries. We
described and demonstrated for the first time, to the best
of our knowledge, a fully integrated approach for an MRI-
guided multilayered implant design that can be realized by
extrusion printing, using custom-adjusted tools for com-
mercially available software. The implant design allows a
certain amount of flexibility for the clinical requirements; as
a model system, we used a biphasic osteochondral implant
based on algMC as a potential bioink to replace the AC
layer, and 3D plotted CPC with high shape fidelity to restore
the subchondral bone portion. The results showed perfect
geometric compatibility with an SLA-fabricated defect
model. The visualization of certain levels of the implant
design process: 1) CT/MRI data, 2) segmented defect site
models, and 3) implant design, by a novel use of the CTinA
tool, will certainly be helpful to overcome many clinical
challenges in the future. Looking to the future, this proce-
dural concept can be transferred to other patients and other
clinical situations, as well as other types of tissue defects or
damaged organs diagnosed by MRI. Therefore, this study of
one clinical case demonstrated a synergistic collaboration of
engineering, biomedicine, and clinical medicine to develop
concepts and technical solutions with the potential for real
clinical application in medium and large defects (>3 cm?).
The clinical performance of the generated implants and the
presented interdisciplinary process will need to be evaluated
as well. This proof-of-concept study opens up new possibili-
ties for the design of individual OCD implants but also for
other applications in the field of anatomically shaped tissue
models, anthropomorphic phantom generation, or 3D organ
models for tumor diagnosis, patient information, and surgi-
cal training.
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