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1 | INTRODUCTION

One of the oldest and most straightforward treatments for hip
dysplasia is the shelf arthroplasty.’ The shelf procedure uses (auto-
graft) bone harvested from the iliac crest placed in an extra-capsular
slot on top of the hip capsule to increase femoral head coverage.? In
time, the interposed hip capsule is thought to transform into fi-
brocartilaginous tissue that acts as a load-bearing surface.>” Recent,
long term follow-up studies on the shelf arthroplasty’? report similar
long-term results as the periacetabular osteotomy.® This might shed
new light on the shelf arthroplasty when compared to the highly
invasive periacetabular osteotomy, as the latter is associated with a
long learning curve, long rehabilitation periods and major complica-
tions (6%-37%).5 However, despite the promising results of the shelf
arthroplasty, there are still some limitations to the technique. The
traditionally well-placed shelfs show good superior femoral head
coverage on radiographs but deficient coverage in the anterior and
posterior quadrants on postoperative CT analysis.” Furthermore,
graft positioning is critical for the success of the shelf ar-
throplasty.”'© When the bone graft is placed too high, it might re-
sorb due to lack of mechanical loading.’°"*> When the bone graft is
placed too low or is too large, impingement of the femoral head and
neck will occur.’>*® Reasonably, the better the fit and size, the

101415 and therefore the

better the long-term outcome might be,
success of the shelf arthroplasty could be improved by creating a
better three dimensional (3D) fit and positioning of the shelf implant.

With the current progress in 3D printing technologies,® a per-
sonalized 3D-printed shelf implant could enable a seamless fit to the
hip socket and increase femoral coverage in all load-bearing quad-
rants."” The use of a pre-planned and 3D printed titanium shelf im-
plant to treat hip dysplasia is novel to the authors' knowledge based
on extensive screening of the literature. Therefore, a large animal
dog model, based on naturally occurring hip dysplasia, was used to
investigate this concept.’® Dogs frequently have hip dysplasia and
undergo diagnosis and treatments procedures similar to humans in-
cluding pelvic osteotomies, total hip replacements and the shelf ar-
throplasty.” Therefore dogs are considered the animal model of
choice for studying hip dysplasia.'® In dogs the shelf arthroplasty has
been previously performed using biocompatible orthopedic polymers
(BOP).2”2° During this so-called BOP procedure, bioresorbable
osteo-inductive fibers were used to create a shelf on the dorsal
acetabular rim, this procedure was not pre-planned in 3D and was
therefore entirely dependent on the intraoperative experience of the
surgeon. The initial clinical results were promising. However, the
fibers induced uncontrolled bone proliferation resulting in poor
anatomic remodeling of the dorsal acetabular rim.*?%°

This paper presents the anatomical and biomechanical outcomes
of a first of its kind pre-planned and personalized 3D-printed tita-
nium shelf implant in an ex vivo dog study employing cadaveric
dysplastic hips. Moreover, the hypothesis is tested that the 3D shelf
implant statistically increases the amount of femoral coverage and
dislocation potential at the 12.00 o'clock position by comparing the
native acetabulum to the condition after the 3D shelf intervention.

Research®
2 | METHOD

2.1 | Animals

For this biomechanical study the hips of three mongrel dogs
(25 +2kg) that were terminated for other non-orthopedic related
experiments were used (Ethical approval nr.2016.11.529.002). To-
gether the three dogs had six ortolani positive dysplastic hips, re-
sulting in six data sets; data are presented as mean * standard
deviation (SD). Hips 1-3 had moderate dysplasia and hips 4-6 had
severe dysplasia according to the Fédération Cynologique Inter-
nationale (FCI).?*

2.2 | Image analysis
The Norberg angle,?’ and the percentage of acetabular coverage
were measured on respectively ventrodorsal radiographs and CT
scans (Siemens Somatom Definition AS, Siemens Healthcare) with
the following standardized parameters: 120 kV, 250 mas, 0.6 mm
slice thickness. For the measurement of the acetabular coverage
the method of Larson et al. (2015) was used.”” The CT images
were reformatted through all acetabular clockface positions and
for each position it was measured, similar to the Norberg angle,
how many degrees the femoral head was covered by the dorsal
acetabular rim and graphically displayed in a clockface graph. The
total acetabular coverage was expressed as the percentage
(% = degrees/180° x 100) of the weightbearing part of the femoral
head (10:00 to 02:00 o'clock positions) covered by the acet-
abulum. The whole image analysis process was scripted and took
around 5 min per patient.

After image analysis, a simmering maceration process>> was
used on the pelvis and femora, cleaning the skeleton of all soft tis-

sues to better visualize the bony anatomy.

2.3 | Implant design

The implants were designed on an anatomical 3D model segmented
from the CT images (Figure 1A). The segmentation was done semi-
automatically using standardized bone threshold values (HU 226—
upper boundary) on imaging processing software, Mimics Medical
21.0 (Materialise).

The 3D-printed acetabular rim implants were designed using
Freeform Plus software (Geomagic, 3D Systems) (Figure 1B). The
implant's rim extension was designed to increase the acetabular
12.00 o'clock CE-angle with a minimum of 30° using the diagnostic
method of Larson et al. (2015) (Figure 2).?? The effect of the im-
plant's rim extension in each acetabular clock position was calculated
using an in silico range of motion (ROM) simulation in all three de-
grees of rotational freedom. Subsequently, a board certified veter-
inary surgeon decided what was the optimal trade-off between the
added acetabular extension and remaining ROM.
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FIGURE 1 (A) rendering of a canine pelvis
with hip dysplasia. (B) Rendering of a 3D-
designed acetabular rim extension implant. (C)
Detailed picture of the implant design. The base is
designed around the rectus femoris muscle
attachment(*). Also it is visible that there is 2 mm
space between the implant and femoral head
(yellow arrow) to prevent impingement of the hip
capsule and act as weight bearing surface [Color
figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Digital rendering and photos of a 3D shelf implant. (A) Shows a digital rendering of the inside of the implant. Marker ‘X’ shows
the porous inner surface of the shelf implant facilitating bone ingrowth for osseous integration and secondary implant fixation and marker ‘Y’
indicates the internal offset of 2 mm on the implant base that to prevent impingement of the acetabular insertion of the hip capsule. (B) Shows a
front view of the manufactured implant with the porous scaffold ‘X’ visible. (C) Shows a close-up of two milled 3.5 mm locking screw holes.(D)
Illustrates the external implant surface with a point of view projection of a clockface on the rendered implant [Color figure can be viewed at

wileyonlinelibrary.com]

The approved rim extension followed the acetabular curvature
with an external offset off 2 mm to allow the hip capsule to be inter-
posed between the implant and the femoral head (Figure 1C). Then, to
connect the rim extension to the bone a base was designed with an
additional offset along the first 5 mm of the base allowing the insertion
of a hip capsule to stay unharmed (Figure 2A). Additionally, the shape of
the base was designed in such a way that muscle attachments, for
example the rectus femoris cranial to the acetabulum, was spared if a
dorsolateral approach to the hip joint was used (Figure 1C).

After the implant's rim and base were determined, the screw
holes were planned for primary implant fixation with five 3.5 mm
cortical self-tapping locking screws (DePuy Synthes) (Figure 2C). The
screw trajectories were planned in such a way that they did not
interfere with the acetabulum but at the same time acquired the
maximal possible bone stock for the preferred screw length. The

screws were placed bicortical and preferably not parallel to each
other. Additionally, the implant-bone interface was made partially
porous (70%) to allow bone ingrowth and therefore facilitates per-
manent (secondary) implant fixation in an in vivo situation (Figure 2A
and B). The whole implant design process was scripted and took

around 5 min per hip.

2.4 | Implant production

The implants were manufactured from medical grade titanium alloy
Ti-6Al-4V ELI grade 23 by direct metal printing using a ProX
DMP320 machine (3D Systems). Postprocessing included chron-
ologically: hot-isostatic-pressing, screw wiretapping, polishing, man-
ual cleaning, and autoclave sterilization. The implant production
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Universal testing machine
Crosshead with displacement sensor
Frictionless pulley
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FIGURE 3 Schematic diagram of the custom-made set-up for measuring the dislocation potential of the canine hip joint mimicking the
Ortolani test applied in the clinic. I. Dysplastic acetabulum with abducted femur, hip is still centralized because the force vector is directed
towards the acetabulum. The test continues by further adducting the femur and increasing the force vector angle (F). Il. Dysplastic acetabulum
with adducted femur, hip is decentralized (subluxated) because the force vector is directed outwards of the acetabulum. The vector angle at
subluxation is measured when the resistance drops. lll. Dysplastic acetabulum with implant in situ with adducted femur in same position as in Il.
Note that the hip remains centralized. The force vector is directed outwards of the acetabulum but the resistance remains intact due to the
acetabular rim extending implant (green) indicating that by extending the acetabular coverage the implant adds stability to the hip [Color figure

can be viewed at wileyonlinelibrary.com]

made use of a clinical implant production route (3D Systems) which

takes around 14 days per order.

2.5 | Biomechanical study
The biomechanical study aimed to determine two parameters: (1) the
femoral vector angle (degrees) at which joint subluxation occurred

without and with shelf implant, and (2) the implant failure load (N).

2.6 | Subluxation potential test

The subluxation potential test was designed in such a way that it
mimicked the Barlow?* and Ortolani®® tests conducted in ve-
terinary practice. The cranial and caudal ends of each hemi pelvis
were embedded in epoxy resin (poly-pox THV 500, Poly-Service

B.V.) in a neutral position (no angulation). The middle pelvic
section surrounding the acetabulum was not embedded to allow
the hip joints to move freely during testing and enable fixation of
the implant (Figure 3). Furthermore, two holes were drilled in the
femur shaft perpendicular to the anatomical axis of the femur.
Using two bolts, the femur was attached parallel to the distal end
of a hollow aluminum bar. Eight nuts were used to lock the bolts,
the femur, and the aluminum bar in place. This aluminum bar was
then placed in a custom testing jig designed for use with a uni-
versal testing machine (Lloyd instruments LR5K). The testing
machine raised the proximal end of the metal bar by raising the
pulley (5 mm/min) and simulating a movement from abduction to
adduction (Figure 3). To simulate a load bearing situation, a
constant force vector of 100 N was generated on the pulley by
adding a calibrated weight. The vector angle at subluxation was
expressed as the degrees (on the lateral side) between the ana-
tomical axis of the femur in relation to the mediolateral axis of
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:D. 5 kN loadcell

:F. Hemi pelvis

the pelvis which can also be measured using the angle (F in
Figure 3) between the aluminum bar (H) and the vertical column
of the testing machine. The test started with the pulley in its
lowest position, corresponding to a femoral vector angle of 60°
(30° of abduction) which points towards the acetabulum and is
therefore still a stable position (Figure 31). By raising the pulley,
the femur slowly adducted and the 100 N force vector slowly
surpassed the rim of the acetabulum and joint subluxation oc-
curred marked by a sudden drop in resistance, leading to a pre-
programmed stop of the testing machine (Figure 311).

Each acetabulum was tested three times and then rotated
around the mediolateral axis to five different rotational positions
simulating different amount of femoral flexion, resulting in a total of
15 subluxation tests in the native dysplastic hip. The resulting force
vectors were aimed at the main weightbearing directions of the
acetabulum (10:00, 11:00, 12:00, 01:00, 02:00 clock position)
(Figure 2D) as these positions contribute most to joint stability and
utilized cartilage surface during normal gait.?¢%’

After the first round of tests the shelf implants were fixed to the
acetabular rim by a board certified veterinary surgeon followed by
another CT to evaluate the new acetabular coverage. Thereafter the

series of 15 subluxation tests were repeated.

2.7 | Break-out/implant failure test

After the subluxation potential test the biomechanical setup was
altered and the specimens were rotated along the longitudinal axis
and rigidly fixated using clamp fixtures (Figure 4). The main
weightbearing area of the implant (12.00 o'clock position)
(Figure 2D) was pressed by the crosshead using a 6 mm diameter
indentation attachment (Figure 4A) (Lloyd instruments LR5K). The
compression force was generated with a crosshead speed of 1 mm/
min until failure occurred. The outcome was the peak force before
failure and was defined by a drop in pressure due to breaking or
loosening of screws, fracture of the implant, or fracture of the pelvis.

D R R R R

A Universal testing machine
B Increasing force vector
C Crosshead with displacement sensor

:E. Indentation attachment

:G. Epoxy resin fixture pelvis

FIGURE 4 Schematic diagram of the
custom-made testing set-up for measuring the
implant failure force. An isolated stress force is
applied on the most dorsal side of the implant
(the 12.00 o'clock position) to investigate the
peak force (Newton) for implant failure [Color
figure can be viewed at wileyonlinelibrary.com]

H 3D-printed shelf implant (green)

2.8 | Statistical analysis

The hypothesis was tested that the angles of coverage and disloca-
tion at the 12.00 o'clock position were statistically different when
comparing the native to the intervention condition, with an alpha
level of 0.05 and a power of 80%. Given that a relevant difference

h,%%2? we needed six

was 20°, with a SD of 10° in similar researc
samples with paired measurements.® Statistics were performed in
SPSS (v26, IBM) employing a paired student t-test. Statistics were
conducted at the 12:00 o'clock position as this is the main bio-

mechanical focus point for load bearing in the standing position.

3 | RESULTS

The acetabular coverage (n=6) at the 12.00 o'clock position
significantly increased from 46 + 3% in the native hip to 68 +2%
in the hip with implant, which corresponds to Norberg angles of

TABLE 1 Coverage and dislocation angles at the 12.00 clockface
position of each native hip and hip with shelf implant. The
dislocation angle is the average of three subluxation measurements
per hip. Hips 1-2, 3-4, and 5-6 were from the same dogs

Coverage (°) Dislocation (°)

Hip# Native Implant Native Implant
1 89 120 82 113

2 88 124 81 118

3 88 122 83 117

4 90 122 84 119

5 90 125 82 117

6 91 124 84 119
Mean+SD 88+3 122+2 83+2 1172
p-value: <0.001 <0.001
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FIGURE 5 Clock face graphs of each biomechanical hip specimen. Hips 1&2, 3&4, and 5&6 were from the same dogs. The lines provide the
Norberg angles calculated on reformatted CT images, so the modified planes align with the clock face positions. The markers show the
dislocation angle at which the femur dislocated from the acetabulum in each load-bearing clock face position with (yellow) or without

(grey) shelf implant [Color figure can be viewed at wileyonlinelibrary.com]

88 +3° and 122 + 2°, respectively (Table 1). The total acetabular
coverage in the main five weightbearing directions (10:00 to
02:00 clock positions) increased from 47+3% to 65+4%
(Figure 5).

The subluxation angle (n=6) at the 12.00 o'clock position
significantly increased from 83 + 2° in the native hip to 117 £ 2°
in the hip with implant (Table 1). The total subluxation potential

in the main five weightbearing directions (10:00 to 02:00 clock
positions) increased from 77 +4° to 110 + 5° Figure 5).

During the break-out test the implants failed at 1330
320N (range: 955-1910N)
47 +1.4mm (range: 2.5-6.3 mm), the equivalent of 283s. In

at a crosshead translation of

two cases the first sign of failure was a drop in pressure
because of a slipping screw-bone interface at 1125 N and 1406 N
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FIGURE 6 Break-out strength of the 3D-printed shelf implant. Hips 1&2, 3&4, and 5&6 were from the same dogs. The graph displays force
versus time (displacement) curves in six dog pelvic specimens. All curves show a continued increase of the force until the force suddenly drops
by bone-screw interface failure (#1 and 5) or by pelvic fracture (#2, 3, 4, and 6). The pictures show three consecutive timepoints (90, 180, and
270 ) during testing of specimen #5 (peak force 1405 N at 3.8 mm). At (A) 90 s (1.5 mm, 516 N), the implant is still attached to the bone; at (B)
180 Section (3 mm, 1070 N), the implant is still attached; at (C) 270s (4.5 mm, 1303 N) there is a distinct reduction in force because of implant
detachment by a bone-screw interface failure [Color figure can be viewed at wileyonlinelibrary.com]

at respectively 3.2mm and 3.8 mm of translation. In four
cases the first sign of failure was a drop in pressure because of a
pelvic fracture surrounding the implant and screws at
1362+392N and mean 5.3+0.9mm crosshead translation

(Figure 6).

4 | DISCUSSION

The present ex vivo study provides anatomical and biomechanical
outcomes for a personalized 3D-printed titanium shelf implant to
restore normal radiological parameters and stability to the ca-
nine dysplastic hip joint. The shelf implant augmented the acet-
abular rim and significantly improved the femoral head coverage

of the dysplastic hip joint. Biomechanical ex vivo testing de-
monstrated that the stability of the dysplastic hip joint improved
significantly post-implantation. Furthermore, the failure test
showed that the primary fixation of the personalized 3D-printed
shelf implants was sufficient to withstand high forces.

The use of pre-planning to establish shelf size has never been
reported to the best of the authors' knowledge. Likewise, the use of
3D printing to create the desired implant for shelf arthroplasty has
never been reported. However, there are studies that research the
applicability of 3D printed guides to assist peri-acetabular osteo-
tomies surgery.>>*? Nonetheless, the use of additive manufacturing
techniques to create pre-planned and 3D printed (titanium) implants
that restore dysplastic hips to normal radiological values is a first of
it's kind use.
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In this study the Norberg angle and average acetabular coverage
increased to normal values (Norberg > 105).%* The in silico coverage
planning was realized after insertion of the 3D shelf in the cadaveric
dysplastic hips. This is an improvement in comparison to conven-
tional free-hand shelf treatment where optimal shelf position and
therefore acetabular coverage is frequently not accomplished.»® A
high resolution 3D-printed implant in combination with a
patient-specific anatomical fit makes this procedure a more reliable
way of restoring healthy acetabular morphology. By employing
subluxation potential test, that was set up to mimic the Ortolani test
used in the clinic, it was demonstrated that the femur had to be
adducted further to decentralize the femoral head indicating im-
proved joint stability. Within this context, the patient-specific 3D
shelf implant may prevent subluxations, reduce peak forces on the
acetabular rim cartilage preventing cartilage micro fissures, and
therefore reduce the risk of secondary osteoarthrosis.>*> >

The implant failure force of 1330 + 320 Newton corresponds to
approximately four times body weight (25 kg) of the tested canine
cadavers. This easily exceeds the functional forces (1-2 times body
weight) applied to the canine hip joint in daily life.?>?¢ In all speci-
mens, the bone or bone-screw interface eventually failed which was
expected since the ultimate strength of titanium is much higher than
that of cortical bone.”® When using these implants in dogs suffering
from hip dysplasia, this primary fixation strength is important, as
dogs are difficult to restrict in their direct postoperative weight-
bearing behavior.

There are several limitations inherent to the cadaveric nature of
this study. First, the small number of specimens tested might have
affected the large range in implant failure between the different hips
studied in distance and time (x-axis) and in the force needed (y-axis)
needed to reach implant failure. However, this variability could also
relate to the patient-specific nature of the implant and unique screw
directions. The screw trajectories are unique for each implant and
therefore the bone-screw interface could have had more grip in one
arrangement than the other. Within the context of safety, optimal
arrangements of the screw corridors maximizing implant fixation
remain to be determined. Furthermore, the change over time to soft
tissues and dysplastic hip capsule, for example hypertrophy and
metaplasia are considered to significantly contribute to tightening of
the capsule and therefore reducing joint laxity after extension of the
acetabular rim. However, this change to the soft tissue could not be
studied due to the ex vivo nature of this study and therefore these
tissues were removed to allow focus on the bony geometry and in-
itial subluxation potential.

From a clinical perspective, caution is needed in translating the
current results to human dysplastic hips. Although there are many
similarities between the ball and socket hip joint anatomy in dogs
and humans, there are marked functional differences with respect to
loading. For example, the front/hind limb weight ratio logically differs
between quadruped animals and biped humans.?® However, the hip
dysplasia morphology, diagnostics, and treatment options in both
species are so similar that this study provides useful information for
designs for human application.'® Moreover, the high incidence of hip

Research®

dysplasia in dogs may allow for future clinical veterinary studies
exploring further the long term safety and efficacy of the 3D shelf
implant.

5 | CONCLUSION

This study provides anatomical and biomechanical outcomes for
using the 3D-printed shelf in canine dysplastic hip joints to restore
coverage and stability. For a next step, an in vivo experimental study
is needed to evaluate the safety of the proof of concept of this
surgical implantation and to streamline its introduction to the ve-

terinary clinic and eventually the translation to the human clinic.
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