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Abstract: Hydroxyapatite (HA) coatings have become very popular in uncemented total hip
arthroplasty (THA). Analysis of retrievals and tissue samples from an HA-coated femoral stem,
which failed within 14 months after THA, provides exceptional insights into the failure mechanism,
as well as the process of osteointegration of such an implant. Methods: Retrievals were
photo-documented. Samples were examined by micro-computed tomography, X-ray diffraction
(XRD) and embedded in polymethylmethacrylate for histology. Results: The coating had partially
delaminated. The sandblasted surface of the stem was partially polished by the delaminated HA
coating, indicating failure before revision. In the tissue samples, the HA coating was well integrated
by newly formed bone trabeculae. No adverse biological reaction was observed. XRD analysis
showed that residues of the HA coating were still present and could clearly be differentiated from the
surrounding bone. Preferential orientation of the HA crystallites could be identified within the newly
formed bone, representing a potential mechanical weakness induced either by physiologic strain or
by the coating. Conclusion: current HA coatings, relatively thick and made of high crystallinity HA,
may be prone to delamination, as also seen in our study. Recent efforts have aimed towards thinner
(<1 pm) coatings with nanocrystalline HA structures that possibly relate to lower delamination
risks. However, the question arises if HA coatings are beneficial since sandblasted non-coated stems
offer similar results without the risk of delamination. XRD not only permits differentiation between
the HA from the coating and the HA of the ongrown bone, it also provides new insights into the
microstructure of this newly formed bone.
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1. Introduction

Uncemented fixation is being used more and more frequently in hip arthroplasty [1,2]. To achieve
the long-term stability of uncemented implants, either ingrowth or ongrowth of bone on the surface of
the implant is necessary [3]. A certain porosity of the implant surface is needed for this to happen,
which depends on the materials used and surface properties [3-7]. Porosity is obtained either by grit
blasting the surface of the metal alloy or through addition of a coating [3,6]. Most commonly, coatings
either consisting of titanium or hydroxyapatite (HA) are applied by plasma-spray [3,6].

Animal and clinical studies have shown excellent ongrowth of bone onto HA coatings [5,7-15].
Even if questionable, HA coatings are believed to potentially accelerate osteointegration [5,7,12,14-16].
However, adding a coating might also be disadvantageous, as any material interface represents a
potential mechanical weakness, with consecutively possible delamination [16], particularly as the
modulus of elasticity of HA and titanium alloys differ, and as eccentric loads femoral stems that are
exposed to total hip arthroplasty (THA) lead to shear forces at the interface [17].

In this report, we present results from an advanced and multidisciplinary analysis of a single
clinical case of early failure of an uncemented, HA-coated total hip arthroplasty (THA). The study
questions were as follows. Did the HA coating delaminate? Did bone grow onto the HA coating? Is it
possible to differentiate between the HA from the coating and the HA originating from the ongrown
bone by x-ray diffraction (XRD) methods? Despite an analysis limited to a single retrieval, new insights
into the failure mechanism and osteointegration were gained. The methodology of the described
combined analytical tools may serve as an algorithm to investigate samples and retrievals from other
revisions of orthopaedic implants, particularly as appropriate analytical methods are not commonly
available in clinical routines.

2. Patients and Methods

2.1. Case Description

A 68-year-old deaf male patient (60 kg, 175 cm, BMI 19.6 kg/m?) with clinically manifest
osteoporosis suffered a femoral neck fracture following a low-energy fall on his right hip.
The initial treatment with uncemented THA was performed elsewhere (Versafit CC Trio cup
with highly-crosslinked polyethylene liner, 32 mm CoCr head, Quadra-H stem; Medacta, Castel
San Pietro, Switzerland), through a direct anterior approach on a traction hemi-table (Figure 1).
The stem was undersized by two sizes compared to preoperative templating and implanted in varus
position in relation to the axis of the femoral diaphysis (Figure 1A). The patient recovered from the
operation without complications and was able to return to his partially institutionalised everyday life.
A postoperative leg-length discrepancy, however, hampered ambulation, with recurrent tripping.

Approximately 14 months postoperatively, following another low-energy fall on his right hip,
the patient suffered a multifragmentary periprosthetic fracture of the proximal femur with loosening
of the stem (Figure 1B). Corresponding to a periprosthetic fracture unified classification system (UCS)
type B2 [18], stem revision was indicated. Surgery was performed through a transfemoral approach
to the hip, formally completing exposure through the fracture fragments [19,20]. This approach
ensures good distal purchase of the uncemented, tapered, fluted, modular revision stem (Revitan
straight, Zimmer Biomet, Winterthur, Switzerland) used [21]. The stem in situ was loose and could be
retrieved without any instrumentation. Delamination of the HA coating from the stem had already
been suspected on the preoperative conventional radiographies (Figure 1C). Fragments from the bone
at the implant interface could be chiselled off easily from the endostal surface of the medial cortex of the
femur for further analysis before reaming for the new stem. The tissue samples were fixated and sent
for further examination in a buffered formaldehyde solution (4%) (Formafix, Hittnau, Switzerland).
Good osteointegration of the cup was confirmed, and it was therefore left in place, despite excessive
anteversion of 28°, and measured in the plane of the lateral inclination [22,23]. However, to reduce the
risk of dislocation, the liner was exchanged to accommodate a 36 mm head [22]. Internal fixation of the
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proximal femur was achieved with cerclage cables (Dall-Miles 2.0 mm; Stryker, Kalamazoo, MI, USA).
As the femoral offset could not be reconstructed anatomically with the new stem, a certain degree of
leg-lengthening had to be accepted, to avoid instability of the hip.

Figure 1. Zone of interest of the anteroposterior radiographies of the pelvis after total hip replacement

(A) and after the patient had suffered the periprosthetic fracture of the proximal femur (B). Dashed
lines at the tip of the greater trochanter help identify posttraumatic sintering of the stem. Note that
the stem was undersized, with more than 1 mm between the stem and the inner cortex. Scale-up of
(B), marked by a white rectangle, is provided in (C) to better illustrate the dense line, most likely the
hydroxyapatite (HA) coating, separated from the stem, marked by white arrowheads. These tissues
could be sampled for further analysis. (D) shows the condition after revision. The osteotomy, which
was necessary to retrieve the stem, is visible, as are the cerclage cables used for fixation of the fracture
and the osteotomy. Additionally, note the thinner liner in the cup, to accommodate the larger head.

Microbiological samples and routine histopathological analysis showed no signs of infection.
Postoperative recovery was uneventful. Follow-up more than two years postoperatively was
uneventful, except that the leg length discrepancy had to be compensated with shoe sole raise
on the contralateral side.

2.2. X-ray Micro Computed Tomography (uCT)

The sampled tissue fragments were examined by computed tomography (uCT40; Scanco,
Bassersdorf, Switzerland), with an isotropic voxel size of 10 um. For 3D reconstruction, bone
was identified as voxels with a density ranging 250-1200 mg HA/ccm. Tissue with a higher density
was considered to correspond to residues of the HA coating.

2.3. Histology

The histological processing of the sampled tissue contained a dehydration step with ascending
series of ethanol (70, 80, 96, and 100%, with two exchanges for each step, CLN GmbH, Freising Germany),
followed by a transfer to xylene (VWR, Darmstadt, Germany), and finally to methyl-methacrylate
(Merck, Darmstadt, Germany) for embedding. Serial sections with an initial thickness of 200 pm were
obtained using a saw-microtome (Leica SP 1600; Leica, Wetzlar, Germany). The sections were then
glued on plastic slides (Acrylics, Vink Kunststoffe, Glching, Germany), ground using grinding papers
with different grain sizes (Exakt Micro Grinding System; Exakt Apparatebau, Norderstedt, Germany),
polished, and surface stained with a 15% Giemsa and 1% Eosin solution (Fluka; Sigma-Aldrich Chemie,
Buchs, Switzerland). The final thickness of the stained sections was 120 + 20 um. Histological sections
were microscopically analyzed on an Axiophot microscope (Carl Zeiss, Oberkochen, Germany) with
transmitted illumination and imaged with a color image analysis system (Axiocam HRc, AxioVision V
4.8.2., Carl Zeiss, Oberkochen, Germany).
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2.4. X-ray Diffraction (XRD)

The interface between the implant and the HA coating, respectively, between the ongrown bone
and remnants of the HA coating was investigated using x-ray diffraction methods. Crystallographic
phase analysis was performed on the residues of the HA coating found on the retrieved stem and
compared with the coating of a new stem of the same model. Additionally, the crystallinity and the
respective HA orientation profiles were analyzed.

Samples of bone and residues of the HA coating taken from the implant surface were measured on
an Imaging Plate Diffractometer System (IPDS-II) from STOE and Cie (Darmstadt, Germany) equipped
with a graphite monochromator. Data collection was performed at room temperature using Mo-Ko
radiation (A = 0.71073 A, beam diameter 0.5 mm). Two-dimensional diffraction images (30 min per
exposure) were obtained at an image plate distance of 200 mm. Intensity integration was performed
over the entire image (360°).

The cross section of the interface between the implant coating and ongrown bone was investigated
using a Bruker D8 Discover Davinci diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with
a Gobel mirror for the generation of a parallel beam and with a LynxEye 1D detector using Cu-K«
radiation (A = 1.5406 A, line beam width = 1 mm). 26/w scans were carried out between 20° and 100°
in 20 with overlapping 1 mm steps, with the linear x-ray beam moving from the depth of the implant
to the coating, respectively, the bone on the surface. For phase analysis, the software Diffrac.Eva V4.1
(Bruker, Karlsruhe, Germany) was used in combination with the crystal open database COD [24].

3. Results

3.1. Surface Observations on the Retrieval

Macroscopic examination of the stem revealed various processes with heterogeneous distribution
(Figure 2). Bone had ongrown in small patches on the stem, particularly anteriorly and posteriorly.
Nearly no residues of the HA coating could be identified. Zones of partial polishing of the grit-blasted
surface of the metal alloy were visible. Optical microscopy of the patches of ongrown bone revealed
brittle residues of HA coating left only in these areas, the bone having a cancellous structure (Figure 3).
Light reflections on the metal surface hindered obtaining useful microphotographs of the polished areas.

3.2. uCT

The puCT reconstructions showed close contact of the radiologically dense layer, corresponding to
the HA coating, with bone trabeculae (Figure 4). All coating fragments were oriented in one plane and
were 60-100 pum thick. Few dispersed HA particles <20 pm in size were scattered within the tissues
adjacent to the layer of coating. No more HA coatings could be identified, within the bone trabeculae
or in the depth of the tissue sample.

3.3. Histology

PMMA-embedded histological sections of the undecalcified tissue samples showed an intimate
contact of HA coating residues with trabecular bone (Figure 5). Osteocytes present in nearly all
osteocyte lacunae confirmed bone vitality. Bone trabeculae showed various stages of maturation,
including woven bone, indicating ongrowth of newly formed bone structures. As is characteristic for
an elderly patient, the bone marrow contained predominantly fat cells and additionally few isolated
dark grayish particles <20 um in size localized near the HA coating, corresponding visually to residues
of the coating. Focal fibrosis and vascular proliferation were also observed. No histiocytic, neutrophilic,
or lymphoplasmocytic inflammatory infiltrates were present, and only sporadic multinucleated giant
cells could be detected. No residues of hemosiderin (i.e., previous hematoma) were identified.
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Figure 2. Photographs of the retrieved Quadra-H stem. An overview of the anterior aspect is shown in
(A) and of the posterior aspect in (B). A greater magnification of the anterolateral aspect of the distal part
of the stem is shown in (C). The femur had already fractured, and the stem could be retrieved without
any instrumentation. The transverse nick near the tip (black arrowhead in (C)) was caused by the
transverse osteotomy of the transfemoral approach. This was the only damage caused by instruments.
Note unevenly distributed patches of ongrown bone on the stem’s surface (* in (C)). Only small patches
of residues of the HA coating (# in (C)) are visible. The near edge of the stem presents an extensive area
of polishing (white arrowheads in (C)) of the grit-blasted surface of the metal alloy.



Materials 2020, 13,4713 6 of 15

Figure 3. Optical microscopy image of one of the patches of ongrown bone at the surface of the retrieved

stem. Light reflexes from the metal surface limit such analysis to areas with limited light reflection.
No HA residues could be identified where no bone was present. Where trabecular bone was present,
brittle residues of the HA coating could be identified. The same pattern was observable wherever
ongrown bone trabeculae were present.

3.4. XRD

While the surface of a new implant was entirely covered with a white powder-like structure
showing larger crystallites, the surface of the retrieved stem showed only residues of white powder-like
substance, mostly overlaid by a darker, partially transparent trabecular structure, corresponding to
cancellous bone (Figure 3). XRD analysis (Figure 6) confirmed the white crystalline powder as being
pure but partially degraded HA, and the darker, more transparent structure as bone ongrown on the
implant (Figure 6A). The x-ray pattern obtained from a scratched-off sample of the coating from a new
stem showed sharp diffraction peaks, indicating the high crystallinity of the HA, with crystallites >
100 nm (Figure 6B). A low background signal indicated that no additional amorphous material was
present. The HA diffraction patterns of the pristine coating and of the brittle residues of white powder
on the explanted stem were nearly identical, indicating that the initial coating was still partially present
in between and most probably also under the ongrown trabecular bone. The structure of the HA
of the ongrown bone trabeculae showed much broader reflections than the HA from the coatings,
which is related to its nano-crystalline character. Additionally, the presence of protein residues such
as collagen was confirmed by the high background signal and the broad peak between 5° and 10° in
2Theta (Mo-radiation), as well as from the high scattering intensity in the small angle X-ray scattering
(SAXS) region (Figure 6A).
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Figure 4. Computed tomography (uCT) images from the tissue samples collected at the interface

between the stem and the medial cortical bone (area marked by arrowheads in Figure 1C). Identical
patterns could be identified on all fragments available, even if the images from only one are illustrated.
(A) 3D reconstruction in semi-transparent mode shows the close contact of the coating material (co,
colored in grey) with bone (colored in blue). The coating ca has a higher density (brighter appearance)
than bone (bo). (B) 2D transverse reconstruction with section thickness of 10 pm, showing bone
ongrowth on the coating material, without an ingrowth or growth of bone structures through the
layer of the coating. All coating fragments were oriented in one plane and were 60-100 um thick.
Additionally, some small and globular fragments of the HA coating (size <20 pm) are identifiable.

Diffraction patterns illustrated in Figure 7 show the successive transition from the phase of the
TiAIND alloy of the stem (hexagonal, P63/mmc with a =2.95 and c = 4.69A) to the highly crystalline
HA coating (HA-coating, hexagonal, P63/m with a = 9.42 and ¢ = 6.89A) and finally to the HA of
the ongrown bone (HA-bone). While the phase of the HA-coating is identifiable by sharp reflections
within the diffraction profile, the HA from the ongrown bone shows wider reflections related to the
nano crystalline character of the hydroxyapatite. The crystallite size can be calculated using the
Scherrer equation (LIT). The (002) reflection of the hydroxyapatite is used, along with the LaBg for the
correction of the instrumental broadening. The crystallite size determined for the growing (preferential)
direction is 23 nm, and is a bit smaller than the one for human bone-derived HA with 31 nm (LIT).
The appearance of a higher background signal and additional broad peaks at lower angles is related to
the organic material within the osteoid, such as collagen fibers.
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Figure 5. Histological picture (stained Giemsa-Eosin) of tissue sampled at the site corresponding to the
dense line (arrowheads) in Figure 1C, maintaining the same orientation. (A) Overview of the HA coating
(co, stained brown) showing firm bonding (dashed yellow line) to ongrown bone (bo, stained red)
consisting of mature lamellar bone (*, black arrows marking lamellar orientation) surrounding newly
formed woven bone (encircled by a white dashed line). In nearly all osteocyte lacunae, blue stained
osteocyte nuclei indicate bone viability. (B) higher magnification of an HA coating defect with dispersed
HA fragments (+) surrounded by fibrous scar tissue encompassing proliferated capillaries (&) and
extending into resorption lacunae of remodeled woven bone without cellular inflammatory reaction.

collagen

Figure 6. (A) 2D X-ray diffraction image (IPDS-II, Mo-radiation) of the trabecular bone structures,
showing structural features of both HA and collagen. (B) 2D X-ray diffraction image of the HA powder
obtained from the surface of a new stem, showing sharp diffraction peaks. The main diffraction peaks
(hkl) of the HA crystallographic phase are indicated.
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Figure 7. X-ray diffraction studies on the implant surfaces, in (B) the results corresponding to the
area marked by a white rectangle from the tip of the retrieved stem in (A), and in (D) the results
corresponding to the area marked by a black rectangle from the tip of a new, unused stem in (C). The scan
was performed in the area of interest, following the direction marked by the arrow. The corresponding
position may be read from the y-axis in (B) and (D). Both diffraction patterns (B) and (D) show the
successive change from the TiAIND of the stems’ metal alloy to the HA phase of the coating. The scan
progresses horizontally on a slightly oblique cut. In (B), structures from the ongrown bone can be seen
on top of the HA coating. (—white) shows the phase change related to the position on the sample, and
dashed black lines show the phase information retrieved from the organic material such as collagen.
The main diffraction peaks of the TiAINb and HA crystallographic phases (hkl) are marked by the
corresponding hkl values.

One-dimensional diffraction patterns for all three samples, the powder obtained from the coating of
anew implant, as well as samples obtained from the two distinguishable structures on the retrieved stem,
the coating residues, and the trabecular bone, as illustrated in Figure 3, were superposed in Figure 8.

Coating of the new implant

321
@ —— Coating residues from retrieved stem
g B — Trabecular bone
- — Reference HA
I
=
o
—
S
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E 021
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Figure 8. 1D diffraction patterns obtained by a 360° integration of the 2D diffraction patterns (Figure 6).
The indexing of the HA phase is shown in green. The peaks of the coating material from a pristine stem
(black line) are higher and sharper than those from the materials residue recovered from the retrieved
stem (red line) where the HA already was altered by biodegradation. The blue line marks results from
bone trabeculae chipped of the retrieved stem. The observed peak broadening on the trabecular bone
sample could be related to nano-sized crystallites and/or better nano-ordering due to strain probably
formed during the growth process. Note the higher background signal from the bone sample, due to
amorphous materials and proteins present within the tissue.
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A piece of trabecular bone sampled from the surface of the retrieved stem was analyzed at various
angles, without rotation during measurement. Different sectors of the diffraction image were integrated
and resulted in one-dimensional diffraction patterns showing different intensity distributions (Figure 9).
Preferred orientation was found for the (001) crystallographic direction (see the change in intensities of
the reflections (002) and (004) in Figure 9), which can directly be related to directional or preferential
orientation of the HA within the newly formed bone.

A
Integrated area: . Sample_360°Integration

— Sample_0°_45°Integration

ve)

Sample_90°_45°Integration

Intensity (arbitrary units)

/

| 1 I

5

T T T T T T

' ' ' ' 10 ‘ l ' ' 15 ' ' 20 5 25
Sample: = 2Theta (coupled 2Theta/Theta, A=0.7103A) (°)

Figure 9. 1D diffraction pattern of a sample of trabecular bone from the surface of the retrieved
stem. Diffraction patterns from specific sectors (blue and red lines, corresponding to the orientation of
the detector illustrated on the left) are compared with results from the 360° integration (black line).
The orientation of the HA within the ongrown bone is directional, which can be visualized by different
intensity profiles in dependence of the direction of investigation, differing from the random orientation
observed in the 360° integration (black line). (A) Illustration of the partial integration of the 2D
X-ray diffraction profile, blue perpendicular to the sample orientation, and red parallel to the sample
orientation. (B) 1D diffraction profile superposed for the 360° (black) and 45° integration of the sectors
illustrated in (A).

4. Discussion

We had an exceptionally rare occasion to retrieve and analyze materials and tissues from a
patient requiring early revision of his THA. This case provides insights into a failure mechanism easily
overlooked, as well as new insights into the process of osteointegration of uncemented implants and of
the biodegradation of HA coatings.

Proper photodocumentation of the retrieval is a simple and very useful tool. As illustrated in
Figure 2, various elements of osteointegration and failure could be identified, and appear to have a
heterogeneous distribution along the surface of the implant. Bone had grown onto most of the surface,
particularly anteriorly and posteriorly. Virtually no more residues of HA coating were identifiable
on the exposed areas without bone. Polishing of some areas of the grit-blasted surface could also be
seen. This could not be analyzed further by optical microscopy due to light reflexes on the surface, a
commonly known issue in retrieval analysis. As the stem was loose and could be retrieved without
any instrumentation, no surgical artifacts interfered with interpretation. Chiseling off any ongrown
bone would have left rough isolated marks on the surface of the metal, which were not present, except
for the transverse osteotomy of the transfemoral approach (Figure 2) [19,20]. The initially roughened
metallic surface of the titanium stem could have been polished only by repeated friction with a harder
substance, which solely might be the HA from the coating or from the surrounding bone. This proves
instability and fretting preceding the fracture, which required revision.
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An osteoporotic bone in combination with an undersized stem, due to a subtle varus malalignment
at the primary operation (Figure 1), may be seen as contributing factor to the fracture. Once loosened,
the stem could act as a pestle, favoring the development of a periprosthetic fracture following a minor
trauma. Uncemented THA is known to be associated with an increased risk of periprosthetic fracture,
increasing steadily over the long term [25]. Undersizing of the stem might also be considered as
a contributing factor to the fracture risk. Then, newly formed cancellous bone has to fill the space
between the cortex and the stem, as observed in this case (Figures 1-5), instead of direct contact with
cortical bone and integration by the inner side of the bone from the cortex. Osteoporosis primarily
affects the metabolically more active cancellous bone, thus creating a supplementary mechanical
weakness [26]. A detailed analysis of all available radiographies often provides many useful insights
in case of failure of orthopaedic implants.

Undersizing of the stem allowed development of trabecular bone between the cortex and the
implant, which was then accessible to sampling. The measurements performed by nCT (Figure 4)
showed a HA coating thickness between 60 and 100 um. This corresponds to the 80 um of coating
thickness specified by the manufacturer of this particular stem model. The variability of our
measurements may be explained by the variability of the coating thickness caused by the plasma spray
application during manufacture [27], as well as by inaccuracies of the measurement on tissue biopsies
by pCT. While only one image is shown (Figure 4), the same pattern was identifiable on all fragments
available for analysis. Thus, it can be derived that no relevant degradation of the HA coating occurred
in the areas where bone had ongrown (Figures 3 and 4). However, the HA had dissolved between the
bone trabeculae (Figures 3 and 4). This irregular dissolution pattern of HA coatings is also apparent
in retrieval studies, even if not explicitly described by the authors [10,11,13,15]. A direct ongrowth
of bone on the metal surface of the implant might therefore be impeded by the HA coating. If bone
ongrown on the HA coating hinders its dissolution, then the coating represents a foreseeable failure
point, as delamination will invariably happen, particularly as the bond of HA with the underlying
metal weakens during in vivo degradation of the coating [16].

In areas where bone had ongrown on the HA coating, newly formed and vital bone in good
contact with the HA layer was identified in the histology sections (Figure 4). No areas of local necrosis
or inflammatory reaction were detectable. This is consistent with previous studies indicating the
osteoconductive effect of HA [8-11,13,15]. The bonding between HA and bone was solid, and a
separation between the two components was not noticed. No direct ongrowth of bone trabeculae in
areas with dissolved HA coating was observed. Fragmentation of HA coating was also visible on
the surface of the retrieved implant (Figure 3). This has also been described in animal studies with
longer periods of observation [14,27]. Mechanical properties of the HA coating are weakened by this
fragmentation, favoring delamination [14,27]. Every interface is a mechanical weakness, particularly if
the mechanical properties of the materials differ, as is the case with HA and titanium alloy. Thus, it is
most likely that such an interface is prone to material failure. This is supported by an animal push-out
model of ingrown implants in which delamination is the common failure mode of HA coatings [16].
However, delamination of the HA coating was discarded in a postmortem study;, as it was thought
it was caused during stem retrieval [10]. While being a well-known failure mode of any interfaces,
to the best of our knowledge, delamination of HA coatings is not otherwise reported in arthroplasty.
PMMA-embedded histology is a technically demanding technique, but allows interfaces between bone
and implants to be preserved. Paraffin-embedded histology, the clinical standard procedure, suffers
from cutting artefacts, and decalcification would simply dissolve HA or calcium phosphate coatings.

Analysis of the HA coating from a new stem with XRD showed a highly crystalline form of HA,
with no additional amorphous phases being present at the interface between the metal surface and the
coating. No alteration of the coating material occurred during manufacture. This was also true for
the retrieved stem (Figure 7). When analysing the material chipped off the retrieved stem, additional
smaller crystallites were visible, indicating degradation in vivo. Their derivation from the HA of the
coating could be proven using XRD (Figure 8).
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We were able to show a preferential orientation of the HA crystallites within the newly formed
bone on the implants surface (Figure 9), indicating a directional growth pattern of the trabecular
bone. This might be due to physiologic strains on the implant, but might also been induced by the
coating. Preferential orientation of the crystalline structure of the ongrown bone, however, represents
a supplementary mechanical weakness to shear forces. This represents an additional potential failure
point and a potential explanation for the concomitant presence of ongrown bone as well as polished
areas (Figure 2). Preferential orientation of the surrounding bone trabeculae along a well-integrated
stem also had been noticed in another retrieval study, but was not interpreted in detail [28]. In this
case, suboptimal orientation of an undersized stem may, however, have contributed to this feature.

HA may have osteoconductive effects, which is true for many other surfaces as well. Acceleration
of bone ongrowth, an often-cited feature, is not a question of chemical properties but of topography, as
HA coatings have a more pronounced porosity than common grit-blasted metals [5,7]. While contact
surface for the bone might be increased by an HA coating, bone mineralization becomes weaker [9].
HA coatings may not only increase but also reduce primary stability of hip implants, with consecutively
increased migration [29,30]. Increased porosity, however, reduces mechanical resistance of HA
coatings [27]. In the end, no clinical advantage for HA-coated stems is identifiable in hip arthroplasty.
When comparing single stem designs with and without HA coating, revision rates for all causes, as
well as for aseptic loosening in particular, do not differ [31-33]. Although clear evidence of clinically
relevant benefits of HA coatings is lacking, they are used more and more commonly in THA [1,2]
despite increased costs in manufacturing and potential for specific complications associated with any
coating. Although our case report describes a single event, the analyses carried out independently
using various methods came to the same results, demonstrating delamination of the HA coating
that must have preceded the fracture leading to the revision. While this is just a single case, failure
analysis is a well-recognized way to improve medical care and technology, particularly for rare and
undescribed events.

HA coatings may, however, be improved in the near future. Recent studies show that thin
HA coatings (<1 um) with nano-crystalline character reduce the risk of delamination and favor
osteointegration [34]. By trying to use biologic-like materials, the trend is moving towards development
of thin film applications for implants. Biomimetic calcium-phosphate coatings, which resemble
natural bone apatite by introducing magnesium, carbonate, strontium and potassium, can boost bone
regeneration to a higher extent than stoichiometric HA can [34]. In recent publications, the role of
HA crystallite size and HA coating thickness in osteointegration have been discussed and evaluated
by XRD [34,35]. In-vitro studies have shown that amorphous calcium phosphates can transform to
nanostructured, platelet-like bone apatite crystals [36], resulting in a higher mechanical stability and
a lower tendency to cracking and delamination [37], with the possibility to obtain a nanostructured
surface texture able to boost platelet, protein, and cell adhesion [38-40]. However, there are still unclear
stages in the process of bone mineralization and bone ongrowth on implants.

5. Conclusions

Delamination of the HA coating from the stem was not only proven, but must have preceded
the fracture leading to revision. The coating was state-of-the-art, without contamination or phase
alteration. In the present case, the coating supported initial osteointegration and formed a stable
link with the surrounding bone. However, the mechanical link between the metallic implant and the
coating did not resist over time. Failure of arthroplasty caused by delamination of the HA coating
is most probably underreported due to the lack of adequate tissue sampling as well as due to the
technical complexity and difficulties for proper workup. Although our report describes only a single
case, the different analyses point towards the same conclusion. Refined analysis provides new insights
into the process of osteointegration of HA-coated implants as well as the process of dissolution of the
HA coating. Particularly, HA coatings might even impede ongrowth of bone on the implant surface.
Preferential orientation of the HA crystallites within ongrown bone might be due to physiologic strain,
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but might also be induced by the coating, and this represents a supplementary mechanical weakness
which may relate to the failure.

Author Contributions: Conceptualization, PW.; investigation, CM.S., SM., A.D., A.N., and PW.; methodology,
CMsS, SM.,, AD., AN, and PW.,; writing—original draft preparation, ES., CM.S., SM., C.D.-S., and A.N.;
writing—review and editing, F.S., C.D.-S., C.M., and PW,; visualization, ES., CM.S., SM., C.D.-S,, AD., and A.N.;
supervision, C.M., A.D., and PW.,; project administration, A.D. and PW.; funding acquisition, A.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  AOAN]JRR. Australian Orthopaedic Association National Joint Replacement Registry: Hip, Knee & Shoulder
Arthroplasty Annual Report 2019; Australian Orthopaedic Association: Sydney, Australia, 2019.

2. NJR. National Joint Registry for England, Wales, Northern Ireland and the Isle of Man: 15th Annual Report, 2017;
The NJR Centre: Hemel Hempstead, UK, 2018.

3. Khanuja, H.S.; Vakil, J.J.; Goddard, M.S.; Mont, M.A. Cementless Femoral Fixation in Total Hip Arthroplasty.
J. Bone Jt. Surg. Am. 2011, 93, 500-509. [CrossRef] [PubMed]

4. Bobyn, ].D.; Pilliar, RM.; Cameron, H.U.; Weatherly, G.C. The Optimum Pore Size for the Fixation of
Porous-Surfaced Metal Implants by the Ingrowth of Bone. Clin. Orthop. Relat. Res. 1980, 1980, 263-270.
[CrossRef]

5. Hacking, S.A.; Tanzer, M.; Harvey, E.J.; Krygier, ].].; Bobyn, J.D. Relative Contributions of Chemistry and
Topography to the Osseointegration of Hydroxyapatite Coatings. Clin. Orthop. Relat. Res. 2002, 405, 24-38.
[CrossRef] [PubMed]

6. McCabe, A.; Pickford, M.; Shawcross, J. The History, Technical Specifications and Efficacy of Plasma Spray
Coatings Applied to Joint Replacement Prostheses. Reconstr. Rev. 2016, 6. [CrossRef]

7. Seballe, K.; Hansen, E.S.; B-Rasmussen, H.; Jorgensen, P.H.; Biinger, C. Tissue ingrowth into titanium and
hydroxyapatite-coated implants during stable and unstable mechanical conditions. J. Orthop. Res. 1992, 10,
285-299. [CrossRef]

8.  Bloebaum, R.D.; Merrell, M.; Gustke, K.; Simmons, M. Retrieval Analysis of a Hydroxyapatite-Coated Hip
Prosthesis. Clin. Orthop. Relat. Res. 1991, 1991, 97-102. [CrossRef]

9. Bloebaum, R.D.; Bachus, K.N.; Rubman, M.H.; Dorr, L.D. Postmortem comparative analysis of titanium and
hydroxyapatite porous-coated femoral implants retrieved from the same patient. A case study. J. Arthroplast.
1993, 8, 203-211. [CrossRef]

10. Collier, ].P; Surprenant, V.A.; Mayor, M.B.; Wrona, M.; Jensen, R.E.; Surprenant, H.P. Loss of hydroxyapatite
coating on retrieved, total hip components. J. Arthroplast. 1993, 8§, 389-393. [CrossRef]

11. Bauer, TW.,; Geesink, R.C.; Zimmerman, R.; McMahon, ].T. Hydroxyapatite-coated femoral stems. Histological
analysis of components retrieved at autopsy. J. Bone Jt. Surg. Am. 1991, 73, 1439-1452. [CrossRef]

12.  Aebli, N.; Stich, H.; Schawalder, P.; Walton, M.; Schwenke, D.; Gruner, H.; Gasser, B.; Theis, J.-C. In vivo
comparison of the osseointegration of vacuum plasma sprayed titanium- and hydroxyapatite-coated implants.
J. Biomed. Mater. Res. 2003, 66, 356-363. [CrossRef]

13.  Tonino, A.; Therin, M.; Doyle, C. Hydroxyapatite-coated femoral stems. Histology and histomorphometry
around five components retrieved at post mortem. J. Bone Jt. Surg. Br. 1999, 81, 148-154. [CrossRef]

14. Darimont, G.; Cloots, R.; Heinen, E.; Seidel, L.; Legrand, R. In vivo behaviour of hydroxyapatite coatings on
titanium implants: A quantitative study in the rabbit. Biomaterials 2002, 23, 2569-2575. [CrossRef]

15.  Coathup, M.J.; Blunn, G.W.; Flynn, N.; Williams, C.; Thomas, N.P. A comparison of bone remodelling around
hydroxyapatite-coated, porous-coated and grit-blasted hip replacements retrieved at post-mortem. J. Bone Jt.
Surg. Br. 2001, 83, 118-123. [CrossRef]

16. Nimb, L.; Gotfredsen, K.; Jensen, ].S. Mechanical failure of hydroxyapatite-coated titanium and
cobalt-chromium-molybdenum alloy implants. An animal study. Acta Orthop. Belg. 1993, 59, 333-338.
[PubMed]

17. Bergmann, G.; Bender, A.; Dymke, J.; Duda, G.; Damm, P. Standardized Loads Acting in Hip Implants.
PLoS ONE 2016, 11, e0155612. [CrossRef]


http://dx.doi.org/10.2106/JBJS.J.00774
http://www.ncbi.nlm.nih.gov/pubmed/21368083
http://dx.doi.org/10.1097/00003086-198007000-00045
http://dx.doi.org/10.1097/00003086-200212000-00004
http://www.ncbi.nlm.nih.gov/pubmed/12461353
http://dx.doi.org/10.15438/rr.6.4.136
http://dx.doi.org/10.1002/jor.1100100216
http://dx.doi.org/10.1097/00003086-199106000-00013
http://dx.doi.org/10.1016/S0883-5403(09)80014-4
http://dx.doi.org/10.1016/S0883-5403(06)80037-9
http://dx.doi.org/10.2106/00004623-199173100-00001
http://dx.doi.org/10.1002/jbm.a.10508
http://dx.doi.org/10.1302/0301-620X.81B1.0810148
http://dx.doi.org/10.1016/S0142-9612(01)00392-1
http://dx.doi.org/10.1302/0301-620X.83B1.0830118
http://www.ncbi.nlm.nih.gov/pubmed/8116363
http://dx.doi.org/10.1371/journal.pone.0155612

Materials 2020, 13, 4713 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Duncan, C.P; Haddad, F.S. The Unified Classification System (UCS): Improving our understanding of
periprosthetic fractures. Bone Jt. ]. 2014, 96, 713-716. [CrossRef]

Wagner, M.; Wagner, H. Der transfemorale zugang zur revision von hiiftendoprothesen. Oper. Orthopiidie Traumatol.
1999, 11, 278-295. [CrossRef]

Younger, T.I,; Bradford, M.S.; Magnus, R.E.; Paprosky, W.G. Extended proximal femoral osteotomy. A new
technique for femoral revision arthroplasty. J. Arthroplast. 1995, 10, 329-338. [CrossRef]

Park, Y.-S.; Moon, Y.-W.; Lim, S.-]. Revision total hip arthroplasty using a fluted and tapered modular distal
fixation stem with and without extended trochanteric osteotomy. J. Arthroplast. 2007, 22, 993-999. [CrossRef]
Biedermann, R.; Tonin, A.; Krismer, M.; Rachbauer, F.; Eibl, G.; Stockl, B. Reducing the risk of dislocation
after total hip arthroplasty: The effect of orientation of the acetabular component. J. Bone Jt. Surg. Br. 2005,
87,762-769. [CrossRef]

Loftus, M.; Ma, Y.; Ghelman, B. Acetabular Version Measurement in Total Hip Arthroplasty: The Impact of
Inclination and the Value of Multi-Planar CT Reformation. HSS J. 2015, 11, 65-70. [CrossRef] [PubMed]
Grazulis, S.; Daskevi¢, A.; Merkys, A.; Chateigner, D.; Lutterotti, L.; Quirds, M.; Serebryanaya, N.R;
Moeck, P.; Downs, R.T.; Le Bail, A. Crystallography Open Database (COD): An open-access collection
of crystal structures and platform for world-wide collaboration. Nucleic Acids Res. 2012, 40, D420-D427.
[CrossRef] [PubMed]

Abdel, M.P,; Watts, C.D.; Houdek, M.T.; Lewallen, D.G.; Berry, D.J. Epidemiology of periprosthetic fracture
of the femur in 32 644 primary total hip arthroplasties: A 40-year experience. Bone Jt. ]. 2016, 98, 461-467.
[CrossRef] [PubMed]

Sprecher, C.M.; Schmidutz, F; Helfen, T.; Richards, R.G.; Blauth, M.; Milz, S. Histomorphometric Assessment
of Cancellous and Cortical Bone Material Distribution in the Proximal Humerus of Normal and Osteoporotic
Individuals: Significantly Reduced Bone Stock in the Metaphyseal and Subcapital Regions of Osteoporotic
Individuals. Medicine (Baltimore) 2015, 94, €2043. [CrossRef]

Dalton, J.E.; Cook, S.D. In vivo mechanical and histological characteristics of HA-coated implants vary with
coating vendor. J. Biomed. Mater. Res. 1995, 29, 239-245. [CrossRef]

Aebli, N.; Krebs, J.; Schwenke, D.; Stich, H.; Schawalder, P.; Theis, J.-C. Degradation of hydroxyapatite
coating on a well-functioning femoral component. J. Bone Jt. Surg. Br. 2003, 85, 499-503. [CrossRef]

Race, A.; Heffernan, C.D.; Sharkey, P.F. The Addition of a Hydroxyapatite Coating Changes the Immediate
Postoperative Stability of a Plasma-Sprayed Femoral Stem. J. Arthroplast. 2011, 26, 289-295. [CrossRef]
Jorgensen, P.; Daugaard, H.; Jakobsen, S.S.; Lamm, M.; Sgballe, K.; Stilling, M. Higher early proximal
migration of hemispherical cups with electrochemically applied hydroxyapatite (BoneMaster) on a porous
surface compared with porous surface alone: A randomized RSA study with 53 patients. Acta Orthop. 2019,
91, 26-32. [CrossRef] [PubMed]

Hailer, N.P.; Lazarinis, S.; Médkeld, K.; Eskelinen, A.; Fenstad, A.M.; Hallan, G.; Havelin, L.; Overgaard, S.;
Pedersen, A.B.; Mehnert, F; et al. Hydroxyapatite coating does not improve uncemented stem survival after
total hip arthroplasty! Acta Orthop. 2015, 86, 18-25. [CrossRef] [PubMed]

Park, Y.S,; Lee, ].Y.; Yun, S.H.; Jung, M.W.; Oh, L. Comparison of hydroxyapatite- and porous-coated stems in
total hip replacement. Acta Orthop. Scand. 2003, 74, 259-263. [CrossRef] [PubMed]

Flatey, B.; Rohrl, S.M.; Bee, B.; Nordsletten, L. No medium-term advantage of electrochemical deposition of
hydroxyapatite in cementless femoral stems. 5-year RSA and DXA results from a randomized controlled
trial. Acta Orthop. 2016, 87, 42-47. [CrossRef] [PubMed]

Graziani, G.; Berni, M.; Gambardella, A.; De Carolis, M.; Maltarello, M.C.; Boi, M.; Carnevale, G.; Bianchi, M.
Fabrication and characterization of biomimetic hydroxyapatite thin films for bone implants by direct ablation
of a biogenic source. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 99, 853-862. [CrossRef] [PubMed]

Drouet, C. Apatite Formation: Why It May Not Work as Planned, and How to Conclusively Identify Apatite
Compounds. BioMed Res. Int. 2013, 2013, 1-12. [CrossRef] [PubMed]

Lotsari, A.; Rajasekharan, A.K.; Halvarsson, M.; Andersson, M. Transformation of amorphous calcium
phosphate to bone-like apatite. Nat. Commun. 2018, 9, 1-11. [CrossRef]

Zhao, X.; Ng, S.; Heng, B.C.; Guo, J.; Ma, L.; Tan, T.T.Y,; Ng, K.W.; Loo, ].S.C. Cytotoxicity of hydroxyapatite
nanoparticles is shape and cell dependent. Arch. Toxicol. 2013, 87, 1037-1052. [CrossRef]

Park, ].Y.; Gemmell, C.H.; Davies, ].E. Platelet interactions with titanium: Modulation of platelet activity by
surface topography. Biomaterials 2001, 22, 2671-2682. [CrossRef]


http://dx.doi.org/10.1302/0301-620X.96B6.34040
http://dx.doi.org/10.1007/BF02593992
http://dx.doi.org/10.1016/S0883-5403(05)80182-2
http://dx.doi.org/10.1016/j.arth.2007.03.017
http://dx.doi.org/10.1302/0301-620X.87B6.14745
http://dx.doi.org/10.1007/s11420-014-9416-6
http://www.ncbi.nlm.nih.gov/pubmed/25737671
http://dx.doi.org/10.1093/nar/gkr900
http://www.ncbi.nlm.nih.gov/pubmed/22070882
http://dx.doi.org/10.1302/0301-620X.98B4.37201
http://www.ncbi.nlm.nih.gov/pubmed/27037427
http://dx.doi.org/10.1097/MD.0000000000002043
http://dx.doi.org/10.1002/jbm.820290215
http://dx.doi.org/10.1302/0301-620X.85B4.13605
http://dx.doi.org/10.1016/j.arth.2010.02.004
http://dx.doi.org/10.1080/17453674.2019.1687860
http://www.ncbi.nlm.nih.gov/pubmed/31698977
http://dx.doi.org/10.3109/17453674.2014.957088
http://www.ncbi.nlm.nih.gov/pubmed/25175664
http://dx.doi.org/10.1080/00016740308540838
http://www.ncbi.nlm.nih.gov/pubmed/12899544
http://dx.doi.org/10.3109/17453674.2015.1084768
http://www.ncbi.nlm.nih.gov/pubmed/26364953
http://dx.doi.org/10.1016/j.msec.2019.02.033
http://www.ncbi.nlm.nih.gov/pubmed/30889760
http://dx.doi.org/10.1155/2013/490946
http://www.ncbi.nlm.nih.gov/pubmed/23984373
http://dx.doi.org/10.1038/s41467-018-06570-x
http://dx.doi.org/10.1007/s00204-012-0827-1
http://dx.doi.org/10.1016/S0142-9612(01)00009-6

Materials 2020, 13, 4713 15 of 15

39. Klymov, A.; Prodanov, L.; Lamers, E; A Jansen, J.; Walboomers, X.F. Understanding the role of
nano-topography on the surface of a bone-implant. Biomater. Sci. 2013, 1, 135-151. [CrossRef]

40. Smirnov, I; Rau, J.; Fosca, M.; De Bonis, A.; Latini, A.; Teghil, R.; Kalita, V.; Fedotov, A.; Gudkov, S,;
Baranchikov, A; et al. Structural modification of titanium surface by octacalcium phosphate via Pulsed Laser
Deposition and chemical treatment. Bioact. Mater. 2017, 2, 101-107. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1039/C2BM00032F
http://dx.doi.org/10.1016/j.bioactmat.2017.03.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Patients and Methods 
	Case Description 
	X-ray Micro Computed Tomography (CT) 
	Histology 
	X-ray Diffraction (XRD) 

	Results 
	Surface Observations on the Retrieval 
	CT 
	Histology 
	XRD 

	Discussion 
	Conclusions 
	References

