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Abstract: The interactions between a hemi-implant head and the native glenoid cavity are 12 

determinant in the efficiency and longevity of the medical strategy. The glenoid tissues harvested from 13 
three clinical cases who underwent different types of shoulder hemi-arthroplasty were investigated. A 14 
first case with a cobalt- chrome (CoCr) head presented a loose and multi-layered fibrocartilaginous 15 
tissue with CoCr particles and areas of inflammation. The bone marrow was hypercellular and fibrous, 16 
highlighting the inflammatory state of the joint. The second case with a pyrocarbon (PyC) head 17 
presented a glenoid membrane made of articular cartilage and fibrocellular tissue with collagen II 18 
expression. The third case with a PyC head and subchondral microdrills presented the tissue with the 19 
best quality. The glenoid membrane was mainly composed of articular cartilaginous like tissue and the 20 
bone marrow presented a normal morphology, with some expression of collagen II on the vascular walls. 21 
A lipidomic analysis showed that the PyC had a better capacity to adsorbed a layer of lipids on its surface 22 
compared to the CoCr. The amount of lipids was enhanced in the case of subchondral microdrills, 23 
probably due to the liberation of the bone marrow lipids. As it is known for the healthy cartilage, a lipids 24 
layer improves the biomechanical interaction occurring at the implant-glenoid cavity interface in favour 25 
of decreased frictional forces and an enhanced joint integrity. Despite the limitations of the current study, 26 
these results strongly support for further investigations of the PyC-glenoid tissues interactions. 27 

Keywords: Shoulder hemiarthroplasty; Tissue implant interaction; Mechanobiology; Tribology; 28 

Lipids Layer. 29 

1. Introduction 30 

Healing shoulder joints remains a clinical, scientific, and societal challenge. Total Shoulder Arthroplasty 31 
(TSA) or hemi-arthroplasty (HA) represent the main current healing surgeries to replace a wounded 32 
shoulder. TSA presents good short-terms clinical outcomes clinical, but shows an increasing risk for the 33 
glenoid component failure after mid-terms follow-up on young patients (Matsen et al., 2008; 34 
Papadonikolakis et al., 2013). HA is a more conservative surgery procedure that saves the patient native 35 
glenoid cavity. Still, a 17-years follow up clinical study showed that 75 % of the patients who underwent 36 
a HA did suffer from pain due to glenoid erosion (Levine et al., 2012). Glenoid erosion is characterised 37 
by a loss of glenoid bone stock. Clinically, it is generally explained by the degeneration of the cartilage 38 
and the wear of the underlying bone due to detrimental tissue-implant frictions. Current hemi-implants 39 
are mainly made of cobalt chrome (CoCr), that is known to have bad wear outcomes against cartilage 40 
compared to other biomaterials (Chan et al., 2011; Klawitter et al., 2020; Vanlommel et al., 2017). 41 
Recently, hemi-implants with a pyrocarbon (or pyrolytic carbon, PyC) head have shown interesting 42 
short-terms and mid-terms outcomes (Franceschetti et al., 2023; Garret et al., 2019). PyC is known to 43 
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have enhanced wear characteristics compared to CoCr (Impergre et al., 2023; Klawitter et al., 2020), 44 
what can partly explain a lower glenoid erosion rate (McBride et al., 2021).  45 

The joint biomechanics is of great importance in its integrity. Bone and cartilage are both biologically 46 
sensitive to the applied mechanical loading. More particularly, it is assumed that the mechanical fatigue-47 
induced bone remodeling is involved in cartilage degeneration (Coughlin and Kennedy, 2016; Zarka et 48 
al., 2019). It is also known that the subchondral bone marrow stimulation influences the cartilage 49 
integrity. Marrow stem cells from have a chondrogenic capacity (Elder et al., 2009) and bone marrow 50 
lesions due to an abnormal loading have been associated with cartilage degeneration (Alliston et al., 51 
2018). Monitoring the mechanical loading transmitted to the bone is thus determinant in the regulation 52 
of the cartilage layer. 53 

In regard of this bone-cartilage cross talk, a method consisting in drilling microholes in the subchondral 54 
plate to promote bone-cartilage communication was developed for the treatment of osteoarthritic joint 55 
(Martin and Jakob, 2022). This microdrilling is assumed to liberate stem cells and other elements from 56 
the underlying bone marrow thus promoting new cartilage formation (Broyles et al., 2017).  57 

Interestingly, phospholipids (PL) are assumed to play a major role in cartilage surface lubrication. by 58 
being adsorbed on the cartilage PL increases the surface hydrophobicity thus limiting its interactions 59 
with other tissues (Hills, 2002). Furthermore, the amount of PL on osteoarthritic cartilage surface is 60 
decreased together with its hydrophobicity (Hills, 2002). The increased interactions between the 61 
cartilage with an increased hydrophilicity with surrounding tissues partly explain its degeneration. 62 
Promoting the formation of a lubricant layer at the glenoid implant interface may thus be a relevant way 63 
to decrease tissue-implant mechanical frictions and the development of durable treatments. Interestingly, 64 
bone marrow is known to contain phospholipids (During et al., 2015). 65 

In that context, the current study aim was to investigate the differences in the nature of human glenoid 66 
tissues in contact with hemi-implant heads in different HA configurations. These tissues were harvested 67 
from three HA clinical cases: a CrCo hemi-implant head (CrCo), a PyC hemi-implant head (PyC), and 68 
a PyC hemi-implant head with subchondral microdrilling (µPyC). The tissues were investigated through 69 
histological and lipidomic analyses. 70 

2. Materials and methods 71 

2.1. Cohort 72 

The cohort consisted in 3 patients who underwent a revision surgery after a HA between 2016 and 2021 73 
by three different surgeons. The tissue samples were recovered with the patients and the surgeons’ 74 
consent. 75 

• Case 1: CrCo head (CrCo): 76 

This patient was a 60 y.o. man at the time of the HA revision. He had a previous surgery consisting of 77 
staples implantation to stabilize the joint (unknown date of surgery). On March 2015, he underwent a 78 
CrCo HA surgery because of abnormal pain and osteoarthritis of the joint. Because of the glenoid 79 
erosion against the metallic head, the patient suffered from pain and underwent a revision surgery after 80 
21 months (December 2016). The surgeons diagnosed that due to the misplacement of the implant, 81 
osteophytes appeared without glenoid deviation. The HA was then converted in a total reversed shoulder 82 
arthroplasty.  83 

• Case 2: PyC head (PyC) 84 

This patient was a 59 y.o. man at the time of the HA revision. The PyC head was implanted in November 85 
2018 and revised 31 months after (June 2021) due to pain. The surgeons did not identify accurately the 86 
link between the device and the pain. After head removal, the surgeon noticed a glenoid cartilage in 87 
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good status. The hypothesis was that the implant stem was oversized. The HA was converted in to total 88 
shoulder arthroplasty.  89 

• Case 3: PyC hemi-implant with microdrilling (µPyC) 90 

This patient was a 67 y.o woman at the time of the HA revision. In 1991, she suffered from a traumatic 91 
humeral head fracture and was treated using plate osteosynthesis to treat tuberosity fractures. In 92 
September 2015, she underwent a HA using a PyC head because of pain and high glenoid erosion due 93 
to traumatic osteoarthritis. Microdrilling were performed by the surgeon on the areas lacking cartilage. 94 
the µPyC HA was revised 15 months later (January 2017) due to abnormal pain. The surgeon declared 95 
that the patient presented a malunion after the humeral head trauma making it difficult to place the hemi-96 
implant stem properly. In consequence, the stem was lateralized, generating abnormal hypertension in 97 
the joint. 98 

2.2. Tissue removal 99 

The investigated tissues were harvested directly by the 100 
surgeons at the time of the HA revision. It was told to the 101 
surgeons to harvest both a part of the glenoid cartilage 102 
membrane and a bone core (Figure 1). For the PyC case 103 
(case 2), the surgeons harvested a bone-cartilage core. The 104 
tissues were then stored in AFA (Alcool-Formol-Acetic 105 
Acid) until preparation for histological analyses. 106 

 107 

2.3. Tissue analysis 108 

Samples were fixed in 4 v% formalin, embedded in paraffin, and 5 µm sections were cut. Mineralized 109 
tissues were decalcified before cutting. Hematoxylin, Eosin, Safran (HES) staining was then applied on 110 
different sections. HES stains cells nuclei in purples, cells cytoplasm in pin and extracellular matrix in 111 
yellow.  112 

Additionally, immunochemical stainings were applied to analyse the expression of collagen I (Coll I) 113 
and collagen II (Coll II) in the samples. After removing the paraffin, the samples were immerged in 0.5 114 
% hyaluronidase buffered in PBS-BSA 3% for 1h at room temperature in order to expose the antigenic 115 
sites. Sections were then incubated with rabbit anti-human Coll I diluted at 1/1000 (20111, Novotec, 116 
France) and rabbit anti-human Coll II diluted at 1/500 (20211, Novotec, France) overnight at 4°C 117 
buffered in PBS-BSA 3%. Samples were then incubated with goat anti-rabbit secondary anti-body 118 
coupled with peroxidase (K4002, Envison Lapin, Dako, USA). A final reaction with diaminobenzidine 119 
(K36008, Dako, USA) revealed the antigenic – antibody complexes through a brown color. All the 120 
samples were analysed by Novotec (Lyon, France) except from the HES of the PyC case that was analyse 121 
by the Ciqle platform (Lyon, France). 122 

2.4. Lipidomic analysis 123 

The CrCo and PyC explanted heads were first washed with saline solution to remove traces of blood. A 124 
solution of ethanol and chloroform (1:2, v:v) was then used to wash twice the heads and extract the 125 
lipids. The solutions were then stored at – 20°C until analysis. Before the analysis, the samples were 126 
dried and diluted in 100 µL of the same solvent (ethanol: chloroform, 1:2). Lipids were separated 127 
through thin-layer chromatography. In brief, 90 µL of the solution were deposited on a thin-layer 128 
chromatography plate silica gel (60 F254, Merck). The migration occurred in a mixture of n-hexane, 129 
diethyl ether, and acetic acid (80:25:1, v:v:v) for 90 minutes. Samples were then dried under dry 130 
nitrogen; migration spots were visualized under UV lamp at 254 nm and compared with standards. The 131 
identified phospholipids (PL) were then collected and diluted in a solution of 1 mL of methanol and 132 
toluene (1:1, v:v) and 500 µl of 14% boron-trifluoride in methanol. The solutions were then heated at 133 
100 °C for 90 minutes to allow for transesterification that separates the fatty acids from the lipid heads. 134 

Figure 1: Schematic of  the implanted 

shoulder i l lustrating the harvesting tissues.  1  

column f itting image 
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The fatty acids were then extracted using 2 mL isooctane. The remaining lipids solutions were 135 
centrifuged 5 minutes at 2000 rpm at 25 °C to obtain a tri-phasic separation. The supernatant organic 136 
phase was removed. This step was performed three times. Dried samples were diluted in 100 µL 137 
isooctane for gas chromatography. The PL concentration (nmol/mL) was then normalized over the 138 
implant surface (nmol/mL/mm²). 139 

3. Results 140 

3.1. Tissue analysis 141 

The general appearance of the sample harvested from the different cases is shown in the supplementary 142 
materials for each staining and immunostaining (figures S1 to S5). Details are provided below. 143 

• CrCo 144 

The membrane harvested from the clinical case 1 with an implanted CrCo head appeared as a loose and 145 
multi-layered tissue (Figure S1). The tissue presented areas with hypertrophic chondrocytes (). Large 146 
clusters of these chondrocytes were also observed. Large areas of low cell density were observed. Some 147 
mineralized areas were observed (*, Figure 2b, e, and h) together with a bone marrow or haemorrhagic 148 
type matrix (m). Sparse black particles were also observed over the membrane (►, Figure 2a, f, and i). 149 
Coll I was more expressed over the membrane compared to Coll II. The areas with chondrocytes or 150 
chondrocytes clusters were mainly composed of Coll I, suggesting that the tissue is mainly a 151 
fibrocartilaginous tissue. Still, some Coll II was expressed intracellularly. The tissue was highly 152 
vascularized all over the sample (v) (Figure 2).  153 

The bone core harvested from the CrCo case presented a porous bone network (Figure S2). Bone marrow 154 
was characterized as a dense and hypercellular marrow (m)(Bartl, 2013) that presented a fibrocellular 155 
in some area with a high expression of Col l, highlighting an inflammation of the marrow (Figure 4). 156 
Granulation tissue was also observed in the bone marrow (Figure 4b).  157 

Figure 2: Histological  microscopic images of  the membrane 

harvested from the case with the CrCo head. a/b/c: HES, 

d/e/f: Coll  I ,  g/h/i: Coll  II; m: bone marrow; v: vascular 

canal; �: chondrocytes; *: mineralized area; ►: black 

particles.  Scale bar = 200 µm.  column f itting image 
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• PyC  158 

Figure 4:  Histological  microscopic images of  the bone core 

harvested from the case with the CrCo head. a/b/c: HES, 

d/e/f: Coll  I ,  g/h/i: Coll  II; m: bone marrow; v: vascular 

canal; g: granulation tissue.  Scale bar = 200 µm. 1 column 

f itting image  

Figure 3: Histological  microscopic images of  the bone-

carti lage core harvested from the case with the PyC head. 

a/b/c: HES, d/e/f: Coll  I ,  g/h/i: Coll  II; m: bone marrow; v: 

vascular canal; : chondrocytes.  Scale bar = 200 µm. 1 

column f itting image 
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The membrane harvested from the clinical case 2 with a PyC head but no microdrilling appeared as a 159 
thick and dense membrane (Figure S3). The tissue was mainly made of a fibrocellular and vascularized 160 
tissue (v) mainly composed of Coll I. Still an amorphous region filled with chondrocytes (, Figure 161 
3a) and composed of Coll II (Figure 3g, and h) highlighted the presence of an articular cartilage-like 162 
tissue. It has to be noticed that Coll II was expressed on the vascular canals surface (Figure 3). The bone 163 
marrow (m) appeared less dense than for the previous case. But unfortunately, the core harvested by the 164 
surgeon did not presented a large quantity of bone tissue.  165 

• µPyC  166 

The membrane harvested from the clinical case 3 with a PyC head and subchondral microdrills appeared 167 
as a dense a thick membrane (Figure S4). The tissue presented an area of fibrocellular tissue surrounded 168 
by cartilaginous tissue. The tissue on the bone side appeared vascularized (v) whereas on the implant 169 
side a cartilaginous tissue with chondrocytes () was observed (Figure 5). Still on the implant side, a 170 
dense layer highlight expressed in Coll II was observed ({). Coll I and II were expressed intensively in 171 
different areas, and also within the chondrocytes pericellular matrices (Figure 5e, h, and i). Clusters of 172 
two chondrocytes oriented perpendicularly to the membrane surface were observed (Figure 5e and h). 173 
Coll II was expressed on the vascular canal surfaces (Figure 5i).  174 

The bone core presented a more compact region on the implant side and a porous one away from the 175 
implant (Figure S5). A low-density bone marrow (m) was observed with some sparse region of 176 
fibrocellular matrix (Figure 6). Coll I was mainly expressed in the bone marrow, and Coll II was 177 
expressed on the surface of vascular canals (v) (Figure 6h and i).  178 

Figure 5: Histological  microscopic images of  the membrane 

harvested from the case with the PyC head with subchondral 

microdril ls.  a/b/c: HES, d/e/f: Coll  I ,  g/h/i: Coll  II; v: 

vascular canal; �: chondrocytes.  Scale bar = 200 µm. 1 

column f itting image 
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3.2. Lipidomic analysis 179 

The concentration of phospholipids (PL) extracted from the hemi-implant heads was lower on the CrCo 180 
head compared to the PyC, with a higher concentration obtained on the µPyC head after microdrilling 181 
in the subchondral bone (Figure 7).  182 

4. Discussion 183 

Shoulder hemi-arthroplasty (HA) currently represents an interesting way to maintain the mobility for 184 
the treatment of osteoarthritis or humeral trauma. Still, the complex frictional interaction between the 185 
hemi-implant head and the native glenoid cavity may result in glenoid erosion, decreasing the patient 186 
quality of life and increasing the risk for the implant revision. In the current study, the glenoid tissues 187 

Figure 6: Histological  microscopic images of  the bone core 

harvested from the case with the PyC head with subchondral 

microdril ls.  a/b/c: HES, d/e/f: Coll  I ,  g/h/i: Coll  II; m: bone 

marrow; v: vascular canal.  Scale bar = 200 µm. 1 column 

f itting image 
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(cartilage and bone) harvested from three clinical cases that underwent different natures of HA (CrCo 188 
head, PyC head, and PyC head with subchondral microdrills) were characterized through histology. The 189 
results showed that the nature of the glenoid tissues depended on the nature of the HA protocol. The 190 
case with the CrCo head presented the worst tissue. On the other hand, the case with the PyC head and 191 
subchondral microdrills appeared as the best case.  192 

While the membrane harvested from the CrCo case presented a large area of cartilage, this cartilage was 193 
of bad quality, as highlighted by the presence of large clusters of chondrocytes (Lotz et al., 2010) and 194 
of acellular areas (Lotz and Loeser, 2012). Furthermore, the membrane was mainly composed of Coll I, 195 
that is not a biomarker for an healthy articular cartilage, but more of a fibrocartilaginous tissue 196 
(Benjamin and Evans, 1990). The presence of haemorrhagic areas supported the inflammation of this 197 
glenoid cartilage membrane.  198 

In contrast, a region of articular-like cartilage was observed on the membrane harvested from the PyC 199 
case. Even if this region was surrounded by a vascularized fibrocellular tissue, the formed cartilage in 200 
this membrane was of good quality according to this histological analysis. It is also interesting to 201 
observed Coll II on the vascular canals surface. Coll II, synthetized by the chondrocytes, is a biomarker 202 
for articular cartilage. Observing Coll II in the vascular network suggests that the suitable biological 203 
signal for articular cartilage synthesis has been sent to the vascularized subchondral bone. 204 

In the µPyC case, the tissue looked like an articular cartilaginous-like tissue, except for a vascularized 205 
area and a fibrocellular region on the bone side. The dense layer on the implant sided reminded of the 206 
dense layer on the cartilage surface (Sophia Fox et al., 2009), supporting a good sliding interactions 207 
between the PyC implant on the glenoid cartilage membrane (Sakai et al., 2016). 208 

It is interesting to see that the nature of these different glenoid cartilage membranes was in accordance 209 
with the features observed in the bone cores, more particularly in the bone marrow. The hypercellular 210 
and fibrous tissue observed for the CrCo case support an inflammatory state of the bone marrow. 211 
Furthermore, the granulation tissue is also in accordance with a degenerative cartilage (Bogoch et al., 212 
2007). Conversely, the morphology of the bone marrow observed in the µPyC case is more 213 
representative of a healthy state of the subchondral bone (Bogoch et al., 2007). It is also interesting to 214 
observed the expression of Coll II in the bone marrow for the µPyC, suggesting that a chondrogenesis 215 
signalling was transmitted to the chondrogenic bone marrow cells (Li et al., 2009).  Unfortunately, only 216 
a small part of bone is seen on the bone-cartilage core harvested from the PyC case. Still, the small 217 
region of bone marrow presented a morphology closer to that from the µPyC case. 218 

Bone marrow lesions are known to be associated with cartilage degeneration, reflecting the damaged 219 
state of the subchondral bone (Alliston et al., 2018). Hence, these results strongly suggest the influence 220 
of the hemi-implant material and the HA procedure on the biomechanical loading transmitted to the 221 
subchondral bone. This hypothesis is further supported by the lipidomic analyses showing a higher 222 
amount of PL adsorbed to the PyC surface compare to the CrCo. This results is in accordance with 223 
previous ex vivo analyses showing a better adsorption of PL on PyC during friction on cartilage 224 
(Impergre et al., 2023). Similar to the native cartilage, this higher concentration of PL may decrease the 225 
friction interactions between the PyC and the native glenoid tissues. This in turns decrease the frictional 226 
forces and promote the sliding between the PyC implant and the native cavity. In addition to an improve 227 
mechanobiological behaviour of the implanted joint, a decrease frictional force may also prevent from 228 
implant particles to be released in the contacting tissue, as it was observed in the tissue harvested from 229 
the CrCo case. The PyC better capacity to adsorbed a layer of PL may explain the better clinical 230 
outcomes obtained with PyC HA compared to CrCo HA.  231 

Interestingly, the concentration of PL on the µPyC with subchondral microdrills was higher than the 232 
PyC alone. This supports the liberation of PL from the bone marrow and their diffusion toward the 233 
implant surface. Hence, in addition to the releasing of chondrogenic stem cells from the bone marrow, 234 
microdrills may also improve the biomechanical interactions within the implanted joint.  235 
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This study is limited by a low number of cases, with 1 case per HA configuration. It has to be noticed 236 
that PyC has only recently been used for shoulder HA (McBride et al., 2021) and the number of PyC 237 
HA revision remains low. The current study has been initiated in the 2015’s by our groups after the 238 
observation of a neosynthtized cartilaginous like tissue at the bone-pyrocarbon interface by orthopaedic 239 
surgeons. A large collection of these tissue explanted at the time of a PyC HA revision is undergoing. 240 
The current study supports the relevance of such collection to better understand the influence of PyC on 241 
the integrity of the glenoid cartilage. More particularly, the current study strongly suggest that the PyC 242 
is able to send a suitable signal to the subchondral bone to promote cartilage integrity regulation. 243 
Amongst others, this signalling seems to be sent with the suitable biomechanical configuration offered 244 
by the couple PyC – phospholipids, promoting the lubrication of the PyC glenoid cavity lubrication 245 
(Figure 8).  246 

5. Conclusion 247 

In the current study, the glenoid cartilage and bone harvested from 3 clinical cases who underwent three 248 
different shoulder hemi-arthroplasties: a case with a cobalt-chrome head, a second with a pyrocarbon 249 
head, and a last with a pyrocarbon head and subchondral microdrills. The histological and lipidomic 250 
analyses showed better quality cartilage and bone tissues of better quality for the pyrocarbon head with 251 
subchondral microdrills. Pyrocarbon capacity to adsorb a phospholipids layer on its surface associated 252 
with the liberation of bone marrow phospholipids through the microdrills may improve the 253 
biomechanical interactions at the cartilage implant interface. Despite the limitations of this study, the 254 
results obtained strongly support the interest to further analyse the pyrocarbon glenoid cavity 255 
biomechanical interactions to better understand the implanted joint integrity and the tissue quality at the 256 
hemi implant interface. The aim is to enhance patients’ quality of life, avoid should hemi-implant failure 257 
and revision.  258 
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