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Abstract

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

Keywords: Shoulder hemiarthroplasty; Tissue implant interaction; Mechanobiology; Tribology; Lipids 
Layer.
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Introduction

Healing shoulder joints remains a clinical, scientific, and so-
cietal challenge. Total Shoulder Arthroplasty (TSA) or hemi-ar-
throplasty (HA) represent the main current healing surgeries to 
replace a wounded shoulder. TSA presents good short-terms clini-
cal outcomes clinical, but shows an increasing risk for the glenoid 
component failure after mid-terms follow-up on young patients 
[1,2]. HA is a more conservative surgery procedure that saves 
the patient native glenoid cavity. Still, a 17-years follow up clini-
cal study showed that 75% of the patients who underwent a HA 
did suffer from pain due to glenoid erosion [3]. Glenoid erosion is 
characterised by a loss of glenoid bone stock. Clinically, it is gener-
ally explained by the degeneration of the cartilage and the wear of 
the underlying bone due to detrimental tissue-implant frictions. 
Current hemi-implants are mainly made of cobalt chrome (CoCr), 
that is known to have bad wear outcomes against cartilage com-
pared to other biomaterials [4-6]. Recently, hemi-implants with a 
pyrocarbon (or pyrolytic carbon, PyC) head have shown interest-
ing short-terms and mid-terms outcomes [7,8]. PyC is known to 
have enhanced wear characteristics compared to CoCr [5,9], what 
can partly explain a lower glenoid erosion rate [10]. 

The joint biomechanics is of great importance in its integrity. 
Bone and cartilage are both biologically sensitive to the applied 
mechanical loading. More particularly, it is assumed that the 
mechanical fatigue-induced bone remodeling is involved in carti-
lage degeneration [11,12]. It is also known that the subchondral 
bone marrow stimulation influences the cartilage integrity. Mar-
row stem cells from have a chondrogenic capacity [13] and bone 
marrow lesions due to an abnormal loading have been associ-
ated with cartilage degeneration [14]. Monitoring the mechanical 
loading transmitted to the bone is thus determinant in the regula-
tion of the cartilage layer. In regard of this bone-cartilage cross 
talk, a method consisting in drilling microholes in the subchondral 
plate to promote bone-cartilage communication was developed 
for the treatment of osteoarthritic joint [15]. This microdrilling 
is assumed to liberate stem cells and other elements from the 
underlying bone marrow thus promoting new cartilage formation 
[16]. Interestingly, phospholipids (PL) are assumed to play a ma-
jor role in cartilage surface lubrication. by being adsorbed on the 
cartilage PL increases the surface hydrophobicity thus limiting its 
interactions with other tissues [17]. Furthermore, the amount of 
PL on osteoarthritic cartilage surface is decreased together with 
its hydrophobicity [17]. The increased interactions between the 
cartilage with an increased hydrophilicity with surrounding tis-
sues partly explain its degeneration. Promoting the formation of 
a lubricant layer at the glenoid implant interface may thus be a 
relevant way to decrease tissue-implant mechanical frictions and 
the development of durable treatments. Interestingly, bone mar-
row is known to contain phospholipids [18]. In that context, the 
current study aim was to investigate the differences in the nature 
of human glenoid tissues in contact with hemi-implant heads in 
different HA configurations. These tissues were harvested from 
three HA clinical cases: a CrCo hemi-implant head (CrCo), a PyC 
hemi-implant head (PyC), and a PyC hemi-implant head with 
subchondral microdrilling (µPyC). The tissues were investigated 
through histological and lipidomic analyses.

Materials and methods

Cohort

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

•	 Case 1: CrCo head (CrCo)

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

•	 Case 2: PyC head (PyC)

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

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

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

Tissue removal

The investigated tissues were harvested directly by the sur-
geons at the time of the HA revision. It was told to the surgeons to 
harvest both a part of the glenoid cartilage membrane and a bone 
core (Figure 1). For the PyC case (case 2), the surgeons harvested 
a bone-cartilage core. The tissues were then stored in AFA (Alcool-
Formol-Acetic Acid) until preparation for histological analyses.
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Figure 1: Schematic of the implanted shoulder illustrating the har-
vesting tissues. 1 column fitting image.

Tissue analysis

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

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

Lipidomic analysis

The CrCo and PyC explanted heads were first washed with sa-
line solution to remove traces of blood. A solution of ethanol and 
chloroform (1:2, v:v) was then used to wash twice the heads and 
extract the lipids. The solutions were then stored at – 20°C until 
analysis. Before the analysis, the samples were dried and diluted 
in 100 µL of the same solvent (ethanol: chloroform, 1:2). Lipids 
were separated through thin-layer chromatography. In brief, 90 
µL of the solution were deposited on a thin-layer chromatogra-
phy plate silica gel (60 F254, Merck). The migration occurred in a 
mixture of n-hexane, diethyl ether, and acetic acid (80:25:1, v:v:v) 
for 90 minutes. Samples were then dried under dry nitrogen; 
migration spots were visualized under UV lamp at 254 nm and 
compared with standards. The identified phospholipids (PL) were 
then collected and diluted in a solution of 1 mL of methanol and 
toluene (1:1, v:v) and 500 µl of 14% boron-trifluoride in methanol. 
The solutions were then heated at 100°C for 90 minutes to allow 
for transesterification that separates the fatty acids from the lipid 
heads. The fatty acids were then extracted using 2 mL isooctane. 
The remaining lipids solutions were centrifuged 5 minutes at 2000 
rpm at 25°C to obtain a tri-phasic separation. The supernatant or-
ganic phase was removed. This step was performed three times. 

Dried samples were diluted in 100 µL isooctane for gas chroma-
tography. The PL concentration (nmol/mL) was then normalized 
over the implant surface (nmol/mL/mm²).

Results

Tissue analysis

The general appearance of the sample harvested from the dif-
ferent cases is shown in the supplementary materials for each 
staining and immunostaining (figures S1 to S5). Details are pro-
vided below.

•	 CrCo

Figure 2: Histological microscopic images of the membrane har-
vested 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 
fitting image.

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

The bone core harvested from the CrCo case presented a po-
rous bone network (Figure S2). Bone marrow was characterized 
as a dense and hypercellular marrow (m) [19] that presented a 
fibrocellular in some area with a high expression of Col l, highlight-
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ing an inflammation of the marrow (Figure 4). Granulation tissue 
was also observed in the bone marrow (Figure 4b). 

Figure 4: Histological microscopic images of the membrane har-
vested 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 
fitting image.

•	 PyC

Figure 3: Histological microscopic images of the bone-cartilage 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 fitting image

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

•	 µPyC 

The membrane harvested from the clinical case 3 with a PyC 
head and subchondral microdrills appeared as a dense a thick 
membrane (Figure S4). The tissue presented an area of fibrocel-
lular tissue surrounded by cartilaginous tissue. The tissue on the 
bone side appeared vascularized (v) whereas on the implant side 
a cartilaginous tissue with chondrocytes () was observed (Fig-
ure 5). Still on the implant side, a dense layer highlight expressed 
in Coll II was observed ({). Coll I and II were expressed intensively 
in different areas, and also within the chondrocytes pericellular 
matrices (Figure 5e, h, and i). Clusters of two chondrocytes ori-
ented perpendicularly to the membrane surface were observed 
(Figure 5e and h). Coll II was expressed on the vascular canal sur-
faces (Figure 5i). 

Figure 5: Histological microscopic images of the membrane harvest-
ed from the case with the PyC head with subchondral microdrills. 
a/b/c: HES, d/e/f: Coll I, g/h/i: Coll II; v: vascular canal; : chondro-
cytes. Scale bar = 200 µm. 1 column fitting image
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The bone core presented a more compact region on the im-
plant side and a porous one away from the implant (Figure S5). A 
low-density bone marrow (m) was observed with some sparse re-
gion of fibrocellular matrix (Figure 6). Coll I was mainly expressed 
in the bone marrow, and Coll II was expressed on the surface of 
vascular canals (v) (Figure 6h and i). 

Figure 6: Histological microscopic images of the bone core harvested 
from the case with the PyC head with subchondral microdrills. 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 fitting image.

Lipidomic analysis

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

Figure 7: Phospholipids concentration normalized by the surface of 
each hemi-implant head ([PL] in nmol/mL/mm²). 1 column fitting im-
age.
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Discussion

Shoulder hemi-arthroplasty (HA) currently represents an inter-
esting way to maintain the mobility for the treatment of osteoar-
thritis or humeral trauma. Still, the complex frictional interaction 
between the hemi-implant head and the native glenoid cavity may 
result in glenoid erosion, decreasing the patient quality of life and 
increasing the risk for the implant revision. In the current study, 
the glenoid tissues (cartilage and bone) harvested from three clin-
ical cases that underwent different natures of HA (CrCo head, PyC 
head, and PyC head with subchondral microdrills) were character-
ized through histology. The results showed that the nature of the 
glenoid tissues depended on the nature of the HA protocol. The 
case with the CrCo head presented the worst tissue. On the other 
hand, the case with the PyC head and subchondral microdrills ap-
peared as the best case. While the membrane harvested from the 
CrCo case presented a large area of cartilage, this cartilage was 
of bad quality, as highlighted by the presence of large clusters of 
chondrocytes [20] and of acellular areas [21]. Furthermore, the 
membrane was mainly composed of Coll I, that is not a biomarker 
for an healthy articular cartilage, but more of a fibrocartilaginous 
tissue [22]. The presence of haemorrhagic areas supported the 
inflammation of this glenoid cartilage membrane. 

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

In the µPyC case, the tissue looked like an articular cartilagi-
nous-like tissue, except for a vascularized area and a fibrocellular 
region on the bone side. The dense layer on the implant sided 
reminded of the dense layer on the cartilage surface [23] support-
ing a good sliding interactions between the PyC implant on the 
glenoid cartilage membrane [24].

It is interesting to see that the nature of these different gle-
noid cartilage membranes was in accordance with the features 
observed in the bone cores, more particularly in the bone mar-
row. The hypercellular and fibrous tissue observed for the CrCo 
case support an inflammatory state of the bone marrow. Further-
more, the granulation tissue is also in accordance with a degen-
erative cartilage [25]. Conversely, the morphology of the bone 
marrow observed in the µPyC case is more representative of a 
healthy state of the subchondral bone [25]. It is also interesting 
to observed the expression of Coll II in the bone marrow for the 
µPyC, suggesting that a chondrogenesis signalling was transmit-
ted to the chondrogenic bone marrow cells [26]. Unfortunately, 
only a small part of bone is seen on the bone-cartilage core har-
vested from the PyC case. Still, the small region of bone marrow 
presented a morphology closer to that from the µPyC case. Bone 
marrow lesions are known to be associated with cartilage degen-
eration, reflecting the damaged state of the subchondral bone 
[14]. Hence, these results strongly suggest the influence of the 
hemi-implant material and the HA procedure on the biomechani-
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cal loading transmitted to the subchondral bone. This hypothesis 
is further supported by the lipidomic analyses showing a higher 
amount of PL adsorbed to the PyC surface compare to the CrCo. 
This results is in accordance with previous ex vivo analyses show-
ing a better adsorption of PL on PyC during friction on cartilage 
[9]. Similar to the native cartilage, this higher concentration of PL 
may decrease the friction interactions between the PyC and the 
native glenoid tissues. This in turns decrease the frictional forces 
and promote the sliding between the PyC implant and the native 
cavity. In addition to an improve mechanobiological behaviour of 
the implanted joint, a decrease frictional force may also prevent 
from implant particles to be released in the contacting tissue, as it 
was observed in the tissue harvested from the CrCo case. The PyC 
better capacity to adsorbed a layer of PL may explain the better 
clinical outcomes obtained with PyC HA compared to CrCo HA. 

Interestingly, the concentration of PL on the µPyC with sub-
chondral microdrills was higher than the PyC alone. This supports 
the liberation of PL from the bone marrow and their diffusion to-
ward the implant surface. Hence, in addition to the releasing of 

chondrogenic stem cells from the bone marrow, microdrills may 
also improve the biomechanical interactions within the implanted 
joint. 

This study is limited by a low number of cases, with 1 case per 
HA configuration. It has to be noticed that PyC has only recently 
been used for shoulder HA [10] and the number of PyC HA revision 
remains low. The current study has been initiated in the 2015’s by 
our groups after the observation of a neosynthtized cartilaginous 
like tissue at the bone-pyrocarbon interface by orthopaedic sur-
geons. A large collection of these tissue explanted at the time of 
a PyC HA revision is undergoing. The current study supports the 
relevance of such collection to better understand the influence 
of PyC on the integrity of the glenoid cartilage. More particularly, 
the current study strongly suggest that the PyC is able to send 
a suitable signal to the subchondral bone to promote cartilage 
integrity regulation. Amongst others, this signalling seems to be 
sent with the suitable biomechanical configuration offered by the 
couple PyC – phospholipids, promoting the lubrication of the PyC 
glenoid cavity lubrication (Figure 8). 

 
Figure 8: Schematic of the implanted glenoid cavity and the hypothesized difference between the three investigated clinical 
cases. 2 columns fitting image.

Conclusion

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