Appendix Il

Classifications of ALTR/ARMD

Two main classifications for the ALTR/ARMD have been used with the intent of providing a grading
system of severity for clinical purposes [1,2], where other authors have preferred grading features of the
reactions [3-6], aware of the limited value of any classification with a rationale similar to the one used
by some researchers for MRI evaluation [7]. A recent report has concluded that the current pathologic
scoring systems for ALTR/ARMD are not reproducible [8] and it has been accepted as evidence in a
commentary to the study [9]. Since the authors suggest that the results of several publications should be
interpreted with caution because of unreported intraclass correlation coefficient (ICC), we examined the
individual case score sheet for each pathologist provided by the authors and found several cases with
differences greater than 1 point in any scoring category of the two classifications examined [1, 2], which
are unusual for experienced pathologists in the field. The differences found in the scoring of presence or
absence of specific cell types in the Oxford classification among the three examining pathologists were
also not consistent with a comparable degree of expertise or accuracy of the examination of the
histological slides. Therefore, appropriate statistical analysis was performed, and the results reported in
Appendix IV indicate a difference in expertise or accuracy of the examination among the three
pathologists rather than lack of reproducibility of the proposed classifications.

Four major histological patterns of ALTR/ARMD have been consistently reported in the literature with
only minor differences and their features are summarized in Table 1.

Table 1 Histological patterns of ALTR/ARMD.
Histological Pattern
1. Macrophage

Characteristics
Macrophage infiltrate (grade = 1) without or

w/wo Bone Infiltration (Osteolysis)

2. Mixed Macrophage and Lymphocytic
w/wo Plasmacytic Component
w/wo Bone Infiltration (Osteolysis)

3. Predominant Lymphocytic with Variable
Macrophage Component

w/wo Presence of Germinal Centers or
Eosinophils/Mast Cells

w/wo Bone Infiltration (Osteolysis)

4. Granulomatous
w/wo Bone Infiltration (Osteolysis)

5. [Lymphocytic]*

with minimal evidence of interstitial and/or
perivascular lymphocytic infiltrate (<grade 1)

Macrophage (grade > 1) and lymphocytic
(grade > 1) infiltrate

Macrophage infiltrate (grade 21) and
lymphocytic (grade = 2)
w/wo Soft Tissue/Bone Necrosis

Any pattern with predominant presence of
sarcoid-like granulomas

Interstitial and/or perivascular lymphocytic
infiltrate without evidence of macrophage
infiltrate

*Observed only in one report [ref. 10].



A pure lymphocytic response without presence of any macrophage has been found only in one report
[10] and most probably resulted from tissue sampling bias. A recent study on MoM THA and HRA of a
single manufacturer[6] has confirmed the identification of macrophage predominant and lymphocytic
predominant patterns with a variable degree of soft tissue necrosis, although the method of collection
and examination of the tissue specimens is sub-optimal in several aspects: (a) one or even two specimen
sample is insufficient for the identification of the cell type present and especially in cases with extensive
soft tissue necrosis; (b) it is unclear the significance of pseudotumor (neo-synovium) and/or
pseudocapsule sampling because most often they are in continuity and without any detectable cleavage
plane at surgery; (c) bursal specimens can provide significant information only when they are removed
intact and histological sections are taken from the bottom of the sac where the particulate wear debris
usually accumulates; (d) histological sections cut at 10 p instead of the customary 4-5 u are too thick to
provide fine cellular details. Moreover, the reactions cannot be classified as abrasion-induced by
histological analysis and this is demonstrated in figure 3 which shows macrophage infiltrate and
interstitial, large microplate-like particles present in MoM LHTHA implants, generated predominantly by
mechanically assisted crevice/fretting corrosion at the MAS/neck junction. The histopathological
classification of ALTR/ARMD has identified groups of patients with a consistent pattern of response with
variable intensity to similar metallic wear debris, indicative of the presence of a distinct immunological
profile for each group, in sharp contrast with the suggestion that the response to metallic debris is
individual, as reported in a study on the pathogenesis of ARMD based on different wear rates with
similar histological response in cases of bilateral hip implants [11].

Several parameters of possible difficulty in the interpretation of the classifications/histological
descriptions of ALTR/ARMD have been identified and can contribute to inter-observer variability: (a)
distinction among surface layer of necrotic cell debris, superficial tissue necrosis, and
acellular/paucicellular desmoplastic layer; (b) definition of granulomatous reaction; (c) grading of
lymphocytic infiltrate; (d) grading of macrophage infiltrate; (e) vascular changes and aseptic
lymphocytic-dominated vasculitis-associated lesion (ALVAL). They are shown in Fig. 1-6.

Surface Tissue Necrosis and Granulomatous Reaction

Classification of the necrosis of the neo-synovium and pseudocapsular soft tissue was originally reported
in 2005 [12] and adopted with minor modifications in the following years [2,3]. They are reported in
Table 2.

Table 2 Synovial membrane/tissue necrosis.

Davies (2005)
Synovial membrane

Layer 1 surface membrane

Layer 2 subsurface layer lying
superficial to vascular
structures

Layer 3 vascular layer of the
neocapsule

Layer 4 tissues deep to the

neocapsule, including
fibrous tissue, fat, and
muscle




Campbell (2011)

Synovial lining

Tissue organization

Intact
Focal loss of synovial surface,
fibrin attachment may occur

Moderate to marked loss of
synovial surface, fibrin
attachment

Complete loss of synovium,
abundant attached fibrin
and /or necrosis of lining
tissue

Normal

Mostly normal tissue
arrangement, small areas of
synovial hyperplasia, focal
necrosis may occur

Marked loss of normal
arrangement, appearance of
distinct cellular and acellular
zones, thick fibrous

layers may occur
Perivascular lymphocytic
aggregates mostly located
distally, thick acellular areas
may occur

Natu (2012)

Synovial surface

Tissue necrosis

Type/Grade 1

Type/Grade 2

Type/Grade 3

Type/Grade 4

Intact synovial surface
epithelium

Loss of the synoviocyte layer
without fibrin deposition

Loss of the synoviocyte layer
with fibrin deposition
Extensive necrosis with loss
of architecture

Type 2 surface

Either less than 25% of the
tissue showed Type 4
necrosis or Type 3 surface

Between 25% and 75%
showed Type 4 necrosis
>75% of the tissue sample
showed Type 4 necrosis

One added feature is the presence of fibrin exudate/attachment at the surface which in the large
majority of the cases represents a layer of exfoliated necrotic macrophages of variable thickness as
previously described [4, 13).
Surface tissue necrosis and various types of granulomatous reaction are presented in Fig. 1. The
eosinophilic layer of cell necrosis (Fig. 1a) observed in a hip bursa (upper-left inset) with presence of
corrosion metallic microplates (lower-right inset, black arrows) can be differentiated from the
superficial layer of soft tissue necrosis at low magnification (Fig. 1b, upper tissue section) and at higher
magnification (Fig. 8c) because the latter under polarized light shows presence of birefringent fascicles
of collagen fibers (lower-right inset); superficial soft tissue necrosis needs also to be distinguished from
the band of collagenous, desmoplastic reaction which can occur in neo-synovial membranes of similar
macroscopic appearance and thickness (Fig. 1b, lower tissue section) and shown in detail in Fig. 1d, with
a surface layer of variable thickness with numerous particle laden macrophages and a variable degree of
cell necrosis. Tissue necrosis of high grade (grade 3 or grade 4) does not present any difficulty of
recognition as shown in Fig. 7 a-d of this review article.

The definition of granulomatous reaction has also varied in reports of old and even recent literature by
clinicians and pathologists, including also sheets of particle laden macrophages with presence of



multinucleated giant cells in cases of osteolysis [14-16]. This type of reaction has also been included in
the group of foreign body reactions (FRB), which usually apply to a multinucleated giant cell reaction to
foreign particles, which can engulf or surround large particulate material without digestion (frustrated
phagocytosis). However, since it is a distinctive type observed in a small subset of patients with
ALTR/ARMD [4] which has also been reported in a case of PE debris in a TKA implant with regional lymph
node involvement [17] and in a case of massive metallic wear debris in a THA implant with lung
involvement [18], it should be restricted to the occurrence of sarcoid-like epithelioid cell granulomas
with giant cells containing or surrounding particulate material without (Fig. 1e), or with presence of an
incomplete/complete lymphocytic or lymphoplasmacytic cuffing (Fig. 1f); they should also be
distinguished from palisading macrophage reaction with central fibrinoid necrosis typical of a
rheumatoid nodule or granuloma annulare (Fig. 1g) and necrotizing granulomas with giant cells,
indicative of Mycobacterium species or fungal infection (Fig. 8h). This distinction is important to avoid
possible misdiagnosis of ALTR/ARMD in MoM and non-MoM implants in presence of lymphoplasmacytic
infiltrate and granulomas as recently reported in a non-MoM THA case [19].

In summary, it is highlighted the criteria used for the distinction of a surface layer of cell death/necrosis
from superficial tissue necrosis and desmoplastic fibrosis and the definition of granulomatous reaction
reserved to the presence of sarcoid-like granulomas and not of sheets of macrophages with foreign
body multinucleated giant cells.

Lymphocytic infiltrate grading

The perivascular/interstitial lymphocytic infiltrate in the periprosthetic soft tissue has been generally
classified with a semiquantitative scale and the proposed classifications [2,3, 12, 13, 20, 21] are shown in
Table 3.

Table 3 Histological classification of lymphocytic infiltrate in ALTR/ARMD

Davies (2005)
Diffuse .

(Interstitial) 400x Perivascular 4x400
0 None <10 0
+ Few 11-30 1-2
++ Many 31-50 3-6
+++ Abundant 51-100 7-10
++++ Excessive >100 >10

Fujishiru (2011)

Perivascular
General lymphocytes or

plasma cells (diffuse) Layers of Number of
lymphocytes vessels
0 <10 cells/HPF 0 0
+ 11-30 cells/HPF 1 to 3 layers/HPF 1to2
++ 31-50 cells/HPF 4 to 10 layers/HPF 3to6
+++ 51-100 cells/HPF >10 layers/HPF 7to 10
++++ >100 cells/HPF >10

Natu (2012)



Lymphocyte cuff thickness

Absent

+ <0.25 mm
++ 0.25-0.5 mm
+++ 0.5-0.75 mm
++++ >0.75 mm

Campbell (2012)

Lymphocytic infiltrate

0 Minimal inflammatory cell infiltrates

1 Predominantly macrophages,
occasional lymphocytes may occur

2 Mix of macrophages and lymphocytes,

either diffuse and/or small (<50% HPF)
perivascular aggregates

3 Predominantly lymphocytes, mostly in
multiple, large (>50% HPF)
perivascular aggregates, follicles may
be present

Grammatopoulos (2013)

Perivascular lymphocytic infiltrate

No evidence

< 5 cells thick

5 to 10 cells thick
>10 cells thick

W N = O

Langton (2018)

Vascular cuff

None

Small perivascular

Large perivascular

Large confluent perivascular

W N = O

A similar classification has not been reported for the bone marrow, although lymphocytic aggregates
have been described [1, 4, 22]. Examples of the grading of the perivascular lymphocytic infiltrate are
provided in App. lll Fig. 2a, b, d, f for soft tissue and App. Ill Fig. 2c, e, g for the bone marrow, using the
grading method proposed by Natu et al [3] and for the interstitial lymphocytic infiltrate in Fig. 2h. Grade
1 for soft tissue is shown in Fig. 2a associated with particle laden macrophages; it is not shown for bone
specimens because we have not found cases without areas of higher grade. Grade 2 for the soft tissue
(Fig. 2b1 and 2b2) shows the difference between a lymphocytic infiltrate (b1) and a mixed lymphocytic
and plasmacytic infiltrate (b2) and in the bone marrow associated with particle-laden macrophages
indicated by black arrow (Fig. 2c) and soft tissue lymphocytic infiltrate shown in inset. Grade 3 in soft
tissue is most often seen as confluent smaller aggregates with involvement of several capillaries (Fig. 2d)
and/or with the formation of small reactive germinal centers which can also be observed in the bone




marrow (Fig. 2e). Grade 4 is usually associated with reactive germinal centers in soft tissue and bone
marrow which can be large both in the soft tissue (Fig. 2f) and in the bone marrow (Fig. 2g), in this case
also with evident mitotic activity (black arrows). The interstitial lymphocytic infiltrate (Fig. 2h) is more
difficult to assess especially in the crowded cellular setting of ALTR/ARMD, unless the lymphocytes are
identified by immunohistochemistry as shown in the two insets stained for B cells (CD20) and T cells
(CD3).

The count of the rows of lymphocytes around the venules cannot be accurate and leads to interobserver
variability for several reasons: (a) the lymphocytic infiltrate is frequently eccentric to the venule location
(Fig. 9b1) or confluent with several venules involved (Fig. 2d); (b) lymphocyte rows are not easily
identifiable when admixed with plasma cells (Fig. 2b2); (c) lymphocyte rows cannot be measured in the
presence of germinal centers (Fig. 2e, f, g). Therefore, the semi-quantitative analysis of the lymphocytic
infiltrate should be performed for the perivascular and also the bone marrow aggregates measuring the
average lymphocytic cuff/aggregate thickness as previously reported [3] whereas the interstitial
component can be evaluated with a reproducible degree of accuracy only by a quantitative analysis at
high power (x400), expressed as percentage of positive cells per mm? after immunohistochemical
staining for a B-cell (CD20) and T-cell (CD3) markers.

Grade 1 reactive lymphocytic aggregates in the soft tissue and in the bone marrow can be observed in
specimens of hip and other joints replacements for mechanical osteoarthritis and should be considered
non-specific for ALTR/ARMD, unless numerous (25 in soft tissue and bone histological sections) and
consistently associated with particle laden macrophages. An increase of T cell lymphocytes in the bone
marrow associated with ageing has also been reported [23]. Grade 2 to grade 4 infiltrates also with
formation of germinal centers can be observed especially in large bone specimens and almost invariably
exhibit corresponding lymphocytic infiltrate in the periprosthetic soft tissue and are associated to
particle laden macrophages, indicating that the macrophage infiltrate is necessary to modulate the
lymphocytic infiltrate in different subsets of patients. The number of total perivascular lymphocytic
infiltrates is suggested as an adjuvant criterion for the evaluation of grade 1 and in cases of different
grades where the higher value should be present in at least 3 aggregates. In exceptional cases, step
sections of the tissue block might be performed to capture the real size of the aggregates. The diagnosis
of a treated or untreated rheumatoid disorder should always be noted in a comment to the case in the
pathological report because in these cases a similar, a florid perivascular and interstitial
lymphoplasmacytic infiltrate can also be observed at the time of implantation (time zero).

If multiple tissue sections are submitted for histological examination, the number of cases of uncertain
classification can be effectively reduced to a minimum with very limited intraobserver and interobserver
variability. The semi-quantitative histological classifications of the lymphocytic infiltrate based only on
routine H&E staining are to a large extent insufficient for the identification of the sub-type(s) of
immunoreaction which occur in response to the wear particles and more-in-depth analysis of the
various classes of lymphocytes and other inflammatory cells involved needs to be performed on the
periprosthetic tissue collected fresh at surgery [24], in a fashion which could be similar to studies
performed in patients affected by rheumatic inflammatory disorders [25, 26]. The results of these
analyses could be more informative than the in vitro and murine model studies on metal sensitization
using particles composed of a single metal and of a standard size, an oversimplification of the physical
and chemical properties of corrosion metallic particles released by orthopedic implants in patients and
based on the assumption that the reaction is predominantly due to CD4* Thl lymphocytes [27]. The
results of these studies, although useful to elucidate possible pathways of inflammation, should be



taken with caution especially when therapeutic strategies are proposed to prevent or mitigate
ALTR/ARMD.

The term delayed hypersensitivity type IV reaction (DTH) was implemented to describe a T-cell reaction
to tuberculin and has become a generic term encompassing all T-cell mediated reactions even if
different cytokines can be produced leading to distinct clinical disease [28]. This type of
immunologically mediated reaction ascribed to corrosion metallic particles/metallic ions [29-34] needs
to be refined according to the histopathological analysis of the periprosthetic soft tissue, taking into
consideration T-cell rich lymphocytic infiltrates in the bone marrow, associated to particle laden
macrophages. In particular, four distinct sub-types of DTH to drugs usually occurring in skin for drug
hypersensitivity reactions have been reviewed [28]. The occurrence of three of the four subtypes in the
periprosthetic tissue is supported by the histopathological examination of the periprosthetic tissue: type
IVa, mediated by Th1 lymphocytes (IFN-y) with monocyte activation and granuloma formation; type IVb,
mediated by Th2 lymphocytes (IL-5 and IL-4) with eosinophilic and mast cell inflammation; and type IVc,
mediated by cytotoxic lymphocytes (perforin and granzyme B), CD8* mediated cell death. The three
subtypes of DTH can explain some of the radiological and histological findings and the quantitative and
qualitative differences in the prevalence of ALTR/ARMD in MoM HRA, MoM THA, and non-MoM CoCr
DMNTHA and TMZF stem, as shown in a study of nanoanalysis of metallic particles and correlation with
periprosthetic soft tissue and bone inflammatory infiltrate from the three configurations [28]. In
particular, the model of non-MoM THA with CoCrDMN and TMZF stem with a high number of
ALTR/ARMD represents an interesting case study for the subtypes of DTH because has expressed a high
level of IFN-y and IL-6 consistent with a Thl mediated reaction [33] with a small subset of patients with
predominant sarcoid-like granulomatous response, but also a high number of cases with eosinophils and
mast cells at histological examination [4], consistent with a Th2 mediated component and therefore
suggestive of a mixed type IVa and type Vb response, corroborated by the presence of a mixed T-cell
population positive for T-bet (Th1) and GATA-3 (Th2) by immunohistochemistry [5]. Moreover, the
group of patients exhibiting skeletal muscle involvement (Fig. 9f) could express a type IVc reaction
through cytotoxic lymphocytes CD8+/CD4+ as described in cases of polymyositis [35]. In addition, the
complexity of the interrelation between lymphocytes, macrophages, endothelial cells, and stromal
fibroblasts is exemplified by the role and regulation of the vascular endothelial growth factor (VEGF) and
its receptors 1 and 2 in the occurrence of aseptic loosening of THA [36]. In this study, vascular
endothelial growth factor 1 (VEGFR1) and 2 (VEGRF2) were not up-regulated by hypoxia, but VEGR1
mRNA was increased by 23 folds by IL-4, which can derive from mast cells but also by Th2 lymphocytes.
Consequently, in cases of ALTR/ARMD characterized by a predominant Th2 population of T lymphocytes
and a high number of mast cells, osteolysis might occur at a higher rate and after a shorter implantation
time than the one for other groups. Although ALTR/ARMD has been attributed in large partto a T cell
infiltrate, in a distinct subset of patients with MoM implants, a prominent component of B lymphocytes
with the formation of tertiary lymphoid organs (germinal centers) also occurs [37]. At last, the role of
dendritic cells in the host response to implant wear debris and their interaction with adaptive immune
cells [38, 39] should also be considered in the development of ALTR/ARMD.

Macrophage infiltrate grading

A semiquantitative grading of the macrophage infiltrate in the periprosthetic soft tissue has been
reported by a few investigators for MoM HRA and THA and CoC THA [3, 13, 40] and it is summarized in
Table 4.



Table 4 Macrophage infiltrate classification in periprosthetic soft tissue

Natu (2012)

Macrophage sheets Thickness
0 Absent

1 <l mm

2 122 mm
3 >2 mm

Grammatopoulos (2013)

Macrophages Semi-quantitative grading
0 Absent

1 Few

2 Many

3 Abundant

4

Esposito (2013)

Macrophages Infiltrate grading

0 Low cellularity, no macrophages
1 Mild (<2/HPF)

2 Moderate (2 to 49/HPF)

3 Marked (=50/HPF)

Examples of grading of the macrophage infiltrate for soft tissue and bone marrow are shown in App. llI
Fig. 3 through App. lll Fig. 5. Grade 1 in neo-synovial membrane in a case of MoM HRA with implantation
time of 5 months shows well-preserved neo-synovium (Fig. 3a) and the inflammatory infiltrate
composed of scattered macrophages containing tribocorrosion metallic particles, lymphocytes, and
eosinophils (Fig. 3b). Grade 1 macrophage infiltrate in bone, in a case of MoM LHTHA with CoCr MAS, is
admixed to mature and immature hematopoietic marrow cells (Fig. 3c), more evident at higher
magnification (Fig. 3d, black arrows). Grade 2 in the neo-synovium in a case of non-MoM THA with CoCr
DMN and TMZF stem shows a surface macrophage infiltrate (Fig. 4a) containing
aggregates/agglomerates of greenish corrosion particles generated at the neck-stem interface at higher
maghnification (Fig. 4b, black arrow) and presence of transmural tissue necrosis with deep lymphocytic
infiltrate in another area shown in inset; another example is shown in a case of MoM LHTHA with CoCr
MAS with macrophage infiltrate < 2 mm thick (Fig. 4c) with cell details (Fig. 4d) and evident intracellular
content of metallic particle content in a semithin section shown in inset. Grade 3 in the neo-synovium
and grade 2 and 3 in the bone marrow are shown in App. lll Fig. 5. In a case of MoM HRA, grade 3 in the
soft tissue with macrophage layer >2 mm is shown in papillary configuration and corresponding tissue
section (Fig. 5a) with details of the macrophage infiltrate (Fig 5b) and grade 2 bone involvement is
shown in the femoral head (Fig. 5a) and corresponding tissue section with partial marrow effacement
(Fig. 5¢c). Another case of grade 2 bone involvement in a case of MoM HRA (Fig. 5d and 5e) shows a
mechanism of implant loosening: normal metallic stem/bone interface fibrous membrane (Fig. 5d, black
arrows) is observed in the distal portion of the femoral head (inset) and macrophage infiltrate in the
bone marrow lifting the stem/bone interface fibrous membrane by interposition in Fig. 5e with detail in
inset, leading to loosening of the component. Grade 3 soft tissue and bone involvement, in a case of
MoM HRA shows thickness of >2 mm (black bar) and involvement of approximately 50% of the femoral



head (Fig. 5f) with detail of the soft tissue macrophage infiltrate (Fig. 5g) and particle content shown in a
semithin section (inset) and of complete effacement of the bone marrow (Fig. 5h).

Grading systems for macrophage infiltrate have been reported only for the soft tissue and not for the
bone infiltrate, although its presence has been documented [1, 4]. These grading systems can have high
intra-observer and inter-observer variability especially for the intermediate grade for the following
reasons: (a) cutoff point between grade 2 and grade 3 cannot be accurately measured and is subjective
by its definition (thickness of 2 mm, 49 macrophages/HPF; many versus abundant macrophages); (b) the
amount of soft tissue and/or bone necrosis can affect significantly the total count. Grade 1 is an
infrequent occurrence in the periprosthetic soft tissue of MoM and non-MoM cases of ALTR/ARMD and
observed only after a very short implantation time as shown in Fig. 3a and 3b. It can be observed more
frequently in the periprosthetic bone (Fig. 3c and d) because it occurs usually at a later implantation
time which would be closer to the time of histological observation at implant revision time. Moreover,
the biological significance of the quantification of the macrophage infiltrate in the soft tissue is uncertain
while in the bone could be an indicator of the probability of implant loosening. The thickness of the
surface layer of the exfoliated forms can be used as an index of the cell toxicity of the metallic
ions/particles. It is reasonable to assume that the cohorts MoM HRA and MoM THA configurations over
ten years of implantation time will exhibit grade 2 or grade 3 of macrophage infiltrate in the
periprosthetic soft tissue of almost all the revised cases.

The occurrence of macrophage infiltration in the bone marrow can be underestimated if specimens of
curetted osteolytic cavities, frequently described at surgery as “cheesy material” are not sent for
histological examination. In need of long-term studies is the relationship between particle laden
macrophages with hematopoietic marrow mature and immature cells [41], as found also in distant
locations from the implanted hip and knee joint in a post-mortem study [42]. This is particularly
important for the patients affected by autoimmune diseases and under biologic disease-modifying
treatments. Moreover, the mechanism(s) of osteolysis, previously attributed to orthopedic cement
and/or polyethylene debris originated from non-MoM total joint arthroplasty implants and also
identified in a relevant number of cases with MoM bearing surface as previously described [43] should
be re-assessed in search of a possible common mechanism. Up to the present time, the central role of
the macrophage in periprosthetic osteolysis has been established [44], although attributed to uptake
and phagocytosis of wear particles by tissue resident macrophages with expression of various cytokines
and chemokines inducing the expression of the receptor activator of nuclear factor-kappa-beta (RANK)
ligand (RANKL) for osteoclastic stimulation and bone resorption [44, 45]. In particular, interferon y (IFN-
y) stimulates osteoclast formation and bone loss via T cell activation in murine models [46] and the very
high levels occurring in ALTR/ARMD [33] could significantly contribute to the extent of osteolysis,
especially in the cases with T cell infiltrate in the bone marrow.

One of the most used experimental models used to simulate periprosthetic osteolysis is the murine
calvarium mainly because it is simple and elicits a short-term reaction. However, this model is based on
the concept that osteolysis is the end result of osteoclastic resorption with formation of empty bone
defects. This is a misrepresentation of the reaction in the clinical setting where the spaces are filled with
a variable amount of particle laden macrophages with or without increased osteoclastic activity as
shown in App. lll Fig. 3d and Fig. 5¢c, 5e and 5h. Murine models taking into account the chronicity and
usually slow progression of the reaction have been proposed, although with use of wear particles
produced by simulators instead of retrieved implants and directly injected into the animal bone instead
of the joint space where they are generated in vivo [47]. The hypothesis that wear-particle induced
oxidative stress of the macrophages initiates the cascade of reactions leading to osteolysis after metal-




on-polyethylene (MoP) THA has been analyzed in one in vivo study, finding a connection between
oxidative stress and development of osteolysis [48]. This line of research may be promising because
clinically significant macrophage invasion of the bone marrow occurs more frequently when wear
particles with a high degree of oxidation are generated, such as polyethylene and mixed corrosion and
conventional metallic particles. This observation is corroborated by reduced osteolytic activity by anti-
oxidation treatment of UHMW PE particles [49] and clinical studies showing absence/low prevalence of
osteolysis and implant loosening in MoP THA with highly cross-linked polyethylene [50]. In support,
studies on a ceramic-on-ceramic (CoC) THA have also reported very low rate of aseptic loosening and
clinical studies very low prevalence of osteolysis/implant loosening in ceramic-on-ceramic (CoC) THA
[51, 52], although high prevalence (22%) has been observed in one study on alumina-ceramic CoC THA
[53], which might have been caused by factors different from macrophage reaction to wear debris [54].

The explanation for the massive influx of macrophages from the neo-synovium migrating into the
periprosthetic bone and formation of masses with significant bone resorption is still unresolved and
might be better understood by studying the activation of macrophage motility in the extracellular matrix
by ameboid and/or mesenchymal fashion [55] and chemotactic factors produced by marrow cells as well
as factors produced by macrophages in the bone environment leading to increased osteoclastic
differentiation and activity, such as the recently described netrin-1 [56]. The examination in vitro of the
macrophages exposed to wear particles generated in vivo under different spatial constraints and
extracellular matrix stiffness also provides valuable data on how the macrophages are activated into a
spectrum of states, from pro-inflammatory (M1) to pro-healing (M2) phenotypes [57]. Recently, the
study of the presence of implant metallic wear debris in the intertrabecular and trabecular bone
highlights the importance of the macrophage infiltrate in the bone marrow for possible long-term
effects of biomaterial/host interaction [58].

Fibroblast proliferation and activity

The role of intimal and subintimal fibroblasts in ALTR/ARMD is difficult to assess by histological
examination because of the small size of the fibroblasts embedded in abundant collagenous matrix in
the flat neo-synovial membrane and in the papillary/polypoid fibrovascular proliferation with
predominant macrophage infiltrate. Recent research has demonstrated activity in vitro when exposed to
metallic nanoparticles which are consistent with their enhanced production of collagen in vivo [59].
More research should be performed on the relationship between macrophages and fibroblasts and
especially on the effects of the mechanical properties of the collagenous matrix for the macrophage
production of inflammatory cytokines.

Vascular changes and aseptic lymphocytic-dominated vasculitis-associated lesion (ALVAL)

Several vascular changes have been described occurring in ALTR [3, 4, 37]. They are presented in App. llI
Fig. 6a through 6d. The most consistent is the presence of high endothelial venules with migrating
lymphocytes (Fig. 6a) with detail of the venule in inset. Occlusion of the capillary/venule lumen (Fig. 6b),
capillary/venule onion skin pattern (Fig. 6¢), and capillary/venule concentric or eccentric wall thickening
(Fig. 6d) can also be observed, although non-specific of ALTR/ARMD. Necrosis of the vascular wall with
or without inflammatory infiltrate was not detected in any of the cases examined, unless in areas of
transmural soft tissue necrosis. The relationship between particle laden macrophages and particle wear
and the development of high endothelial venules with subsequent lymphocyte migration and trafficking
should be studied in depth to better understand quantitative and qualitative aspects of the host
response to the corrosion metallic wear particles, beyond the stimulation of endothelial cells by metallic
ions [60] or the effect of Co and Cr ions on lymphocytic migration [61].



Until the introduction of the second generation of MoM implants the main ALTR has been the
occurrence of osteolysis, dependent on the amount, size, composition, and oxidative state of particles of
implant wear debris and in particular orthopedic cement and polyethylene with or without metallic
debris mainly generated by surface abrasion/adhesion/erosion. The lymphocytic reaction occurring in
MoM HRA and THA was first reported in 2005 [12] and later defined under the acronym of ALVAL.
Although even in the original report there was a significant quantitative variability of the lymphocytic
infiltrate in the cases described, the acronym ALVAL became a popular term encompassing a full
spectrum of a reaction with different clinical outcomes on the assumption that all the cases could
progress to a lymphocytic response associated to soft tissue/bone necrosis with or without skeletal
muscle and tendon involvement. The acronyms ALTR and ARMD were subsequently proposed to
acknowledge the spectrum of the adverse reaction as an umbrella term to describe for the former
macrophage and lymphocytic reactions and for the latter joint failures associated with pain, a large
sterile effusion of the hip and/or macroscopic necrosis/metallosis [62, 63]. Although both terms have
been originally intended for local tissue reactions and have been used in this manuscript as equivalent, a
possible difference between the two terms is that where ALTR specifies local, ARMD may also be used
for systemic effects. The term ALVAL is still used at the present time for the lymphocytic reaction and
especially with soft tissue necrosis even if it is widely acknowledged that the infiltrate is actually
perivascular and/or band-like/interstitial without any damage of the vascular wall, distinctive of
vasculitis. Our review confirms the presence of high endothelial venules as the most frequent finding in
the adverse reactions associated with a lymphocyte-rich infiltrate and also the observation of other non-
specific reactive changes in absence of the findings of a bona fide vasculitis, as defined by the Chapel Hill
consensus classification [64].

In summary, we propose that the term ALVAL should be substituted with the retention of the two
acronyms ALTR and ARMD, modified as adverse local predominantly lymphocytic reaction (ALLTR)
and/or adverse predominantly lymphocytic reaction to metal debris (ALRMD) and adverse local
predominantly macrophage reaction (ALMTR) and/or adverse predominantly macrophage reaction to
metal debris (AMRMD). Because of the possible reference to either local or systemic effects for ARMD,
local may be added resulting in ALLRMD and AMLRMD, respectively.
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Figure 1 Histopathological classification of ALTR/ARMD




Figure 2 Lymphocytic infiltrate grading




Figure 3 Macrophage infiltrate grade 1, soft tissue and bone marrow




Figure 4 Macrophage infiltrate grade 2, soft tissue




Figure 5 Macrophage infiltrate, soft tissue grade 3, and bone marrow grade 2 and 3




Figure 6 Vascular changes
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