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Objective: To categorize the temporal progression of subchondral bone alterations induced by compro-
mising meniscus integrity in mouse and rat models of knee osteoarthritis (OA).
Method: Scoping review of investigations reporting subchondral bone changes with appropriate negative
controls in the different mouse and rat models of OA induced by compromising meniscus integrity.
Results: The available literature provides appropriate temporal detail on subchondral changes in these
models, covering the entire spectrum of OA with an emphasis on early and mid-term time points.
Meniscal injury Microstructural changes of the subarticular spongiosa are comprehensively described; those of the sub-
Mouse chondral bone plate are not. In mouse models, global subchondral bone alterations are unidirectional, in-
Rat volving an advancing sclerosis of the trabecular structure over time. In rats, biphasic subchondral bone
alterations begin with an osteopenic degeneration and loss of subchondral trabeculae, progressing to a late
sclerosis of the entire subchondral bone. Rat models, independently from the applied technique, relatively
faithfully mirror the early bone loss detected in larger animals, and the late subchondral bone sclerosis
observed in human advanced OA.
Conclusion: Mice and rats allow us to study the microstructural consequences of compromising meniscus
integrity at high temporal detail. Thickening of the subchondral bone plate, an early loss of thinner sub-
articular trabecular elements, followed by a subsequent sclerosis of the entire subchondral bone are all
important and reliable hallmarks that occur in parallel with the advancing articular cartilage degeneration.
Thoughtful decisions on the study design, laterality, selection of controls and volumes of interest are crucial
to obtain meaningful data.
© 2024 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Traumatic meniscus injury represents a key risk factor for human
knee osteoarthritis (OA),' involving also the subchondral bone.>* In
late human OA with degenerated menisci in otherwise stable knees,
the subchondral bone plate thickness increases.” In parallel, the
subarticular spongiosa (trabecular bone) expands with increased BV/
TV, Tb.N, Conn.Dn, BS/TV, FD and decreased Tb.Sp, Tb.Pf (Table I),
reflecting sclerosis of the entire subchondral bone structure com-
pared to normal.” In contrast, bone loss occurs in patients with acute
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meniscus tears, presenting as lower apparent trabecular BV/TV and
apparent Tb.N, and greater apparent Tb.Th, and apparent Tb.Sp
(Table 1).° Due to the limited human data available, animal models
are of utmost importance to further investigate these trajectories.
Compromising meniscus integrity in mice and rats induces os-
teochondral OA changes in a defined fashion.”® Their macroanatomic
knee morphology is analogous to humans, even if the tibial plateau
width is 26-fold smaller in mice and 11-fold smaller in rats.” The
width ratio of both plateaus is comparable,® and the groove of the
extensor digitorum longus tendon indenting in larger animals the
anterior lateral plateau'®~'? is absent.” Unlike in humans, a distinct
intercondylar fossa separates their tibial plateaus.” '

Well-defined microstructural parameters characterize the archi-
tecture of the subchondral bone plate and the subarticular spon-
giosa, the two dissimilar entities comprising the subchondral bone
(Table 1)."”® Both undergo characteristic changes during OA,” and
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Name Abbreviation Definition

Bone volume fraction BV/TV Ratio of the segmented bone volume to the total volume

Specific bone surface BS/BV Ratio of the segmented bone surface to the segmented bone volume

Bone surface density BS/TV Ratio of the segmented bone surface to the total volume

Trabecular thickness Tb.Th Mean thickness of trabeculae

Trabecular separation Th.Sp Mean distance between trabeculae

Trabecular number Tb.N Average number of trabeculae per unit length

Trabecular pattern factor Tb.Pf Characterizes the connectivity of the cancellous bone

Structure model index SMI An indicator of the structure of trabeculae (parallel plates: SMI = 0, cylindrical rods: SMI = 3)
Degree of anisotropy DA Indicates how highly oriented substructures are within a volume (isotropic: DA = 1, anisotropic: DA > 1)
Connectivity density Conn.Dn The degree of connectivity of trabeculae normalized by TV

Bone mineral density or tissue mineral density BMD or TMD Reflects the calcium-hydroxyapatite content of bone. TMD does not include non-bone voxels. BMD may include non-

bone voxels too.

The minimum parameter set recommended for the analysis of the subchondral trabecular bone by Bouxsein et al.*! is highlighted in bold.>

SMI: structure model index.
Source: Adapted from Bouxsein et al.*' and Olah et al.>®

>
Table | Osteoarthritisand Cartilage

Overview of the most frequently reported microstructural bone parameters and their definition.

considerable species-specific differences exist.” The subchondral
bone plate in mice and rats is 4-fold thicker than in humans (nor-
malized to the tibial plateau width). Their higher BV/TV (Table I), and
lower porosity indicate a relatively thicker and more dense and
compact subchondral bone plate.” The specific relationship of
human (and larger animal) subchondral bone plate thickness to
meniscus coverage, i.e. the subchondral bone plate is thinner in
meniscus-covered areas than in the central areas not covered by
menisci, is absent in rodents.” Mice and rats lack the classical os-
teons/Haversian systems that are composed of concentric layers of
compact bone tissue surrounding a central Haversian canal, con-
taining a blood vessel.'* Haversian canals constitute, beside marrow
spaces, the two major types of perforations in the subchondral plate
in humans and larger animals'® and may be involved in abnormal
perfusion and neovascular invasion in OA.'® The rodent subarticular
spongiosa is composed of a denser, more connected network of
thinner trabeculae than in humans, indicated by higher BV/TV, BS/
BV, BS/TV, Tb.N, and DA, and lower Tb.Th, and Tb.Sp (Table 1).° Be-
cause of its relatively small size, microstructural analyses in mice
often comprise the entire epiphysis (excluding the growth plate), in
contrast to humans. Also, their lower bone marrow adiposity'’ may
affect bone metabolism and cartilage nutrition, and translate into
improved biomechanical properties of the subchondral bone, simi-
larly to younger humans,'”'® suggesting species-specific differences
in regulating local marrow niche functions and global metabolic
changes.'” The secretory active bone marrow adipose tissue con-
tributes not only to the regulation of skeletal cell fate, homeostasis
and function and whole-body energy metabolism,'°~?? but also to
biomechanical properties of the subchondral bone.'® In mice and rat
menisci, ossicles develop in both horns.”*** Humans lack such bony
nodules, although they may develop after trauma.”>®

Despite these differences, rodents are the most widely used OA
models, and similar to humans, meniscal injuries induce subchondral
bone changes. Yet, to the best of our knowledge, no study has compre-
hensively analyzed and categorized in a chronological and conceptual
(protocol-specific) fashion the available data from studies with appro-
priate negative controls on alterations of the subchondral bone induced
by compromising meniscus integrity to date. Such information on its
temporal progression would help to select the ideal protocol, to identify
optimal time points when specific changes can be expected to occur, and
to serve as a basis to which future studies can compare results. This
scoping review aims to gather the accessible information about sub-
chondral bone changes in mice and rat models. It identifies new

emergent perspectives, among which the importance of laterality and
control selection, similarities and differences in subchondral bone
changes between the diverse mouse and rat models of knee OA resulting
from compromised meniscus integrity and methodical insufficiencies
that may be addressed in future studies in a standardized and re-
producible way.

Literature search results

The project was registered at Open Science Framework (registration
number: osfio/4fwn9; https://doi.org/10.17605/OSEIO/4FWN9). A
PubMed search was performed on 16th of January, 2024, with the terms
“(osteoarthritis) AND ((meniscus) OR (meniscal) OR (meniscectomy))”
yielded 5704 results, including several studies not reporting any sub-
chondral bone data (Fig. 1). When the search was refined as “(sub-
chondral bone) AND (osteoarthritis) AND ((meniscus) OR (meniscal) OR
(meniscectomy))”, it resulted in 556 papers (9.7% of the original search).
In the detailed analysis, only those studies were included where OA was
evoked by surgical or traumatic tear or injury of the meniscus, desta-
bilization of the meniscus (DMM), or total or partial meniscectomy. To
avoid any supplementary factors leading to additional instability such as
anterior cruciate ligament transection, such combined methods were
excluded (Fig. 1). Papers were also excluded if they were reviews, not in
English language, full text was unavailable, did not report subchondral
bone, did not report adequate controls, or OA was not induced by
compromising meniscus integrity. Thus, the above selection of papers
was further refined via reading their abstracts to n = 240, and after
reading their full text, to a number of n = 165 papers (only 2.9% of all
papers reporting meniscus-related OA), from which n = 134 mouse/rat
papers were eligible for a detailed evaluation. n = 9 papers reported
human, n = 23 other animal studies, including 1 paper that reported
both (Fig. 1). Although a meta-analysis was originally envisioned, a
scoping review was determined most appropriate because of the con-
siderable inter-manufacturer error with different micro-CT devices®’**
and the error range between different analyzing programs.”’**° Since
scanner and study protocol parameters (resolution, evaluation algo-
rithm, volume of interest [VOI]) highly affect the resulting numerical
values,”’~° their in- or decreases were reported qualitatively.

Evaluation of the abundance of studies

The first study fulfilling the inclusion criteria was performed in
mice, published in 2007.2' The number of eligible papers remained
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Flowchart of the systematic literature search resulting in n =134 eligible papers, evaluated in the study.

relatively low thereafter (n=1-4 per year) (Fig. 2A). After 2015, the
frequency of studies rapidly increased.

Evaluation of the study designs

In the finally selected 134 papers, four main types of induced
meniscal damage were described: (1) total and (2) partial me-
niscectomy, (3) meniscal transection or tear (MMT; the pars inter-
media [“mid-body”] of the medial meniscus is transected at its
narrowest point without removing parts of the meniscus, resulting
in a complete radial tear, together with the medial collateral liga-
ment [MCL]), and (4) DMM by meniscal release (nearly always the
medial meniscus anterior root is transected, no parts of the me-
niscus are removed).

Evaluation of study methods
Micro-computed tomography (micro-CT) was used in 76.9% of all

studies (n=103; rats, mice combined) (Fig. 2B). When the occur-
rence of applying a combined evaluation protocol including micro-

CT paired with histology, biochemistry, or gross pathology of the
joint was examined, micro-CT was used alone in 51.5% of the total
n =134 studies, and in combination with histology in 20.1%. Histo-
logical evaluation was mostly applied for reporting subchondral
bone plate thickness, sometimes also for evaluation of trabecular
microstructure. Many of those studies did not find significant dif-
ferences between groups.’? Generally, the most frequently reported
bone parameters were BV/TV, Tb.Th, Tb.Sp, Tb.N, bone mineral
density (BMD), the presence of osteophytes, and subchondral bone
plate thickness (Fig. 2C). The included small animal studies covered
the entire time scale of OA development, with a greater emphasis at
early and mid-term time points (Fig. 2D).

Mouse models of subchondral bone changes following meniscus
injury

The mouse is by far the most frequently used species for studying
OA caused by compromising meniscus integrity. In mice, DMM ac-
cording to the classical protocol®' was applied in the vast majority of
studies (n=102 studies), always performed as transection of the



T. Oldh et al. / Osteoarthritis and Cartilage 32 (2024) 1220-1234

1223

A B C
30 100 £ 80
1% %] [
g 3= oy
g £ 5 80 £ 8 60
D.ZO v o 5 ©
s E S 60 s 2 20
. . T O
| 23 40 g
€10 g X S e
S = £ © = 20
z S = 20 B
w w
0 0 0
A D OO DAV ™90 A DO DA D A A L QA < 5 5 QQ DR RS OO O
Q' LV PP P QP QMY 19 NIRRT & e & 5 SR RSP LK
APPSO S & VAT ST TN O o o ¢
o > O & [SXF
o0 X 2 P8 @
A\ & LR R ®
Q¢ & N (S PN
RS 2 Go S o(b\ 0"& Q}‘O
& & ¢
&L
& & ¥
o O &
& e
s
&
D
Reported time point (in % of lifespan)
0.0-1.9% 2.0-4.9% 5.0-9.9% 10.0-19.9% 20% <
Mouse
Mouse
@ Rat
Rat | 0000000000 0000000000 0000000000  ©
[ 0000000000 00000000
000
Early OA Late OA

Ll
Osteoarthritisand Cartilage

Summary of the n =134 papers evaluating the subchondral bone in mouse and rat models of OA, induced by meniscus injuries. (A) Histogram
showing the number of eligible papers per year. The most important subchondral bone (B) evaluation methods and (C) parameters most
frequently reported in the studies. Of note, the cumulative percentages within the graphs may not be equal to 100% due to some studies
reporting multiple techniques or parameters. (D) Reported time points, expressed as percentage of the average life span of the species. Dots
indicate study termination time points falling into the displayed percent range. Papers reporting multiple time points are presented with multiple
dots on the figure. Abbreviations: CT, computed tomography; IHC, immunohistochemistry; MRI, magnetic resonance imaging; OA, osteoar-

thritis; SCBP, subchondral bone plate.

medial meniscus anterior root (also termed “release of the medial
meniscotibial ligament”) (Supplementary Table 1). In n=1 study,
DMM was performed as a medial meniscus posterior root tear, with
identical results to the conventional (anterior) DMM.>* Total’** or
partial medial meniscectomy,’> MMT,”> and DMM combined with
“hemisectomy” (possibly removal of half of its anterior body; no
detailed protocol provided>®) were used only in 1 study, respectively
(Supplementary Table 1).

Subchondral bone changes after total and partial medial meniscectomy
and MMT in mice

After total medial meniscectomy at 8 weeks, subchondral bone
plate thickness increased,>® and trabecular Tb.Th,** BV/TV,** and
Conn.Dn** were unchanged. Partial medial meniscectomy induced
no change in histological BV/TV>? at 6 weeks. After MMT (combined
with MCL tear [MCLT]) at 5 weeks, decreased BV/TV,*> Tb.Th,*®
Tb.N,*> BMD,*” and increased Tb.Sp>° were reported, indicating loss
of trabecular bone. When DMM was combined with meniscus

hemisectomy, subchondral bone plate thickness increased at the
medial posterior femoral subregion at 14 weeks.*®

Subchondral bone changes after DMM in mice

Between 2-12 weeks, cartilage degeneration and synovitis scores
progressively worsened.?” The time-course of the most relevant al-
terations of the subchondral bone plate, subarticular spongiosa, and
other parameters are summarized in Tables Il and III and
Supplementary Table 2. DMM induces an immediate early (already
after 2 h) increase in the subchondral bone plate volume (Table II). It
is followed by an uncertain increase of its thickness at 0.5-2 weeks
that becomes unambiguous at 4 weeks, remaining elevated until 10
months postoperatively (longest time point evaluated). Its calcium-
hydroxyapatite content (reflected in bone volume or tissue mineral
density) remains either unchanged or increases over time. In the
subarticular spongiosa, the increase of BV/TV, starting at week 1, is
an important hallmark (Table II). Although confirmed in most of the
studies, no change or a decrease was also sometimes reported. At 8
weeks, most studies reporting increased BV/TV used a sham-
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Time (weeks) BV BV/TV Thickness BMD or TMD Pores, perforations Number of cracks Number of lacunae
Mouse DMM
0 (2 h) T()'{ =()4
0.5 (2-3 days) 1,04 =5
] =hb = 64-68 zhh
54,69

2 ~66 =,G§.GG‘70‘7I T-63

Th4.6‘7, 72 z[:;h
4 TGG TU47(:7.(i9777 266 T78 T79 l 79
6 T'70,60.bl TSU

=44
7 ; o ;
8 TGL; TSS T'b3767‘b9,/1.73777518479[} =83

‘,.',Jh,‘m}lﬁfﬁ 101
9 T 102
10 - =4i ) p108
-12 Tbb T,bb,h& 90,93

l'101

~65
13 (3 months) 1109
20 T()G T(?(i =()G
42 (10 months) 16
Rat MMT
1 =H)h = 106 = 106 = 106
2 2107
3 T 106 T 106 TlOb
4 2107 ~108
6 ~109
8 T 107 l 107

= 110
10 T 111,112
»12 T 107 l 107
Rat DMM
1 s 1 11/3
2 ) i T 114 T 1 I’J
4 T”:'Hi TIM Tllf
8 Tll),llb THG TIIJJIG

Legends: = unchanged vs. control; 1 increased vs. control; | decreased vs. control. Abbreviations: BMD, bone mineral density; BV, bone volume; BV/TV, percent bone volume;
DMM, destabilization of the medial meniscus; MMT, medial meniscal transection; TMD, tissue mineral density.

)
Table Il Osteoarthritisand Cartilage

Time-course of change of subchondral bone plate parameters in mice and rats after DMM and MMT.

operated control group in a unilateral study design (n=14; DMM-op-
erated limbs compared to sham-operated limbs of different animals)
(Fig. 3A, Supplementary Table S3). In contrast, studies reporting un-
changed BV/TV applied a bilateral study design as dominant protocol,
where the DMM-treated knee was compared to the contralateral one
(sham or unoperated; n = 10) (Fig. 3B, Supplementary Table S3). In these
bilateral models, animals may shift their bodyweight to the uninjured
contralateral knee, possibly increasing “control” BV/TV by resulting new
bone formation, masking the difference vs. the increased BV/TV of the
ipsilateral OA knee, although the number of studies reporting decreased
BV/TV was too low for definite conclusions (Supplementary Fig. 2). The
subarticular trabecular structure becomes more disconnected with
more rods, beginning at 2-4 weeks, as indicated in mostly increased
Tb.Pf, and structure model index (SMI), and decreased Conn.Dn and
trabecular bone area. These alterations persisted at the later stages too.
Other parameters, such as BV, BMD, Tb.Th, and Tb.Sp did not show
consistent changes, they increased, decreased or did not change within
or across time points and studies. Of note, osteophytes do not develop
before 1 week (Supplementary Table 2). Generally, the subchondral
bone plate is mainly characterized by sclerosis (localized bone forma-
tion, resulting in increased bone mass) based on the published litera-
ture. Major alterations in the subarticular spongiosa are the increased
bone volume with a structurally degenerative and less connected
phenotype (Fig. 4A and D, Supplementary Fig. 1).

Rat subchondral bone changes following meniscus injury

In rats, OA induction termed “medial meniscal tear” (MMT; also
referred to as medial meniscal transection) by transecting the medial
meniscus thus inducing a complete radial tear (functionally similar
to a total meniscectomy) combined with an MCLT was the most
common method (n=17 studies investigating 8 different time
points) (Supplementary Table 4). DMM by transecting the meniscus
(anterior) root (without MCL) was performed in n =10 studies. Par-
tial (anterior) medial meniscectomy was applied in n=2 studies
(Supplementary Table 4).

Subchondral bone changes in rat MMT models

Subchondral bone plate thickness increased at 3 weeks, per-
sisting to later stages (Table II). Importantly, MMT has a biphasic
effect on the subarticular spongiosa (Table III). In early OA, both BV/
TV and Th.Th decrease, and Tb.Sp increases. A shift of the direction of
these three parameters occurs around 6-8 weeks. Thereafter, BV/TV
and Tb.Th increase, and Tb.Sp decreases. BMD, Tb.N, and Conn.Dn
remained low at all examined time points. Osteophytes were de-
tected continuously, beginning to occur at 3 weeks (Supplementary
Table 2). Thus, MMT results not only in a thicker subchondral bone
plate, but also in a degenerative subchondral trabecular bone
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A Increased BV/TV at 8 weeks

Bilateral OA vs. bilateral sham
(OA+0A) + (sham+sham), 4.3%

Bilateral:
Not specified sham I contralateral sham
17.4% \ . (OA+sham)
 13.0%

Bilateral:
Not specified

N Bilateral contralateral unop
n=5 — (OA+unop)
4.3%

Unilateral
n=14

Unilateral OA vs. unilateral sham
(OA+unop) + (sham+unop)
60.9%

B  Unchanged BV/TV at 8 weeks

Not specified unop

6.25%
Not specified sham ) .
6.25% Bilateral:
contralateral sham
" (OA+sham)

43.75%

Unilateral OA vs.

unilateral sham __ Unilateral A
(OA+unop) + n=4 Bilateral

=1
(sham+unop) n=10
25%

Bilateral: contralateral unop
(OA+unop), 18.75%

v

Heterogeneity of the study designs and control groups. Pie diagrams show the numbers and percentages of studies applying bilateral or

unilateral study designs for reporting BV/TV data following DMM in mice, at the 8-week time point. Possible study designs and control groups
were the following: (1) bilateral OA (left OA+ right OA knee) vs. bilateral sham (sham+sham); (2) bilateral with contralateral sham (OA+sham); (3)
bilateral with contralateral unoperated (OA+unop); (4) unilateral OA (OA+unop) vs. unilateral sham (sham+unop); (5) unilateral OA (OA+unop) vs.
unilateral unop (unop+unop); (6) not specified sham; (7) not specified unop. (A) Distribution of studies that reported increased BV/TV. (B)
Distribution of studies that reported unchanged BV/TV. Abbreviations: BV/TV, bone volume fraction; DMM, destabilization of the medial me-

niscus; unop, unoperated.

phenotype with decreased bone mass, connectivity, and miner-
alization. These earlier changes probably result from the loss and
thinning of trabeculae, while later stages manifest in a sclerotic
phenotype with increased bone mass, thicker trabeculae, and a loss
or fusion of smaller trabeculae, but still low connectivity and mi-
neralization.

Subchondral bone changes in rat DMM models

Tables II and 11l and Supplementary Table 2 summarize the time-
course of the most relevant structural alterations of the subchondral
bone plate, the subarticular spongiosa (Table III) and osteophytes
and other parameters (Supplementary Table 2).

DMM has a biphasic effect on the rat subchondral bone, similar to
MMT (with a shift at 8 weeks). Subchondral bone plate porosity and
thickness start to increase at 1-2 and 4 weeks, respectively, con-
tinuously persisting until late stages of OA (Table II). In the sub-
articular spongiosa, early OA manifested in a decreased BV/TV and
Tb.Th, and an increased Tb.Sp as early as 2 weeks (Table III). These
indicate a clear loss of trabecular bone volume, similar to the cor-
responding time points of MMT models. In later stages, BV/TV and
Tb.Th increase, Th.Sp remains unchanged. Osteophytes were present
(Supplementary Table 2), subchondral trabecular Tb.N and Conn.Dn
decrease. Altogether, these changes point towards a thickening of
the trabeculae with a loss or fusion of smaller trabeculae, similarly as
in advanced OA following MMT.

Subchondral bone changes in rat models of partial medial meniscectomy

Partial medial meniscectomy did not change subchondral bone
plate thickness at 8 weeks.>® At 16 weeks (partial meniscectomy plus
MCLT), decreased BV,** BV/TV*? and Tb.N,** unchanged Tb.Th*° and
Tb.Sp,*” and increased osteophyte formation®® were reported.

In sum, the rat is popular and widely used for studying the
structural consequences of compromising meniscus integrity. MMT
and DMM resulted in highly similar subchondral bone OA pheno-
types (Supplementary Table 4, Fig. 4B and C), even though in MMT,
the MCL is transected in addition to the severe meniscus injury. Both
MMT and DMM models induce a specific biphasic temporal pattern
of subchondral bone changes in parallel with advancing cartilage
damage, involving decreasing biomechanical properties and pro-
gressive osteophyte development (Supplementary Table 4, Fig. 4B
and C). The thickening of the subchondral bone plate begins at week
3 or 4. At time-points of 2-6 weeks, most studies revealed early bone
resorption with reduced subarticular trabecular bone volume,
thickness, number, connectivity, and mineralization (Supplementary
Table 4, Fig. 4B and C, Supplementary Fig. 1). The reversal point for
the trabecular bone is around 8 weeks, shifting from bone loss to
bone accretion. At a mid-term or late OA time point (8-12 weeks),
bone accretion occurs with increased subchondral bone plate
thickness, subchondral trabecular bone volume and thickness, but
still low trabecular number, connectivity, and mineralization, and
poor biomechanical properties (Supplementary Table 4, Fig. 4B and
C, Supplementary Fig. 1). Although generally in line with those
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Subchondral bone changes in OA after meniscal injuries. (A-C) Numbers and ratios of studies reporting the directions of changes of the

individual bone microstructural parameters at the different stages of OA. Stacked column diagrams showing (A) mouse DMM, (B) rat medial
meniscal transection, and (C) rat DMM-induced early and mid-term OA-evoked changes of the bone microstructural parameters. Numbers in
columns show the number of studies evaluated. (D) Schematic figure of OA subchondral bone changes in rodents. In mice, in early OA, parallel
with mild cartilage degeneration, the trabecular bone becomes slightly sclerotic, with loss of smaller trabecular elements. In rats, in early OA, an
overall deterioration of the trabecular bone is observed, with loss of smaller trabecular elements and decreased bone volume, mineralization, and
structural complexity. In mid-term to advanced OA, the erosion of the cartilage worsens, and an overall sclerosis of the entire subchondral bone
can be observed with osteophytes, increased subchondral bone plate thickness, trabecular mineralization, volume, and thickness and reduced
marrow spaces. Abbreviations: BMD, bone mineral density; BS, bone surface; BS/BV, bone surface-to-volume ratio; BS/TV, bone surface
density; BV, bone volume; BV/TV, percent bone volume; Conn.Dn, connectivity density; OA, osteoarthritis; SCBP th., subchondral bone plate
thickness; Tb.N, trabecular number; Tb.Pf, trabecular pattern factor; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; TMD, tissue

mineral density; TV, tissue volume.

observed at the later time points in mice, the findings in rats are
more consistent. This may be partly due to the more homogenous
study designs and the reduced number of investigations. Taken to-
gether, rat models, independently from the applied surgical tech-
nique, relatively faithfully mirror the early bone loss detected in
other animal model species, and the late subchondral bone sclerosis
observed in human advanced OA.

Discussion

The available literature provides appropriate temporal detail on
subchondral changes in mice and rat models after meniscus injury,
covering the entire spectrum of OA with an emphasis on early and
mid-term time points. In mouse models, global subchondral bone
alterations are unidirectional, involving an advancing sclerosis of the
trabecular structure over time. Reported changes in mice (DMM) are
less consistent compared to rats. In rats, subchondral bone altera-
tions are biphasic (although supported by fewer studies). They begin
with an early osteopenic degeneration and loss of the subchondral
trabeculae, then progressing to a late sclerosis of the entire sub-
chondral bone. Rat models, independently from the applied tech-
nique, therefore relatively faithfully mirror the early bone loss
detected in larger animal model species, and the late subchondral
bone sclerosis observed in human advanced OA. Microstructural
changes of the subarticular spongiosa are comprehensively de-
scribed; those of the subchondral bone plate are not. The most fre-
quently reported parameters were BV/TV, Tb.Th, and Tb.Sp of the
subarticular spongiosa and subchondral bone plate thickness. Study
design, laterality, and selection of controls, all possibly affecting load
bearing and consecutive bone remodeling, may considerably impact
study outcomes, especially in mouse models.

Mice and rat models comprise the majority of all studies re-
porting subchondral changes after compromising meniscus in-
tegrity. These frequently covered a broad time scale and multiple
end points. Only a low percentage of the identified studies report
subchondral bone characteristics, although their number con-
siderably increased recently. Mice are more frequently used than
rats, OA has been induced solely in the medial tibiofemoral com-
partment, mostly by DMM, in the right knee, in a unilateral study
design. Micro-CT, the gold standard for evaluating bone micro-
structure,’’ was chiefly applied. Histological evaluation was also
performed, mainly to evaluate subchondral bone plate thickness and
sometimes subchondral trabecular microstructure, despite the lim-
itations of 2D analyses."!

In mice, DMM induces an immediate and sustained increase of
the subchondral bone plate thickness. In the subarticular spongiosa,
BV/TV mostly, but inconsistently increased, BMD remained either
unchanged or increased. Although BV/TV is affected by BV and TV

too, BV/TV and BV (where reported together) mostly changed
identically,>®*?~*> thus, TV barely influenced the results. Sub-
articular spongiosa Tb.Pf, and SMI mostly increased, Conn.Dn and
trabecular bone area always decreased after 2-4 weeks. Other
parameters changed inconsistently. In rats, at 4 weeks, DMM and
MMT prompts similar changes in the subarticular spongiosa in-
cluding increased Tbh.Sp and decreased BV/TV, Tb.Th, and Tb.N, and
Conn.Dn (Fig. 4B and C). At 8 weeks, subchondral bone plate thick-
ness increased, and Tb.N and Conn.Dn decreased, while BV/TV was
inconclusive with both methods (Fig. 4B and C).

Importantly, when DMM in mice and in rats are compared,
especially at the early time points, major species-specific differences
exist (Fig. 4A and C). At 4 weeks, subchondral bone plate thickness
increased, and Tb.N and Conn.Dn in the subarticular spongiosa de-
creased in both species. At the same time, in rats, BV/TV and Tb.Th
decreased, while in mice the change of these parameters was in-
conclusive or rather increasing (Fig. 4A and C). These findings might
be due to the slightly different lifespan, joint structure'' and velocity
of OA development of the species, besides individual study designs.
Shifting the body weight from the injured to the contralateral con-
trol limb may cause unequal bone remodeling. Thus, to avoid false
effects, we recommend to compare bilateral OA induction (one
group of animals) with bilateral sham controls (other group of ani-
mals), or to compare only groups where one group receives uni-
lateral OA induction and the contralateral knee remains unoperated
with a group receiving unilateral sham operation and the con-
tralateral knee remains unoperated.*®

The available data suggest that OA development in the rat sub-
chondral bone is of a biphasic nature. First, an osteopenic degrada-
tion of the trabecular elements and loss of bone volume occurs. This
is accompanied by an increase of subchondral bone plate porosity as
early as 1-2 weeks, while its thickness increased, all persisting to
later stages. In these stages (from 6-8 weeks), many of the above
changes reversed, indicating gain of bone volume and subchondral
sclerosis (Table II, Supplementary Table 1; Fig. 4). In mice, this bi-
phasic OA pattern was less obvious, possibly due to inhomogeneous
study designs and controls in these studies. Thus, a mild OA stage
characterized by subarticular trabecular bone loss may be defined,
and an advanced stage when bone accretion occurs. The “osteo-
porotic” OA phenotype?’~*° might therefore reflect an earlier stage’’
of traumatically induced OA.

In aging-related spontaneous OA, including both the STR/Ort>!>?
and the senescence-accelerated mouse (SAM)-prone 8 (SAMPS8)
mouse models,”*°? subchondral bone changes preceded the devel-
opment of severe articular cartilage lesions. In both strains, sub-
chondral bone plate thickness and BV/TV increased gradually with
aging.”' % Furthermore, in STR/Ort mice, trabecular Tb.Th, Tb.Sp,
and Tb.Pf increased, and the total porosity of the entire subchondral
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bone decreased between 1 to 10 months,”"*? and in SAMP8 mice,
BMD decreased vs. control.”®** However, in spontaneous OA models,
the degree, time dependence, and location of damage is less con-
sistent, and a direct comparison to models of meniscus injury not
feasible due to dissimilar time-scales.

A detailed, quantitative 3D microstructural assessment of the
subchondral bone is not (yet) a current standard practice (performed
in ~2/3 of the studies), limiting our knowledge. Furthermore, often
only qualitative parameters or a single value (mostly BV/TV, BMD or
bone plate thickness) were reported. Only 26.1% (n=35) of all ex-
amined studies determine all of the four trabecular parameters re-
commended by the guidelines for rodents*' (BV/TV, Tb.Th, Tb.Sp,
and Tb.N) (Table I), and only 1.5% (n=2) of all studies report an
extended parameter set including subchondral bone plate thickness
(and information on osteophytes).>® In the future, methodical stan-
dardization of the evaluation techniques taking advantage of the full
potential of micro-CT and reported parameters may be beneficial. It
could be achieved by reporting the recommended minimum micro-
CT parameter set,*! together with bone plate thickness and osteo-
phytes® to be able to compare models and time-points. Moreover,
delimitation of analysis VOIs would also benefit from standardiza-
tion, as in the evaluated papers VOIs covered either (1) separately
the subarticular spongiosa and the subchondral bone plate, (2) the
entire subchondral bone including the subarticular spongiosa and
bone plate together, (3) the entire knee joint including the joint
space too, or (4) their location was not defined clearly. Always se-
parating the subchondral bone plate from the subchondral trabe-
cular bone VOIs (e.g. by using semi-automated segmentation
methods®®°”) -reflecting its anatomical structure-, and reporting the
segmentation method appears to be valuable.” Notably, certain
parameters of trabecular microstructure (Tb.N, Tb.Th, Tb.Sp, or
Conn.Dn), are meaningless if determined in a combined VOI.

Limitations include the absence of a meta-analysis caused by the
methodological heterogeneity of published structural parameters.
Also, while nearly always OA is induced by a traumatic tear, de-
generative tears are clinically more present.”® The vast majority of
the studies used males, as DMM in male rodents evokes more severe
OA.”° Pre-clinical studies should also consider sex differences.®’®!
Validation by detailed longitudinal studies reporting early, mid-
term, and late bone microstructure with appropriate normal controls
relating to human knee OA caused by meniscus lesions are needed to
determine whether these models faithfully represent the clinical
condition.®?

Conclusions

Mice and rats allow to study the microstructural consequences of
compromising meniscus integrity at high temporal detail.
Thickening of the subchondral bone plate, an early loss of thinner
subarticular trabecular elements, followed by a subsequent sclerosis
of the entire subchondral bone are all important and reliable hall-
marks that occur in parallel with the advancing articular cartilage
degeneration. Thoughtful decisions on the study design, control
group and volumes of interest are crucial to obtain meaningful data.
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