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The definition and understanding of osteoarthritis have changed in the last 
decade, as we have learned to understand osteoarthritis as a continuous pro-
cess that, once initiated, progresses. We have come to understand that this 
process is fuelled by mechanical as well as non-mechanical, inflammation or 
genetics-related factors and that many of our patients present to us are already 
on a spectrum of osteoarthritis, even though they may still be in the very early 
stages of this disease process. For this reason, we chose to create a dedicated 
book on “Early Osteoarthritis”. This is a compendium for all physicians treat-
ing young patients with old knees.

As we understand the early osteoarthritic process differently now than 
when we first were trained two decades ago, we also see new treatment 
approaches rise to the occasion. This book on Early Osteoarthritis will take a 
deep dive into the origin and detection of early osteoarthritis by approaching 
this topic in three parts:

 1. Epidemiology and Risk
 2. Basic Science
 3. Clinical Treatment of Early OA

Part I “Early Osteoarthritis Definition, Epidemiology and Risk” is dedi-
cated to methods for early detection as well as epidemiological and economic 
aspects of the disease process in young individuals. Specifically the role com-
mon sports injuries, such as an ACL injury, play as a starting point for early 
osteoarthritis is being examined and introduced.

In Part II “Basic Science of Early Osteoarthritis”, we focus on lesser 
known but important aspects of early OA that inform us about potential future 
treatment approaches. The role of inflammation and the immune system in 
early OA, the role of micro- and macro-biomechanics, injury contribution to 
the process, the role of macrophages and vesicles, such as exosomes, in the 
disease process and their potential application will be covered.

Part III “Clinical Treatment of Early OA” focuses on the clinical aspects 
of early osteoarthritis and potential emerging treatment options. The role of 
orthobiologics investigated from early anti-inflammatory approaches to the 
use of bone marrow aspirate concentrate, fat-derived or iPS stem cell therapy 
will be covered. Early osteoarthritis is often a domain that requires surgical 
intervention due to functionally disabling joint changes, such as chondral 
defects, or the complete loss of a weight-bearing surface. Many of these 
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patients are too young and active for joint replacement technologies to be a 
realistic option. We therefore focused on the latest in our understanding of 
joint preservation in patients with early osteoarthritis. We cover the use of 
alignment correction to meniscus preserving to regenerating strategies. The 
latest in chondral repair strategies such as osteochondral allografts, cell trans-
plantation technologies or coral-based implants in conjunction with orthobio-
logics approaches will be covered in this final part.

Early osteoarthritis is an early manifestation of a long process that chal-
lenges both physicians and patients to think proactively, be engaged and often 
think out of the box. The input, counsel and deep dedication of basic science 
researchers, clinicians and patients are needed in order to move this field 
forward. We hope to provide a guide with this book, a starting point to 
improve and set our sights on the next generation of treatments and approaches 
in order to be able to provide the best and most comprehensive care for our 
young future patients.

Boston, MA, USA Christian Lattermann  
Homburg, Saarland, Germany  Henning Madry  
Osaka, Japan Norimasa Nakamura  
Rozzano, Italy  Elizaveta Kon  
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Definition of Early Osteoarthritis

Henning Madry

1.1  Introduction

Osteoarthritis (OA) is a principal cause of chronic 
disability in adults [1]. Debilitating pain and pro-
gressive loss of joint function are the two major 
clinical signs, both of which lead to a consider-
ably impaired quality of life. Irreparable degen-
eration of the articular cartilage, the gliding tissue 
covering the bony ends of all joints, represents 
the hallmark of OA. However, OA is not a simple 
degenerative disease where the cartilage wears 
away with time. Rather, it is a progressive and 
complex imbalance of the entire osteochondral 
unit and other tissues constituting a joint, among 
which are the subchondral bone, synovium, liga-
ments, menisci (in the case of knee OA), acetabu-
lar labrum (in the case of hip OA), and muscles.

An estimated more than 500  million people 
suffer from the debilitating clinical symptoms of 
OA across the world [2]. About 80% of the popu-
lation shows radiographic signs of OA. Because 
of the aging population and the epidemic of obe-
sity, especially in more economically developed 
countries, its incidence is further rising [3]. OA 
represents a high-burden noncommunicable dis-
ease, since its numbers significantly increased in 

terms of total burden and age-standardized 
disability- adjusted life-years (DALY) rates. A 
recent study recognized that the total DALY rates 
considerably rose by 35% and age-standardized 
DALY rates by 4% between 1990 and 2015 [4]. 
The total costs associated with the disease exceed 
$3 billion annually [5]. Although OA affects all 
joints, knee OA accounts for ~83% of the total 
OA burden [6]. These data attest to the ever- 
growing epidemiological and socioeconomic pri-
ority of OA.

However, a “no man’s land” of OA exists, a 
“shadow zone” of early OA where the degenera-
tive processes just begin, as beautifully articu-
lated in an Editorial by Elizaveta Kon, Giuseppe 
Filardo, and Maurilio Marcacci [7]. Here, the 
cartilage might retain some of its regenerative 
ability, which is permanently lost in the more 
advanced stages of the disease [7]. Despite its 
clinical importance, this early phase of OA is 
sometimes overlooked. It represents, however, 
both from a diagnostic and therapeutical stand-
point, perhaps the most fascinating period during 
the long process of the disease. Although patients 
experience often no or only reduced symptoms 
such as pain and disability, this is the phase where 
conservative preventive or new regenerative 
treatments such as efficient disease-modifying 
drugs (DMOADs) aiming to slow or even to 
reverse the progression of the disease may have a 
higher probability to meet success. Because 
changes of the articular cartilage and subchon-
dral bone microstructures just begin, regenerative 
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treatments would meet a joint that is much less 
damaged compared to the advanced stages of 
OA, when most cartilage volume is lost, the sub-
chondral bone severely pathologically trans-
formed, and the disease unravels its full clinical 
and radiological picture. A proactive modifica-
tion of the course of the disease, before the 
destructive processes irreversibly compromise 
the entire joint, could possibly prevent the devel-
opment of chronic pain before it elicits sensitiza-
tion locally and centrally, and before functional 
impairment leads to deconditioning [8]. Such 
contemplations are supported by findings of a 
recent study applying a potential DMOAD to 
patients with Kellgren–Lawrence (K–L) grades 2 
or 3 knee OA. Here, a dose-dependent and statis-
tically significant reduction of cartilage loss was 
reported for the lesser affected lateral tibiofemo-
ral compartment, while no significant effects 
were detectable in the clinically more frequently 
affected and more severely destroyed medial tib-
iofemoral compartment [9, 10]. In this context, 
Lohmander et al. suggested that the cartilage sta-
tus differs between the medial and lateral tibio-
femoral compartment [9]. A detailed assessment 
of such spatial osteochondral heterogeneity in 
advanced varus knee OA identified an unrespon-
sive overloaded medial tibial plateau with severe 
cartilage and subchondral bone changes, while 
the lesser loaded lateral tibial plateau remained 
biologically responsive [11]. Therefore, 
DMOADs are probably much more effective in a 
compartment affected to a lesser degree by OA as 
opposed to the terminally impaired osteochon-
dral unit in advanced OA, where most of the 
articular cartilage is eroded down to the calcified 
cartilage and the subchondral bone is sclerotic 
and even partially exposed. This theory is sup-
ported by observations of cartilage thickening 
and joint space width increases in knees with 
end-stage OA that are shielded from load by an 
external fixator [12].

When using the term “early OA,” it appears 
important to declare the meaning of this term. 
First, and in the context of this book, “early OA” 
is the earliest chronological phase of OA, refer-
ring to the time when the cartilage degeneration, 
subchondral bone alterations, and other changes 

just begin. Such early OA therefore may occur at 
all patient ages, as it represents the onset and 
early face of the disease. Likewise, in the context 
of this book “early OA” does not refer to “early 
onset OA,” a term sometimes used to describe the 
onset of OA at an early age of the patient, for 
example, such as occurring in adolescent patients 
with hip dysplasia [13–15]. The focus of this 
chapter is placed on the knee joint although early 
OA affects all joints including the hip [16].

Being able, both from a clinical and structural 
point of view, to define early OA will permit the 
early identification of patients at risk of OA 
development and progression while also enabling 
early treatment. This need has been recently rec-
ognized, and significant progress has been made 
to refine the evolving definition of early OA.

1.2  Clinical Presentation 
of Early OA

Early OA is an insidious phase of the disease 
since patients are either asymptomatic or present 
with only reduced clinical symptoms. Pain and a 
reduced range of motion, the two key clinical 
indicators for OA, are often present at a reduced 
intensity in early OA. OA pain is a major symp-
tom, and pain on most days with radiographic 
features consistent with knee OA occurs in ~12% 
of those aged over 55 [17, 18]. The pain affecting 
the joint in OA is typically described as related to 
an activity of a deep and not well-localized nature 
[18]. A recent study identified weight-bearing 
activities involving bending of the knee, such as 
using stairs, to be the first patient-reported activ-
ity that is associated with knee pain [19]. 
However, it is unclear whether early OA may 
have been already present in an asymptomatic 
patient who is free of pain. In advanced OA, the 
pain is often constant, present at rest and in the 
night, often exacerbated by activity and relieved 
by rest [18].

The loss of the range of motion of an affected 
joint is often slow, asymptomatic, and may not 
always be recognized by the patient at early 
stages. Painless crepitus originating from the 
affected cartilage with movement of the joint and 
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joint line tenderness can be present. Although 
osteophyte formation is an early event in OA, 
considerable deformity based on bony enlarge-
ment such as Heberden’s nodes, muscle atrophy, 
and joint effusion aremore characteristic of 
advanced OA stages. Other signs of OA, such as 
joint instability, may be present in early OA as in 
the case following ACL injury, which represents 
a considerable risk factor for early OA develop-
ment. Perhaps because of these reduced symp-
toms, patients often do not seek medical diagnosis 
and treatment in this early phase [20].

The clinical fact that there is no direct correla-
tion between the severity of structural OA dam-
age to the osteochondral unit and the intensity of 
the clinical symptoms further complicates this 
dilemma. A recent clinical trial identified a statis-
tically significant less reduction of articular carti-
lage thickness over time as assessed using an 
MRI, although these structural improvements did 
not translate into clinical importance because 
clinical measures of OA pain and function 
obtained in parallel were not significantly differ-
ent from placebo [21]. This suggests in the con-
text of the clinically well-known observation of 
pain-free phases during structurally confirmed 
knee OA that “pain” does not always correlate 
with (onset and progression of) joint damage, 
which is a key problem when aiming to identify 
clinically asymptomatic patients that already 
have structural changes comparable to early knee 
OA. Moreover, knee OA might progress slowly 
over a period of 10 or more years, rapidly, or not 
at all [22].

1.3  Structural Definition of Early 
Osteoarthritis

Structural changes of early OA chiefly occur in 
the articular cartilage and the subchondral bone, 
although early OA affects all other structures of 
the knee joint, such as the synovial membrane, 
the infrapatellar fat pad, the menisci, the joint 
capsule, ligaments, and muscles. A structural 
definition of early OA based on the histopatho-
logical grading and staging system from the 
Osteoarthritis Research Society International 

(OARSI) was recently proposed [23]. The OARSI 
system includes both the grade and the stage of 
OA, where grade reflects the depth progression of 
OA into the articular cartilage and is hence rele-
vant for early OA. This is based on the assump-
tion that the progressive involvement of the 
cartilage layers starts from the articular surface to 
the calcified cartilage, which indicates the 
advancement of the disease. In early OA, the 
articular cartilage surface shows signs of discon-
tinuities, with fibrillations, and vertical fissures 
that maximally extend into the mid-zone. Early 
changes in the subchondral bone mainly com-
prise a progressive increase in subchondral plate 
and structural changes of the subarticular spon-
giosa. The OA grade is assessed in the region of 
the osteochondral unit that shows the most 
advanced manifestation of (early) OA. Grade is 
therefore unrelated to the horizontal extent of the 
disease. The horizontal extent of the involvement 
of the articular cartilage (within one part of the 
joint compartment) is termed stage.

Early OA was defined from a structural stand-
point to be represented by OARSI grades (reflect-
ing of progression into cartilage) of 1.0–3.0 [23]. 
In OARSI grade 1.0, the articular cartilage sur-
face is intact. A surface discontinuity and fibrilla-
tion through the superficial zone represents the 
first structural change in early OA (OARSI grade 
2.0). This is then followed by surface abrasion 
and cationic matrix stain depletion within the 
superficial zone (OARSI grade 2.5) and the 
occurrence of simple or complex vertical fissures 
that extending into the mid-zone of the cartilage 
in OARSI grade 3.0, but not deeper. The later 
stages of erosion (OARSI grade 4.0 and higher) 
are not considered early OA anymore as they 
reflect articular cartilage delamination, excava-
tion, and complete erosion until the level of the 
calcified cartilage.

The changes of the subchondral bone in early 
OA start with an undulation of the subchondral 
bone–cartilage interface, a progressive increase 
in the thickness of the subchondral bone plate, 
and a remodeling of the subarticular spongiosa. 
Osteophytes form at the regions of the joint that 
are subjected to higher loads and are also a fea-
ture of early OA [24]. Angiogenesis within the 
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subchondral bone plate occurs possibly in con-
junction with the remodeling process of the sub-
chondral bone plate that involves both the action 
of osteoclasts and osteoblasts. Interestingly, the 
histopathological grading and staging system 
from the OARSI and the Mankin score do not 
account for histopathological changes of the sub-
chondral bone in early OA, which therefore can-
not be graded using these classification systems. 
In the OARSI system, grades 1–4 involve articu-
lar cartilage changes only. Aho and coworkers 
recently proposed a subchondral bone grading 
system that is also applicable to early OA [25]. In 
this system, grade 0 was defined to represent nor-
mal subchondral bone or very early OA changes 
with no evident subchondral sclerosis and sub-
chondral plate thickening. Grade 1 represents 
mild subchondral bone sclerosis, an increase in 
bone volume, and thickened trabeculae in the 
subarticular spongiosa. Grade 2 was character-
ized by a distinct increase in subchondral bone 
sclerosis and volume. Grade 3 represents late- 
stage OA with severe sclerosis and a massive 
increase in subchondral bone volume. Another 
histological scoring system for subchondral bone 
changes in aging and OA was recently published 
[26]. How these grades of subchondral bone 
involvement correspond to the cartilaginous early 
OA changes remains to be determined.

1.4  A Short History 
on the Progress 
in the Clinical Definition 
of Early Osteoarthritis

Although the term “early osteoarthritis” has been 
in use since several decades [13–15, 27, 28], no 
definition was initially provided. The American 
College of Rheumatology (ACR) criteria for the 
classification and reporting of OA published in 
1986 do not provide specific criteria for the diag-
nosis of early OA. They include pain and either 
morning stiffness (<30  min) or crepitus and 
objective findings such age over 50 years, osteo-
phytes, and radiologically detectable joint space 
narrowing corresponding to grade 2 of the K–L 
classification) [29]. The ACR criteria served as a 
starting point for the definition of early OA.

The European League against Rheumatism 
(EULAR) provided in 2010 six key symptoms 
and signs for the diagnosis of established knee 
OA [30]. The three symptoms were persistent 
knee pain, limited morning stiffness, and reduced 
function, while the three signs included crepitus, 
restricted movement, and bony enlargement. 
EULAR acknowledged the need to develop diag-
nostic criteria for early symptomatic knee OA in 
individuals who, several years later, will fulfill 
the criteria of established knee OA [30].

The very first consensus meeting focusing on 
early OA with the title Early Degenerative 
Arthritis of the Knee: Biological Solutions was 
organized by Elisaveta Kon and Maurilio 
Marcacci of the Cartilage Committee of the 
European Society of Sports Traumatology, Knee 
Surgery & Arthroscopy (ESSKA) in 2011, bring-
ing together international experts at the Rizzoli 
Orthopaedic Institute in Bologna, Italy (Fig. 1.1). 
The goal of the meeting was to improve the char-
acterization of the patient populations suffering 
from the early phases of OA. Especially from a 
view of performing clinical studies, it was seen 
worthwhile to generate homogenous patient pop-
ulations based on a standardized definition of 
early OA. The individual speakers discussed bio-
logical aspects of early OA, treatment options, 
and the role of the meniscus and osteotomy in 
preventing early OA.  For the first time, and in 
addition to the classification criteria of estab-
lished OA of the knee, criteria to classify patients 
with signs of emerging early knee OA were 
established and published [31].

In 2014, the First International Early Knee 
Osteoarthritis Workshop in Tokyo, Japan, hosted 
by the Japanese Society for Early Osteoarthritis 
and organized by Stefan Lohmander, Frank 
P. Luyten, Ken Nakata, and Ichiro Sekiya took 
place [8]. It gathered an international group of 
basic scientists, physician-scientists, rheuma-
tologists, orthopedic surgeons, and physiothera-
pists and participants to develop a first draft of 
potential classification criteria for early knee 
OA (Fig.  1.2). A consensus was reached for 
three classes of criteria including (1) patient-
reported outcomes such as pain and function, 
(2) clinical signs, and (3) K–L grades 0–1 on 
radiographs [8].
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Fig. 1.1 Cover of the program for the consensus meeting 
“Early Degenerative Arthritis of the Knee: Biological 
Solutions” taking place at the Rizzoli Orthopaedic 

Institute in Bologna, Italy in 2011. (With permission from 
ESSKA and SIAGASCOT)

1 Definition of Early Osteoarthritis
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Fig. 1.2 Cover of the program for the “First International Early Knee Osteoarthritis Workshop” in Tokyo, Japan in 
2014
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To further seek agreement about the clinical 
features of early OA, an international panel of 
experts from various fields of OA research pro-
duced a core set of outcome criteria for early OA 
[32]. This opinion paper published in 2019 con-
cluded that multiple factors must be considered 
to facilitate the development of predictive models 
for early knee OA, and further research validat-
ing outcomes in individuals at risk of early OA is 
required [32].

1.5  ESSKA 2012 Consensus 
Criteria for a Definition 
of Early Osteoarthritis

The ESSKA 2012 consensus criteria published in 
2012 represent the first definition of early knee 
OA [31]. These are based on expert opinions 
while referring to the ACR criteria for knee 
OA.  Defining such classification criteria was 
challenging, because no or only little structural 
changes can be seen on radiographs, also when 
applying the K–L criteria. This classification 
includes clinical (knee pain), radiological (K–L 
grading) and macroscopic cartilage surface anal-
yses (arthroscopic findings), and nondestructive 
imaging parameters (MRI findings). The defini-
tion of early OA was based on the three items: (1) 
knee pain, (2) K–L grade 0 or I or II (osteophytes 
only), and (3) structural criteria, including either 
arthroscopic or MRI findings of cartilage lesions 
(Table 1.1). For practical ease, these three classi-
fication criteria were described in detail 
(Table 1.1). They are not related to microstruc-
tural histopathological parameters.

1.6  First International Early 
Knee Osteoarthritis 
Workshop 2014 Toward 
Classification Criteria 
for Early Osteoarthritis 
of the Knee

The First International Early Knee Osteoarthritis 
(IEKO) workshop aimed to improve the defini-
tion of early OA [8]. A consensus was reached for 

three classes of criteria including (1) patient- 
reported outcomes such as pain and function, (2) 
clinical signs, and (3) K–L grades 0–1 on radio-
graphs (Table  1.2). For the (1) patient-based 
questionnaire, the Knee Injury and Osteoarthritis 
Score (KOOS) was chosen because of its domain 
relevance to early OA, extending the item “knee 
pain” of the ESSKA criteria. The second (2) set 
of criteria refer to the two clinical signs “joint 
line tenderness” and “crepitus” (to reflect also 
patellofemoral early OA). Finally, the (3) radio-
logical criteria to be obtained during standard-
ized weight-bearing X-ray examination included 
K–L 0 or 1. Two views were recommended, 
weight-bearing posterioranterior (PA) fixed flex-
ion of both knees, and a bilateral skyline (supine) 
view that should be aligned with the OARSI 
Clinical Trials Recommendations for knee imag-
ing in OA [33].

1.7  Establishing Outcome 
Measures in Early Knee 
Osteoarthritis

A recent perspective article published in the July 
2019 issue of Nature Reviews Rheumatology 
highlighted considerations for best practice in the 
selection of outcome measures for use in clinical 
practice and the research setting to evaluate 
patients at initial presentation of early knee OA 
[32]. The authors proposed measures have been 
evaluated and published primarily for established 
OA, emerging evidence, and clinical expertise 
that, in the future, will have to be validated and 
possibly modified. These criteria include (1) 
patient-reported outcomes, (2) clinical features, 
(3) physical function outcomes, and (4) modifi-
able lifestyle-related outcomes (Table  1.3). 
Provisional criteria for early knee OA based on 
patient-reported outcomes of pain and function, 
together with clinical signs and a radiographic 
K–L grade of 0 or 1 were matched. As patient- 
reported outcomes may be affected in the early 
phase of knee OA, for example, by compensatory 
adaptations of performed activities [32, 34], such 
possible adaptive behavior has to be also consid-
ered [32].

1 Definition of Early Osteoarthritis
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Table 1.2 Proposal for classification criteria for early knee OA (2017)

Criterion Explanation
A.  Patient-based 

questionnaires
Knee Injury and Osteoarthritis Outcome score: 2 out of the 4 KOOS subscales need 
to score “positive” (≤85%)
   1. Pain (9 items, including information on pain intensity, frequency, and duration)
   2. Symptoms, stiffness (7 items)
   3. Function, daily living (short version: 7 items)
   4. Knee-related quality of life (QOL: 4 items)

B. Clinical examination At least 1 criterion needs to be present:
   • Joint line tenderness
   • Crepitus

C. X-rays Kellgren–Lawrence grades 0–I standing, weight bearing (at least 2 projections: 
Posteroanterior fixed flexion and skyline for patellofemoral OA)

Adapted from Ref. [8]
Abbreviations: KOOS Knee Injury and Osteoarthritis Outcome Score, OA osteoarthritis, QOL Quality of life

Table 1.1 ESSKA criteria for the assessment of early OA (2012)

Criterion Explanation
1. Knee pain At least two episodes of pain for more than 10 days in the last year
2.  Kellgren–Lawrence 

grade 0 or I or II
Kellgren–Lawrence scoring of standard radiographs may reach up to II (osteophytes only) 
in standing weight-bearing position with knees in ~20° of flexion and the feet in 5° of 
external rotation. The radiographs should be done bilaterally from a posteroanterior view 
in the frontal plane
Kellgren–Lawrence grade 0 refers no abnormalities
Kellgren–Lawrence I is defined as doubtful narrowing of the joint space and possible 
osteophytic lipping
Kellgren–Lawrence II is defined as definite osteophytes with joint space narrowing. 
Kellgren II/osteophytes (osteophytes only, no joint narrowing) has been introduced into 
the category early OA

3.  Structural criterion: 
Arthroscopic findings

Arthroscopic findings are based on the ICRS classification. The arthroscopic findings 
include either ICRS grades I–IV in at least two compartments or ICRS grade IIIV in one 
compartment with at least surrounding softening and swelling of the cartilage

4.  Structural criterion: 
MRI findings

MRI findings include evidence of degenerative changes of the cartilage, meniscus, and/or 
BMLs. The definitions are based on the BLOKS and WORMS scores and their 
comparisons. A minimum of two of the four following scores should be fulfilled:
   (a)  Cartilage morphology scores grade 3 or higher (WORMS grades 3–6): Minimally 

multiple areas of partial-thickness defects with intermittent areas of normal 
thickness to diffuse full-thickness loss in region (more than 75%; grade 6)

   (b)  Cartilage score 1: Minimally grade 2 (BLOKS grades 2 and 3): 10–75% of cartilage 
loss in a region (medial, lateral, patellofemoral) to more than 75% cartilage loss in a 
region

   (c)  Meniscal tears: Grade 3 or higher (BLOKS grades 3–4): From displaced tears or 
partial resection (grade 3) to complete maceration, destruction, resection (grade 4)

   (d)  BMLs, typically scored as BMLs size: Minimally WORMS grade 2, i.e., 25% or 
higher BMLs in any one compartment

Adapted from Ref. [31]
Abbreviations: BLOKS Boston Leeds osteoarthritis knee score, BML bone marrow lesion, ICRS International Cartilage 
Regeneration & Joint Preservation Society, MRI magnetic resonance imaging, OA osteoarthritis, WORMS whole-organ 
magnetic resonance imaging score

H. Madry
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Clinical features of early OA, such as joint- 
line tenderness and crepitus, are relatively easy to 
examine and may be present in the absence of 
radiological findings. A standardized clinical 
examination of the knee (including those fea-
tures) provides a good interobserver reliability in 
patients with established knee OA [32, 35]. 
Although the physical function outcome mea-
sures will complement the clinical evaluation of 
patients with early OA, there is currently no con-
sensus answering the question, which outcome 
measures are most relevant for early OA [32, 36]. 
Both performance-based and physical impair-
ment measures may be needed to assess the mul-
tidimensional nature of physical function. 
Performance-based measures include the single- 
leg hop for distance test [37], the 30-s chair sit- 
to- stand test [38], and the 6-min walk test [39], 
while quadriceps muscle strength is the most 
commonly reported outcome of physical impair-
ment [40]. However, insufficient information is 
available to advocate a specific mode (e.g., iso-
tonic, isokinetic, or isometric) or type of contrac-
tion (concentric or eccentric) [32].

Modifiable lifestyle-related outcomes such as 
obesity, dietary inadequacies, and physical inac-
tivity might accelerate onset and progression of 
early OA through a combination of mechanical 
and systemic mechanisms [41]. Measures of 
 adipositas such as body mass index (BMI) and 
waist-to-height ratio are important [42]. As phys-
ical activity is essential for normal joint health, 
low- or moderate-intensity physical activity 
might reduce the risk of early OA and may reduce 
the risk of disability [43]. Wearable monitors 
help to quantify physical activity and energy 
expenditure. Nutrition interventions achieve 
weight loss, although the scientific base for pos-
sible effects of nutritional factors on OA develop-
ment is not clear [32].

For research, measures of (1) biomechanical 
outcomes, (2) imaging features, and (3) biomark-
ers are useful, but require further research and 
may not be appropriate (yet) for a routine clinical 
care setting (Table 1.4). Biomechanical outcomes 
include joint movement, loading, or muscle acti-
vation patterns [32]. As axial malalignment and 
alteration in the external knee adduction moment 

Table 1.3 Proposed outcomes for the assessment of early pre-radiographic OA in clinical practice and research set-
tings (2019)

Outcome Explanation
Patient- reported outcomes The Knee Injury and Osteoarthritis Outcome Score (KOOS) can be used to measure 

pain during activity, other symptoms (for example, stiffness, grinding, catching, 
swelling, knee flexion and extension), function in daily life and during sport and 
recreational activities, and quality of life across different age and treatment groups. The 
Intermittent and Constant Assessment of Pain (ICOAP) questionnaire can be used to 
evaluate constant and intermittent pain

Clinical features A clinical assessment including joint line tenderness should be performed in individuals 
with new-onset symptoms of knee pain, stiffness, crepitus, or a feeling of “giving way”

Physical function 
outcomes

Three measures seem promising for use in the clinical setting on the basis of their 
reproducibility, patient acceptability, and the equipment and expertise required: The 
single-leg hop test, the 30-s chair sit-to-stand test, the star excursion balance test, and 
measures of quadriceps strength. Multiple additional functional measures have been 
validated for use in the research setting

Modifiable lifestyle- 
related outcomes

Adiposity can be assessed by measuring  body fat percentage or  fat mass index (fat 
mass in kg/height in m2) using dual-energy X-ray absorptiometry or bioelectrical 
impedance analysis if available. BMI is more feasible in the clinical setting, although it 
has limitations for use in athletes. Levels of physical activity can be assessed using a 
validated physical activity monitor or a validated questionnaire if  objective methods 
are not available. Nutrition outcomes are not currently suggested for use in routine 
clinical care; however, the 3-day dietary record provides reliable estimates of nutrient 
intake

Adapted from Ref. [32]
Abbreviations: BMI body mass index, ICOAP Intermittent and Constant Assessment of Pain, KOOS Knee Injury and 
Osteoarthritis Outcome Score, OA osteoarthritis, QOL Quality of life
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are associated both with an increased incidence 
and progression of knee OA, they are of value for 
early OA. Additional risk factors such as loss of 
joint stability and muscle weakness [32, 44] may 
also alter compartmental loading [32]. Imaging 
features chiefly include plain radiography and 
MRI, although arthro-CT has also a potential 
diagnostic value for early OA.  Though 
 radiography will remain the primary imaging 
modality in daily surgical and medical practice 
and clinical trials, limitations exist especially 
when aiming to visualize early OA features. For 
example, a recent study evaluating early OA in 
patients with otherwise stable knees undergoing 
knee arthroscopy for traumatic medial meniscal 
lesion visualized macroscopic early OA in the 
medial tibial plateaus whereas their K–L score 
was not significantly different from normal sub-
jects [24]. MRI techniques become increasingly 
important as they allow to quantify morphologi-
cal changes of early OA in topographic subre-
gions [45], while also identifying meniscal 
damage and meniscal extrusion, synovitis, bone 
marrow lesions (BMLs), and structural damage 
to the joint. Cartilage composition and quality 
can be also estimated [32].

Biochemical markers in the blood, urine, or 
synovial fluid might be associated with incident 
radiographic OA.  For early OA, they need to 
clearly differentiate between physiological nor-
mal and pathological early OA tissue turnover. 
Ideally, biomarkers would also distinguish differ-

ent stages of the disease [32]. However, soluble 
biochemical markers require further study, vali-
dation, and qualification as markers of suscepti-
bility to, or risk of, early OA before being adopted 
for widespread clinical use [32].

1.8  Application of the Definition 
of Early OA

Sasaki et  al. [46] applied these new criteria to 
investigate the prevalence of early knee OA and 
possible risk factors in a cross-sectional study of 
the Japanese general population. The data showed 
that the prevalence of early knee OA was 9.5% in 
males and 15.0% in females, that the prevalence 
increased with age, and the highest prevalence 
was noted in females aged 50–59 years. Risk fac-
tors for early knee OA were also identified, 
among which female sex, ageing, obesity, and a 
history of knee injury, all of which were similar 
to those of definitive knee OA.

1.9  Outlook

Future research will focus on further refining the 
classification criteria in patients and defining the 
role of MRI and other imaging techniques in 
early OA detection, including anatomical and 
functional correlations. MRI may probably 
remain primarily a research tool for clinical 

Table 1.4 Proposed outcomes for the assessment of early pre-radiographic OA in research settings only (2019)

Outcome Explanation
Biomechanical outcomes Measures of biomechanical outcomes require further research and are not currently 

suggested for use in routine clinical care. However, such outcomes are ideal for 
informing the underlying mechanisms of OA progression and treatment interventions 
in the research setting

Imaging features The utility of plain radiography in early OA is limited. Although MRI has superior 
sensitivity to change, has validity in the context of early OA, and is hence ideal in the 
research setting, MRI is not thought to be appropriate for the routine clinical care 
setting because of its high cost and potential risk of overdiagnosis

Biomarkers No biomarkers are currently of use in routine clinical care; however, further 
validation of proteomic, lipidomic, and metabolomic tools in the research setting 
could lead to informative cartilage and synovial fluid profiles and provide important 
insights into OA progression

Adapted from Ref. [32]
Abbreviations: MRI magnetic resonance imaging, OA osteoarthritis
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investigations, not for the daily standard clinical 
practice given its potential risk of overdiagnosis, 
relatively high costs, and more difficult availabil-
ity compared with radiography [8, 32]. MRI is a 
valuable tool to shed more light into the relation-
ship between synovial inflammation and BMLs 
that may be associated with focal cartilage (and 
meniscal) defects and the development of struc-
tural features of early OA. Also, how the clinical 
features of early OA correspond with the grades 
of microstructural changes of the cartilage but 
also the subchondral bone remains to be 
determined.

A recent study asked the thought-provoking 
question if early OA can be diagnosed when an 
asymptomatic patient shows radiological signs of 
early OA; thus what represents the difference 
between a naturally aging knee and early knee 
OA [47]? This study on 340 subjects aged 
45–55 years that were free of radiographic knee 
OA at baseline identified common structural 
changes of the knee irrespective of the presence 
of pain or other (early) OA risk factors. The data 
showed that the development of features consis-
tent with structural OA was similar irrespective 
of the presence of OA risk factors, while the 
overlap with clinical symptoms was modest. 
These findings suggest that structural changes 
seen on X-rays or MRI without clinical symp-
toms may not be regarded as early OA, but rather 
as risk factors for the development of early OA, 
as they are highly prevalent and associated with 
normal ageing [47]. Early knee OA needs how-
ever be ruled out in patients that present with 
long-term knee pain without radiographic evi-
dence, such as K–L grade 0.

Future work will further integrate the struc-
tural changes with the clinical signs of early OA 
to refine the definition, perhaps in a joint-specific 
manner. Progress in the definition of early OA 
will lead to a better understanding of the disease 
process, allow identifying patients who are at a 
high risk of OA progression in the affected joint, 
and help evaluating the effectiveness of novel 
preventive and regenerative therapies aiming to 
prevent or to delay the onset of early OA.
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MRI of Early OA

Benedikt Hager, Marcus Raudner, Vladimir Juras, 
Olgica Zaric, Pavol Szomolanyi, Markus Schreiner, 
and Siegfried Trattnig

2.1  Morphological MRI

Osteoarthritis (OA) is a slowly progressing, 
chronic degenerative disease that often affects the 
knee joint. Early diagnosis is essential for timely 
therapeutic and medical intervention in order to 
delay the progression of the disease, relieve pain, 
and prevent disability. While OA affects various 
tissues in the knee joint, articular cartilage, which 
is composed of hyaline cartilage, plays an impor-
tant role in the pathogenesis of the disease.

In general, articular cartilage is essential for 
various biomechanical properties, i.e., to support 
and distribute loads as well as to provide lubrica-
tion [1]. However, as the disease progresses, the 

cartilage deteriorates, resulting in the loss of 
these biomechanical properties and leading to 
restricted mobility and pain for the patient, which 
can significantly affect the overall quality of life. 
Since cartilage is avascular, it has no significant 
regenerative capacity [2, 3], therefore making 
early diagnosis, and thus, early intervention, 
especially through conservative interventions 
such as physiotherapy and lifestyle changes, all 
the more necessary.

The method of choice for the detection of 
articular cartilage damage is magnetic resonance 
imaging (MRI), which provides the best soft- 
tissue contrast of all imaging modalities. 
Conventional qualitative MRI can reveal mor-
phological changes in the cartilage, such as a 
reduction in cartilage volume, contour irregulari-
ties, fissures, and thinning, with high specificity 
and sensitivity [4, 5].

MRI has taken the central role in the vast field 
of osteoarthritis (OA) research and is a crucial 
modality in the routine diagnostic workup of OA 
and other musculoskeletal pathologies [6, 7]. 
This can be attributed to its ability to visualize 
articular cartilage, menisci, structures of the joint 
capsule, fluid collections, synovium, bone mar-
row, and all surrounding ligaments and soft tis-
sues [8].

As there is still some controversy regarding 
the optimal MR protocol and the best possible 
evaluation, there have been attempts to standard-
ize the MRI examination for the evaluation of 
knee OA, as published in 2006 by the 
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Osteoarthritis Initiative (OAI) of the International 
Cartilage Repair Society (ICRS) [9].

To conduct a thorough assessment, the MRI 
protocols should be planned according to the 
available field strength and extremity coil. 
Cartilage defects and bone marrow lesions 
(BMLs) should be evaluated on fat-suppressed, 
fluid-sensitive (fs) proton-density-weighted 
(PDw) or T2-weighted (T2w) sequences [10]. 
Alternatively, a short tau inversion recovery 
(STIR) sequence can be used [11]. For over a 
decade, fs PDw sequences have been the estab-
lished sequence because of the high sensitivity 
for articular cartilage damages and should be 
used with an echo time (TE) of ~40–60 ms and a 
spatial resolution of 0.3 × 0.3 mm in-plane reso-
lution or better [12]. While three-dimensional 
gradient-echo (3D-GRE) sequences, such as the 
“Fast Low Angle Shot” (FLASH), “Dual-Echo 
Steady-State” (DESS), or “Spoiled Gradient 
Echo” (SPGR), can produce high-resolution iso-
tropic images, they also carry the risk of under-
appreciating bone marrow edema or cartilage 
defects [13]. Also, the susceptibility artifacts in 
GRE sequences may be misinterpreted as carti-
lage thinning or meniscal defects [14]. It is note-
worthy that the three-dimensional turbo 

spin-echo (3D-TSE) sequences are still under 
development and show great potential. However, 
they suffer from long acquisition times and are 
not yet validated sufficiently for the assessment 
of knee OA [15].

If present, both full- or partial-thickness 
defects found in the articular cartilage contribute 
equally to the development of further cartilage 
degradation in OA of the knee [16]. An example 
of a 29-year-old male patient with multiple grade 
IV defects is given in Fig. 2.1.

Apart from the articular cartilage, the menis-
cus is an important structure in the knee joint that 
can be used as a target structure in the assessment 
of patients at risk for the development of OA. In 
a prospective study of 407 middle-aged females, 
meniscal extrusion at baseline was associated 
with a higher likelihood of demonstrating knee 
OA radiographically 30  months later [17]. An 
example of a 33-year-old male patient with cor-
responding findings is illustrated in Fig. 2.2.

Also, if a meniscal root tear is found on an 
MRI, it is of particular importance as it is associ-
ated with a higher Western Ontario and McMaster 
Universities Osteoarthritis (WOMAC) Index [18, 
19]. Another risk factor is partial meniscectomy, 
as shown in a study by Roemer et  al., which 

Fig. 2.1 A 29-year-old male patient with multiple grade IV cartilage defects in the lateral compartment and clear signs 
of early osteoarthritis of the lateral compartment
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reported a strong association of prior partial men-
iscectomy and the prevalence of knee OA after 
12 months [20].

Synovitis is another important finding that can 
be seen on MRI with or without an intravenous 
contrast agent. Signs of a Hoffa synovitis with 
intra-articular effusion and MRI signal changes 
within the Hoffa’s fat pad are associated with 
knee OA, as well as higher pain scores [21, 22].

In addition, bone- and bone-marrow-related 
changes are important in the process of knee OA 
development. Small osteophytes have already 
been associated with higher pain scores longitu-
dinally and in cross-sectional studies [23]. BMLs 
are predictive of advancing knee OA and can 
even be associated with future cartilage damage. 
Also, they are accompanied by elevated inflam-
matory markers that may further facilitate the 
progression of knee OA [24].

There are multiple semiquantitative scoring 
systems that divide the joint into multiple subre-
gions to grade different features of OA, mostly 
incorporating the aforementioned structures 
alongside other specific findings. For example, 
there are the MRI OA Knee Score (MOAKS) 
[25], the Whole-Organ MRI Score (WORMS) 
[26], the Anterior Cruciate Ligament 
Osteoarthritis Score (ACLOAS) [27], or the Knee 

Inflammation MRI Scoring System (KIMRISS) 
[28], among other novel scoring systems.

2.2  T2 Mapping

Early cartilage degeneration, which is usually 
characterized by a loss of glycosaminoglycans 
and a loosening of the collagen fiber matrix, is 
more difficult to detect with conventional mor-
phological MRI, as the cartilage may still look 
morphologically normal or relatively normal, 
although it may already suffer from early patho-
logical changes [5].

Over the last few years, quantitative MRI 
methods (qMRI) have gained increasing interest, 
as they may be able to detect structural changes 
in tissue earlier in the course of the disease than 
morphological MRI. In this context, T2 mapping 
is probably the most frequently used and investi-
gated qMRI method.

Transverse (spin–spin) relaxation time map-
ping of the time constant T2, in short T2 mapping 
is a technique that does not require any contrast 
agents. It is typically measured using sequences 
of the “spin echo” class [29], which use a 180° 
radio frequency (RF) pulse for refocusing of the 
static dephasing effects, which is the main distin-

Fig. 2.2 Proton-density-weighted TSE images with fat 
saturation in three planes of a 33-year-old female patient 
with a grade IV defect on the medial femoral condyle with 
fluid-like signal in the defect area. Additionally, there is a 
smaller defect grade III–IV on the lateral femoral condyle 
with a corresponding grade III–IV defect of the lateral 

tibial cartilage. The anterior lateral meniscus is narrowed 
and of hyperintense signal with a central meniscal injury 
on the lateral side, which shows clear signs of meniscal 
extrusion. Osteophytes are visible on the lateral femoral 
condyle on the transversal image

2 MRI of Early OA



20

guishing feature of the time constant, T2*, which 
is measured with MR sequences where this factor 
is not refocused [30].

It has been demonstrated that T2 values in car-
tilage reflect the status of the cartilage ultrastruc-
ture (water content, collagen integrity, and 
collagen fiber orientation) [5, 31]. Furthermore, it 
was shown that T2 values also correlate with his-
tological grade [32], that can predict both the 
onset [33] and progression of knee OA [34], and 
that an increase in T2 values is associated with an 
increase in OA severity [35].

Many of these insights into the relationship 
between early OA and T2 values were gained 
from the Osteoarthritis Initiative (OAI) cohort 
datasets. The OAI includes 4800 participants 
with symptomatic knee OA or who are at risk of 
developing OA [36]. Using OAI data, for exam-
ple, it was shown that, in regions with newly 
appearing cartilage lesions, the T2 values locally 
(at the site where the lesion will occur) were 
already significantly higher 4 years prior to lesion 
onset compared to the surrounding cartilage 
regions [37]. In another study that used data from 
the OAI, it was shown that T2 values correlated 
strongly with BMI and weakly with gender and 
age, with T2 values increasing with increasing 
BMI and age and slightly higher in women [38].

The majority of studies on T2 mapping 
employed manual ROI analysis or segmentation 
of the entire cartilage volume and used mean val-
ues for the entire tissue compartment. However, 
the cartilage has a very complex structure and 
consists of different layers, which can be roughly 
divided into the superficial, the transitional, and 
the radial zone. These layers differ both in their 
composition (collagen content and hydration) 
and collagen fiber orientation. The complex 
structure and the diversity of the layers in the car-
tilage are related to the biomechanical tasks it has 
to perform [39]. In addition, cartilage does not 
degenerate evenly across all layers in the course 
of early OA, but in a very complex manner, often 
starting in the superficial layer as surface 
 discontinuity, glycosaminoglycan loss, and col-
lagen matrix loosening [40].

Articular cartilage is an ordered collagen tis-
sue and, as such, its T2 values are prone to orien-

tation dependence of the collagen fiber—with 
respect to the magnetic field direction as a result 
of the residual dipolar interaction of protons, 
which means that the T2 values of cartilage tissue 
vary for every angle and are modulated by the 
expression: D ~3θ −  1  , of the secular dipolar 
coupling Hamiltonian [41].

At an angle of =54.7°, the so-called magic 
angle, the residual dipolar coupling is zero and 
the T2 values reach their maximum; vice versa, 
at θ = 0°, the dipolar coupling is at a maximum 
and the T2 values are the shortest [42].

These factors contribute to the fact that the 
different layers also have different T2 values. As 
has been shown in in vitro studies, the shortest 
values are usually found in the deep zone, which 
consists of calcified cartilage and usually has 
lower hydration, while the overlying layers 
(intermediate and surface layer) tend to have lon-
ger T2 values. That the values in the different lay-
ers are also dependent on the fiber-to-field angle, 
as in any collagen fiber tissue, was shown by Xia 
[43] and Hänninen et al. [44].

Considering the complexity of the cartilage 
structure, on the one hand, and the complexity of 
the degenerative changes in the cartilage, on the 
other hand, as known from histological studies 
[40, 45], it makes sense to also examine the spa-
tial distribution of T2 values.

In this context, using data from OAI and 
focusing on the femorotibial part of the articular 
cartilage, it could be shown, for example, that 
healthy reference cohort knees have significantly 
lower T2 values in the superficial cartilage layer 
compared to subjects with early radiographic OA 
(ROA) or subjects with risk factors for ROA. In 
addition, healthy knees showed significantly 
lower deep cartilage layer T2 values compared to 
subjects with risk factors for ROA. After a 1-year 
follow-up, both superficial and deep cartilage 
layers of the healthy reference cohort without 
risk factors showed an increase in T2 values, but 
not in knees with early ROA or in knees at risk of 
developing OA. The authors of this study inter-
pret their results to suggest that the previously 
measured differences in cartilage T2 values 
between ROA and non-ROA cartilage may be 
due to differences in risk factor profiles between 
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cohorts rather than actual differences in the status 
of ROA [46].

The distribution of the T2 values can also be 
evaluated using texture analysis, as introduced by 
Haralick et al. using a gray-level co-occurrence 
matrix (GLCM) [47]. This technique gives differ-
ent GLCM factors of distribution, such as 
entropy, variance, and contrast.

Using GLCM, Schooler et al. studied the lon-
gitudinal changes in the laminar and spatial dis-
tribution of the joint cartilage T2 values and found 
that, in subjects with cartilage lesions, the T2 lev-
els were higher than in those without lesions. In 
addition, GLCM contrast and variance in the 
group with lesions were significantly higher, sug-
gesting that GLCM calculations may provide 
increased sensitivity that would not be detectable 
by analyzing the mean values of the entire tissue 
compartments alone [48].

Similarly, Joseph et  al. [49] showed that, in 
subjects with risk factors for OA compared to 
healthy controls, the T2 values, as well as the 
GLCM parameters (variance and contrast), were 
significantly elevated, which means that the ele-
vated T2 values in subjects at risk are also more 

heterogeneous. Taken from the same study, 
Fig. 2.3 shows two representative T2 maps. One 
from a subject of the control cohort and one from 
a subject from the incidence cohort. Although 
neither of these two subjects has a cartilage 
abnormality (both have WORMS = 0), the T2 val-
ues are significantly elevated in the subject of the 
incidence cohort (right), compared to the subject 
of the control cohort (left).

A main advantage of GLCM is that it is per-
formed during image post-processing, and conse-
quently, there is no additional time required to 
measure the subject.

T2 mapping has shown great potential for the 
detection of early OA, but it will remain a major 
challenge in multicentre and in particular in 
multi-vendor OA trials in the future due to dif-
ficulties in the standardization of T2 values, the 
orientation dependence of collagen, and the 
complexity of the course of OA in cartilage, 
which can vary greatly from subject to subject. 
As a result, it is still uncertain how or when T2 
mapping will finally make the definitive leap 
into the clinical routine as a biomarker for an 
early OA.

Fig. 2.3 (Left) Representative T2 map of a subject from 
the control cohort. (Right) Representative T2 map of a 
subject from the incidence cohort. Although neither sub-
ject shows cartilage abnormalities (both have WORMS 
score  =  0), the mean T2 values of the subject from the 

incidence cohort are elevated compared to the control sub-
ject (39.12 and 33.39 ms, respectively). In addition, the 
GLCM factors variance, contrast, and entropy are also 
elevated. (Reproduced with permission from Ref. [49])
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2.3  Sodium (23Na) MRI

Quantitative proton (1H) MRI methods provide 
different information about the morphology of 
the knee joint, but biochemical changes in the 
joint often occur before morphological changes 
appear. Therefore, there is an urgent need for bio-
chemical and quantitative MRI techniques that 
are feasible for use in the evaluation of the com-
plex biochemical composition of an articular 
cartilage.

One of those techniques is sodium (23Na) 
MRI, which can assess changes in the sodium 
ion content linked to glycosaminoglycan 
(GAGs) molecules. The negatively charged 
GAGs are the most important structural mole-
cules of the cartilage, providing strong electro-
static and osmotic forces within the tissue. 
Furthermore, the GAG content has been highly 
correlated with the biomechanical properties of 
cartilage, in particular, compressive stiffness 
[50]. In articular cartilage, the negatively 
charged GAGs are surrounded by positively 
charged sodium ions. Hence, changes in sodium 
concentration can be used as an indirect indica-
tor of the GAG concentration, which, in turn, 
can be noninvasively and quantitatively assessed 
using sodium imaging. 23Na-MRI has been 
shown to be very successful in this task, mainly 
due to the more frequent utilization of ultra-
high-field MR scanner. A substantial increase in 
the signal-to-noise ratio (SNR) compared to the 
lower field strengths can be achieved; therefore, 
the possibility for molecular investigation of the 
tissue, with higher sensitivity and specificity, 
was apparent.

One of the first studies that used sodium MRI 
for molecular investigations of OA patients at 
ultra-high field (7T) was reported by Wang et al. 
[51]. The authors performed a study that included 
volunteers with no symptoms of disease and 
patients with diagnosed and confirmed OA. These 
authors analyzed three different cartilage regions: 
patellar, medial femorotibial, and lateral femoro-
tibial cartilage. The results demonstrated that the 
tissue sodium concentration (TSC) in OA patients 
was significantly lower (from 30 to 60%) com-
pared to healthy subjects.

One of the main issues of cartilage sodium 
quantification is that signal from cartilage is usu-
ally contaminated by signal from the surrounding 
synovial fluid. Another study performed at 7T 
was published by Madelin et al., who evaluated 
cartilage sodium concentration in healthy volun-
teers and OA patients. Examinations were per-
formed with and without fluid suppression 
techniques [52]. These authors showed that the 
TSC over all cartilage regions, measured with a 
radial sequence without fluid suppression, was 
similar between healthy subjects and OA patients; 
however, after fluid suppression was applied, the 
difference in TSC values between healthy sub-
jects and OA patients was higher.

Zbyn et al. recently demonstrated that in vivo 
23Na-MRI is a feasible method that allows differ-
entiation between low-grade cartilage lesions and 
normal-appearing (weight bearing, WB and non-
weight bearing, NWB) regions of the articular 
cartilage [53]. In this longitudinal study, partici-
pants were assessed at four different time points 
(baseline, 1 week, 3 months, and 6 months) using 
morphological MRI at 3T and 7T, and composi-
tional 23Na-MRI.  All patients underwent the 
Knee Injury and Osteoarthritis Outcome Score 
(KOOS) questionnaire immediately after the 
MRI exams. Significantly lower sodium signal 
intensities (SI) were observed in lesions com-
pared to those in the WB and NWB zones, at all 
time points (Fig. 2.4). Results demonstrated that 
a significant decrease from baseline SI values in 
lesions was found at the 3-month visit; however, 
no substantial change was observed at 6 months. 
KOOS scores improved in all subscales at the 3- 
and 6-month visits, with a significant increase 
observed only in the quality-of-life subscale.

The hypothesis that early OA is associated 
with a loss in GAGs and a disorganization of the 
collagen network even before morphological 
changes become apparent is supported by sodium 
MRI results obtained from the first clinical inves-
tigations of osteoarthritis. Biochemical informa-
tion about the condition of the joint may greatly 
help clinicians to achieve a comprehensive man-
agement of early OA, including improved detec-
tion, monitoring of progression, and different 
treatment procedure evaluations.

B. Hager et al.
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2.4  dGEMRIC in OA

The dGEMRIC and sodium (23Na) MRI tech-
niques are based on similar principles, with posi-
tive sodium ions attracted by the negatively fixed 
charged density (FCD) of the GAG side chains. 
These electrostatic forces are responsible for a 
direct relationship between the local sodium con-
centration and the FCD, with a strong correlation 
between the FCD and the GAG content.

Intravenously administered gadolinium dieth-
ylenetriamine pentaacetate anion (Gd-DTPA2−) 
penetrates the cartilage through both the articu-
lar surface and the subchondral bone. The con-
trast equilibrates in inverse relation to the FCD, 
which is, in turn, directly related to the GAG 
concentration. Therefore, T1, which is deter-
mined by the Gd-DTPA2− concentration, 
becomes a specific measure of tissue GAG con-
centration, suggesting that Gd-DTPA2− 
enhanced MRI has the potential to monitor the 
GAG content of cartilage in vivo. Thus, T1 map-
ping, enhanced by delayed administration of 

Gd-DTPA2− (dGEMRIC), can be considered 
the most widely used methodology for the detec-
tion of proteoglycan depletion in articular carti-
lage and has shown promising results.

dGEMRIC is sensitive to cartilage proteo-
glycan content and may predict the develop-
ment of OA [54] (Fig.  2.5). It was recently 
demonstrated that T1Gd values in the medial 
tibiofemoral compartments decrease as the 
radiographic Kellgren–Lawrence grade 
increases [55]. Prescribed immobilization after 
injury of only 6 weeks has been shown to result 
in biochemical changes in the cartilage, mea-
surable by dGEMRIC, with a mean decrease 
seen in T1 relaxation time (T1Gd) at 4 months, 
which persisted for up to a year [56]. In a longi-
tudinal study, Owman et al. found that the low 
baseline T1Gd, using dGEMRIC in the medial 
and lateral femoral cartilage, was  associated 
with a higher grade of joint-space narrowing 
after 11 years, and also with the development of 
osteophytes [57]. A study by Crema et al. found 
high-grade medial meniscal damage to be asso-
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Fig. 2.4 Follow-up sagittal MRI scans of a 26-year-old 
patient with a low-grade chondral lesion (between yellow 
arrows) in the weight-bearing region of the medial femo-
ral condyle. Morphological DESS images (a–d) and cor-
responding color-coded 23Na images corrected for coil 
sensitivity (e–h) acquired at baseline (a, e), 1-week (b, f), 
3-month (c, g), and 6-month (d, h) follow-up visits at 

7T. The color bar represents 23Na values corrected for coil 
sensitivity in arbitrary units. Please note that the ICRS 
grade assigned to the lesion was based only on the clinical 
3T turbo spin-echo images. The 7-T DESS images were 
acquired only to provide an accurate measurement of car-
tilage thickness and a morphologic reference for ROI 
positioning. (Reproduced with permission from Ref. [53])
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ciated with low T1Gd times in the medial tibio-
femoral compartment [58]. Lattanzi et  al. 
recently demonstrated that dGEMRIC was 
accurate in detecting cartilage damage at the 
hip due to femoroacetabular impingement [59]. 
In an earlier study, Kim et al. also showed that 
the dGEMRIC index was significantly different 
in subgroups with mild, moderate, and severe 
grades of hip dysplasia [60], which suggests the 
ability of dGEMRIC to detect varying cartilage 
degeneration among these groups. In a study of 
111 obese adults, dGEMRIC showed that 
weight loss over the course of a year resulted in 
an increased cartilage proteoglycan content 
[61]. A recently published study evaluated the 
articular cartilage in patients with an early knee 
OA using dGEMRIC after viscosupplementa-
tion with hyaluronic acid [62]. The study found 
no change in the structural composition of car-
tilage after 14  weeks, even though the symp-
tomatic improvement was reported.

2.5  Conclusion/Future 
Perspective

Due to the aneural nature of the articular carti-
lage, patients frequently exhibit already signifi-
cant loss of articular cartilage at their first 
orthopedic consultation. Thus, in the clinical 
orthopedic setting, the initial diagnosis continues 
to be made by plain X-rays due to cost- 
effectiveness and widespread availability and is 
classified according to Kellgren and Lawrence. 
In the majority of cases of end-stage three- 
compartment osteoarthritis, the indication to per-
form joint replacement is made without further 
performance of an MRI. However, there are dif-
ferent descriptions of the Kellgren and Lawrence 
classification, which differ in terms of their inter- 
and intrarater reliability for the classification of 
OA on plain X-rays. Morphological MRI allows 
for a more comprehensive evaluation of cartilage 
integrity and provides additional information on 
overall joint integrity. Hence, morphological 
MRI is increasingly used for the preoperative 
assessment as well, for instance, to assess the 
integrity of the cruciate ligaments in patients that 
may be eligible for unicompartmental knee 
arthroplasty. Although currently mostly limited 
to special centers and clinical studies, quantita-
tive MRI that employs sequences sensitive to 
GAG content, collagen structure, and content 
may play a significant role in the subset of 
patients that present with an early osteoarthritis. 
In this patient cohort, it might enable the treating 
physician to monitor and quantify the loss of car-
tilage integrity that precedes morphological 
changes and assess the efficacy of emerging 
treatment options.
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MRI Relaxometry as Early 
Measures of OA
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3.1  dGEMRIC: Delayed 
Gadolinium-Enhanced MRI 
of Cartilage

Delayed gadolinium-enhanced MRI of cartilage 
(dGEMRIC) quantifies the fixed charge density 
of cartilage, thus indirectly measuring glycos-
aminoglycan (GAG) content. Developed 25 years 
ago, it relies on MR image derived spin-lattice 
(T1) relaxation measurements to show the equi-
librium distribution of an ionic gadolinium che-
late contrast agent, most commonly gadopentetate 
[Gd(DTPA)2−], to reflect local cartilage GAG 
content [1–4]. At equilibrium, electrorepulsive 
forces of the contrast agent and the negatively 
charged carboxyl and sulfate groups of GAG 
result in more contrast agent in regions of low 
GAG content than in normal regions. Since MR 
contrast agents shorten T1, damaged cartilage 

regions, with higher contrast agent, have a shorter 
T1 than relatively healthy cartilage with lower 
local contrast concentration and higher T1. 
Cartilage GAG concentration can be calculated 
from the change in T1 after equilibration of the 
cartilage in Gd(DTPA)2− based on Donnan equi-
librium theory [1, 5].

dGEMRIC has been applied to ex vivo cartilage 
samples and in vivo animal and clinical studies. Ex 
vivo, MR T1 measurements are usually performed 
before and after soaking the samples in a 
Gd(DTPA)2− solution to equilibrium. The equilibra-
tion time depends on cartilage thickness, and full 
equilibration may take many hours [6]. Cartilage 
GAG concentrations calculated by dGEMRIC have 
been validated by direct biochemical and histologic 
measurements [1, 3, 7]. Correlations between 
dGEMRIC measurements and cartilage biome-
chanical properties have been shown [8–10]. 
Additionally, in an ovine model of femoroacetabu-
lar impingement surgery, dGEMRIC measurements 
correlated with Mankin histologic scores while 
there was no correlation between the cartilage T2 
and histological scores [11]. However, there are pit-
falls to be considered with dGEMRIC, even with 
ex vivo studies. The contrast agent relaxivity, i.e., 
the strength with which the agent shortens T1, may 
vary with tissue degeneration [12], and slow or vari-
able diffusion rates into cartilage may cause uneven 
contrast equilibrium [6].

When performing in  vivo clinical or animal 
dGEMRIC studies, the contrast may be injected 
either intravenously (IV) or intra-articularly (IA) 
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with transport of the agent into the cartilage by 
diffusion. Following IA injection, enhanced joint 
fluid diffuses directly into the cartilage, while 
after IV administration, contrast distributes via 
synovial vasculature into the joint fluid of all 
joints. With IV contrast, diffusion into cartilage is 
mostly from the articular surface but also from 
subchondral bone. Equilibration after IA injec-
tion is slower since diffusion is only from articu-
lar surface. Although the significance of cartilage 
enhancement through subchondral bone is 
debated, uniform cartilage enhancement occurs 
more quickly following IV injection [2, 6]. With 
IV dGEMRIC, double or triple clinical dose is 
recommended for optimal differentiation of low 
GAG and normal cartilage [13]. Joint fluid, and 
thus cartilage, enhancement is greater if the 
imaged joint is moved through range of motion 
for 10  min immediately after injection to pro-
mote uniform distribution and equilibration while 
the serum contrast agent concentration is highest 
[14, 15]. The optimal delay between injection 
and MR imaging, i.e., the contrast “equilibration 
time,” is cartilage thickness dependent. For thin 
hip cartilage, only 15–30 min delay following IV 
or IA injection has been recommended, while for 
knees, 2 h is suggested for the patella, but 45 min 
may be adequate for femoral cartilage [14].

In vivo quantification of cartilage GAG by 
dGEMRIC techniques, compared with ex vivo, 
have even more unknown and unmeasurable 
experimental variables potentially confounding 
measurements. Variations in postinjection con-
trast agent blood concentrations and delivery 
rates to the joints between patients as well as 
differential transport rates of contrast agent into 
cartilage may affect the cartilage concentration 
“equilibrium” [4, 14]. Unlike ex  vivo experi-
ments where a constant concentration solution 
bath is used, in vivo, the IV, joint fluid, and car-
tilage contrast concentrations change continu-
ously with time and no true equilibrium state is 
reached. Only a “dynamic” cartilage contrast 
equilibrium can be achieved. As a practical mat-
ter, complete in  vivo dGEMRIC imaging 
requires a long imaging session (pre- and post-
contrast imaging and equilibration time) that 
most investigators find costly and inconsistent 

with patients’ tolerance. Since nonsurgically 
treated cartilage has a long T1 relaxation time 
with only small regional variations, most studies 
have excluded the precontrast T1 imaging and 
reported only the “dGEMRIC index,” i.e., the 
direct measurement of postcontrast cartilage T1 
[4]. The error caused by ignoring the local non-
enhanced cartilage T1 variations has been con-
sidered “probably not significant” [14].

Image acquisition options for T1 quantifica-
tion in dGEMRIC studies include: 2D inversion 
recovery fast spin-echo (IR-FSE), 3D IR-spoiled 
gradient echo (IR-SPGR) [16], 3D Look-Locker 
[17], and 3D variable flip angles with spoiled 
GRE imaging [18]. The reproducibility of the 
methods vary with superior results reported for 
2D IR-FSE and 3D Look-Locker methods 
(RMS-CV: 5.8–8.4%) compared with the 3D 
variable flip angle method (RMS-CV: 9.3–15%) 
[18]. Since nearly all MR systems can perform at 
least one of these acquisitions, dGEMRIC is 
widely available, however, image postprocessing 
for the T1 maps may require special software 
packages.

Clinical reports have shown the dGEMRIC 
index sensitive to early knee cartilage degenera-
tion following acute anterior cruciate ligament 
(ACL) injuries (Fig. 3.1) [19, 20], and after men-
iscectomy [21]. Hip studies showed lower 
dGEMRIC indices with femoroacetabular 
impingement [22–25], suggesting early cartilage 
degeneration and an implied higher risk for 
osteoarthritis (OA) development. Several longi-
tudinal studies showed that baseline dGEMRIC 
indices predicted radiographic OA changes in the 
knee [26, 27] and hip [22, 28]. A lower dGMERIC 
index of femoral cartilage at 2  years following 
anterior cruciate ligament rupture was found 
prognostic of both radiographic and symptomatic 
knee OA at 14 years [29]. The dGEMRIC index 
of patients with developmental hip dysplasia cor-
related with the severity of hip pain and defor-
mity [30], and was better than other factors 
including age, radiographic arthritis severity, and 
dysplasia severity for prediction of surgical fail-
ure [31]. The dGEMRIC index of surgical 
 cartilage repair tissue has correlated with clinical 
outcomes (Fig. 3.2) [32–34].
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3.2  T2 and T2* Relaxation Time 
Measurements

The spin–spin relaxation time, T2, is the process 
by which the transverse magnetization decays; 
this is caused by loss of phase coherence related 
to a preceding radiofrequency pulse. The T2 
reflects the ability of free water proton molecules 
to move and to exchange energy inside the carti-
lage matrix. Cartilage T2 is primarily dependent 
on water and collagen content of the extracellular 
matrix as well as the orientation of the collagen 
fibers [35]. The lower the water content and the 
denser packed the collagen fibrils are, the faster is 
the T2 decay and the shorter is the T2 relaxation 
time. To measure T2, images are acquired with 
different echo times (TE) and the signal is 
 quantified in the cartilage matrix. A mono- or 
multi- exponential decay curve is fitted to the car-
tilage signal which provides the T2 value.

There are multiple techniques for T2 measure-
ment with either gradient or spin echo sequences. 

Injured Knee
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Fig. 3.1 The dGEMRIC index maps of medial compart-
ments of an ACL-injured (left) and the contralateral unin-
jured knee (right). The blue and red regions denote high 

and low GAG concentrations, respectively. (Figure from 
Reference [19] with permission)
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Fig. 3.2 dGEMRIC analysis of the patellofemoral com-
partment of a 40 woman 6 years following microfracture 
of the trochlea (repair marked with arrowheads) shows 
lower GAG content (lower dGEMRIC index, shorter T1) 
of the repair tissue. Black arrow denotes a focal region of 
patellar cartilage degeneration
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However, it is important to note that T2 measure-
ments obtained with different techniques and dif-
ferent scanners cannot be directly compared [36]. 
T2 measurements were validated in a number of 
specimen studies. David-Vaudey et  al. were 
among the first to compare T2 measurements in 
cartilage-bone plugs from fresh cadaveric knees 
and specimens obtained after knee replacement 
with cartilage histology [37]. They found signifi-
cant differences in T2 values between normal and 
degenerated cartilage with a significant correla-
tion between T2 values and histological scoring 
based on toluidine blue and Masson Goldner 
stains [37].

While many studies have shown cartilage T2 
typically increases with the tissue degeneration 
[38], once cartilage degeneration is more 
advanced and associated with more substantial 
tissue loss, T2 values may no longer correlate 
with the degree of degeneration [39], indicating 
that T2 measurements may be less well suited for 
advanced disease stages.

Clinical studies in the knee have shown that 
cartilage T2 measurements can predict the devel-
opment of radiographic OA [40] and cartilage 
loss [41]. Liebl et al. [40] analyzed 50 knees with 
baseline Kellgren–Lawrence (KL) grade 0 that 
developed a KL grade ≥2 over a 4-year period 
and 80 control knees with KL grade 0 unchanged 
over the 4 years. The baseline cartilage T2 in all 
compartments except the medial tibia were sig-
nificantly higher in knees that developed OA 
compared with controls, in particular in the 
superficial cartilage layers (P < 0.05). Adjusted 
Odds ratios per 1 standard deviation increase in 
T2 were 3.37 (95% CI 1.72–6.62) for the patella, 
1.90 (1.07–3.39) medial femur, 2.17 (1.11–4.25) 
lateral femur, and 2.23 (1.16–4.31) for the lateral 
tibia. Joseph et al. developed a tool for OA pre-
diction [42] based on 8-year data from the 
Osteoarthritis Initiative (OAI) (Fig.  3.3). Using 
clinical, radiographic, and MRI (including T2 
measurements) data, they could predict moderate 
to severe OA development over 8 years with an 
Area Under Curve value of 0.72, which is on par 
with the WHO fracture risk assessment tool 
(FRAX) widely used for osteoporotic fracture 
prediction [43]. They also developed a reference 

database for knee cartilage T2 based on OAI sub-
jects without MRI visible structural cartilage 
degeneration [44].

Investigators have used T2 measurements for 
multiple clinical applications. Kijowski et  al. 
[45] found that adding T2 measurements to rou-
tine knee MRI improved the sensitivity cartilage 
lesion detection. Su et al. [46] found that higher 
baseline cartilage T2 values in the femoral troch-
lea after ACL injury prior to surgical reconstruc-
tion were associated with worse Knee-injury and 
Osteoarthritis Outcome Scores (KOOS) after 
1 year. Studies have found associations between 
knee pain and cartilage T2 measurements [47, 
48]. T2 measurements were also used to investi-
gate the impact of weight loss in obese and over-
weight individuals [49] and of diabetes on the 
cartilage matrix [50]. A recent systematic review 
and meta-analysis of cartilage T2 measurements 
concluded that T2 relaxation can distinguish those 
at risk for knee OA from healthy controls [51].

T2* mapping has also been applied to analyze 
cartilage matrix changes [35]. T2* is sensitive to 
change in T2 as well as global and local inhomoge-
neity of the magnetic field. Alterations in T2* due 
to microscopic inhomogeneity can reflect tissue 
structural properties and provide valuable informa-
tion not present in T2 measures. However, higher 
sensitivity to susceptibility artifacts and imperfect 
magnet shimming present technical challenges for 
T2* imaging and complicate data interpretation. 
Unlike T2 imaging, T2* imaging uses gradient-
echoes with small flip angles rather than spin-
echoes which permits fast acquisition. This allows 
for 3D acquisition and higher spatial resolution 
with a shorter imaging time for T2* mapping.

T2* values were reported to inversely correlate 
with the degree of hip cartilage degeneration as 
confirmed by histology [52]. In patients with 
femoroacetabular impingement, cartilage in 
regions with arthroscopically confirmed degen-
eration showed significantly lower T2* as 
 compared to normal appearing cartilage [53, 54]. 
However, elevated cartilage T2* values have also 
been observed in OA in patients [55] and after 
ACL tears [56]. Such discrepancies, caused by 
either different imaging protocols used or the real 
differences in matrix changes associated with the 
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specific specimens/cohorts studied, present chal-
lenges when interpreting cartilage T2*.

Combined with ultra-short TE (UTE) tech-
niques, UTE-T2* imaging enables compositional 
evaluation of tissues with very short T2 and T2*, 
such as the deep cartilage layer, menisci, liga-
ments and tendons. Williams et al. reported the 
RMS-CV of in vivo UTE-T2* measures in carti-
lage to be 8%, 6%, and 16% for full-thickness, 
superficial, and deep layers of medial femoral 
condyle cartilage, corresponding to absolute 
errors (SD) of 1.2, 1.5, and 1.5 ms, respectively 
[57]. Du et al. and Qian et al. identified multiple 
relaxation components using UTE T2* in carti-
lage specimens, with short T2* ranging 

0.48 ~ 6 ms and long T2* 22 ~ 35 ms [58, 59]. 
Elevated UTE-T2* for cartilage and meniscus 
were reported after ACL injury and at 2  years 
after ACL reconstruction (ACLR) compared to 
uninjured controls [60, 61]. Over a 2-year period 
following ACLR, deep layer cartilage and menis-
cal UTE-T2* decreased in subjects without 
meniscal tears, suggesting healing [60].

3.3  T1ρ Imaging

T1ρ relaxation time is the time constant of spin- 
lattice relaxation in the rotating frame, and can 
be measured by the spin-lock (SL) technique, 

Medial Femur T2 [ms]
30.8

70 ms

0 ms

Low risk: 34.1% Medium risk: 57.5% High risk: 75.1%

Medial Femur T2 [ms]
37.7

Medial Femur T2 [ms]
42.3

Fig. 3.3 A graphic of the Risk Score calculator devel-
oped by Joseph et al. is shown, which also demonstrates 
the impact of cartilage T2 measurements on the OA risk 
prediction, while keeping the subject characteristics 
including Kellgren–Lawrence grade and Whole Organ 

Magnetic Resonance Imaging Score (WORMS) constant. 
As cartilage T2 increases in the medial femur from 30.8 to 
42.3  ms, the risk for moderate to severe OA increases 
from 34.1 to 75.1%. (Figure from Reference [42] with 
permission)
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first described by Redfield [62]. T1ρ relaxation 
is sensitive to physicochemical processes with 
inverse correlation times on the order of the 
nutation frequency of the SL pulse (ω1), which 
normally ranges from a few hundred to a few 
thousand Hertz. Thus, T1ρ is sensitive to macro-
molecular activities in biologic tissues occur-
ring in this low-frequency range, including the 
collagen–proteoglycan matrix changes of car-
tilage degeneration. T1ρ increases with 
increased SL frequency (ω1), a phenomenon 
termed as T1ρ dispersion, similar as T1 disper-
sion. When no SL pulse is applied, T1ρ is equal 
to T2; when the SL ω1 increases towards  the 
frequency of the main magnetic field, T1ρ 
approaches T1. Thus, T1ρ is always greater than 
T2, but lower than T1.

In vitro studies have shown that T1ρ increases 
with proteoglycan depletion and correlates with 
histologic evaluation, and is more sensitive to 
GAG changes compared to T2 [63–67]. T1ρ has 
also been correlated with arthroscopic evaluation 
[68, 69] and cartilage biomechanical properties 
[70, 71], suggesting T1ρ is a promising surrogate 
for functional cartilage evaluation.

Compared to T2, cartilage T1ρ measurements 
are less sensitive to collagen fiber orientation 
with reduced magic angle artifacts because the 
SL pulse decreases dipolar interactions. The ori-
entation dependency of T1ρ primarily diminishes 
when SL frequency >1 or 2  kHz [63, 72]. 
However, for clinical T1ρ imaging, the SL fre-
quency is normally around 500  Hz and magic 
angle artifacts are present, but to a lesser extent 
than for T2 measurement [63, 66, 73]. Matched 
regional analyses can be used to account for such 
effects. Adiabatic T1ρ imaging has shown less 
collagen orientation dependency than continuous 
wave T1ρ [74].

In a systematic review and meta-analysis, 
MacKay et al. reported excellent intra-observer, 
inter-observer and test–retest reliability of 
in vivo cartilage T1ρ and T2 measurements, with 
most intraclass correlation (ICC) values >0.8 
and coefficients of variation (CVs) <10% [75]. 
Gupta et al. reported the inter-observer ICC and 
the root mean square CV (RMS-CV) of sub-
compartment T1ρ quantification of 0.961 and 

3.9%, respectively [69]. Using single vendor 
MR systems with identical sequences and 
parameters, the inter-site variation of T1ρ and T2 
were comparable or slightly higher than single 
site scan/rescan reproducibility (CVs in phan-
toms 2.8–6.9%) [76, 77]. Using 2D multiecho 
spin-echo T2 techniques, Balamoody et  al. 
reported inter-vendor mean T2 differences from 
5.4 to 10  ms (10~25%) in human knee carti-
lage  [78]. A 3D T1ρ and T2 mapping approach, 
MAPSS (magnetization-prepared angle- 
modulated partitioned k-space spoiled gradient 
echo snapshots) has been implemented on three 
major MR systems (GE, Philips, and Siemens), 
with mean inter-vendor inter-site CVs of 8.14% 
and 10.06% for T1ρ and T2 values in human knee 
cartilage, respectively [79].

Numerous studies have shown elevated carti-
lage T1ρ values in subjects with OA [75], and in 
subjects at risk for OA [51]. T1ρ and T2 relaxom-
etry can discriminate between subjects with OA 
and controls (P < 0.001) with T1ρ being a better 
discriminator than T2 for mild OA (standardized 
mean difference [SMD] [95% CI] 0.73 [0.40–
1.06], P < 0.001) [75]. Atkinson et al. found sub-
jects at risk for knee OA, i.e., those with knee 
injuries, low grade cartilage lesions, obesity, or in 
the OAI Incidence cohort, had a higher cartilage 
T1ρ in the femoral compartments, and a higher T2 
in all compartments [51].

Significantly elevated knee cartilage T1ρ and 
T2 values have been observed after acute ACL 
injury and ACLR (Fig. 3.4) [80–82]. In a cohort 
of 40 patients with acute ACL tears, medial fem-
oral cartilage showed the largest increase of T1ρ 
from 38.8 ± 2.3 ms preoperatively to 41.6 ± 2.9 ms 
6 months after ACLR, corresponding to a stan-
dardized response mean of 1.1 for 6 months [83]. 
Greater cartilage T1ρ values have been cross- 
sectionally correlated with worse patient out-
comes as evaluated with KOOS at 6 and 
12 months after ACLR [84, 85]. Baseline T1ρ and 
T2 values predicted patient outcomes at 6 and 
12 months after ACLR [46]. Using T1ρ and T2 as 
sensitive markers of cartilage health, researchers 
have identified factors that may contribute to 
posttraumatic OA (PTOA) development after 
ACLR, including meniscal injury [86], altered 
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biomechanics [87], synovial fluid inflammatory 
and cartilage breakdown biomarkers [88], muscle 
weakness [89], bone shape [90], and surgical fac-
tors [84, 91]. Thus, T1ρ and T2 can serve as useful 
outcome measures for evaluation of novel inter-
ventions for slowing or avoiding the development 
of PTOA.

In addition to cartilage, elevated meniscal T2 
and T1ρ values have been reported in subjects 
with OA [92], meniscal tears [93], and ACL tears 
[94]. Recent studies showed feasibility of quanti-
fying multicomponent T1ρ relaxation [95, 96] and 
T1ρ dispersion [97] in human subjects, which may 

provide more specific information regarding 
macromolecular changes in the cartilage matrix. 
Fast T1ρ imaging with novel reconstruction tech-
niques will help reduce acquisition times without 
loss of accuracy [98, 99].

3.4  Summary

MRI relaxometry including dGEMRIC, T2, T2*, 
and T1ρ imaging provide valuable information on 
collagen-proteoglycan cartilage matrix changes 
that occur at early stages of OA. Such quantita-

60
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Fig. 3.4 T1ρ maps of (a, b) lateral and (c, d) medial sides 
of an ACL-injured knee at (a, c) baseline and (b, d) 1-year 
after ACLR. T1ρ values in posterior lateral tibia were ele-
vated significantly in ACL-injured knees at baseline and 
remained high at 1-year follow-up despite resolution of 

bone bruise in the lateral tibia. T1ρ values in medial femo-
ral condyle and medial tibia were significantly elevated in 
the ACL-injured knee at 1-year follow-up. (Figure from 
Reference [80] with permission)
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tive measures may serve as promising imaging 
biomarkers for early detection, monitoring, and 
prediction of disease progression, and sensitive 
outcome measures in clinical trials of evaluating 
novel therapeutic strategies for OA.  To date, 
however, these techniques are primarily used in 
research studies. Several factors are critical for 
clinical translation of MRI relaxometry for 
improved early diagnosis and prognosis of OA: 
(1) standardized acquisition protocols and multi-
vendor multisite cross validation. The RSNA 
Quantitative Imaging Biomarker Alliance 
(QIBA) MSK subcommittee has worked on stan-
dardizing T2 and T1ρ measurements for clinical 
and research use [100]; (2) fast imaging acquisi-
tion for incorporation into routine imaging proto-
cols; and (3) standardized and automated 
postprocessing built into the clinical workflow. 
Synergized efforts between academic institutes, 
clinical sites and industrial partners are critical to 
move the field forward and to improve OA man-
agement with quantitative radiology.
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Epidemiology of Post-traumatic 
Osteoarthritis of the Lower 
Extremity: Premature Aging 
of Youthful Joints
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4.1  Epidemiology 
of Osteoarthritis

Osteoarthritis (OA) is a prevalent, costly dis-
ease. 45  million US adults over the age of 45 
have radiographic evidence of OA [1–3]. More 
than 14  million individuals suffer from symp-
tomatic, radiographic knee OA in the United 
States, and this number continues to grow as a 
result of the aging population and rising levels 
of obesity [2, 4]. The hip, with a 10% preva-
lence of symptomatic, radiographic OA in indi-
viduals over 45, and the hand (~7% prevalence) 
are also commonly affected [2, 5]. Osteoarthritis 
affects individuals across the globe with a 
worldwide prevalence of symptomatic OA esti-
mated at 240 million people [6].

Several health conditions are associated with 
higher lifetime risk of OA [2, 6, 7]. Diabetes mel-
litus serves as an independent risk factor for the 
development of OA, with one study reporting 
that individuals with Type 2 Diabetes Mellitus 
(T2DM) have a 52% risk of developing OA, as 
compared to 27% among non-T2DM controls 

[8–11]. The prevalence of hypertension is twice 
as high among persons with OA as compared to 
matched controls [6]. In persons with body mass 
index greater than 30 kg/m2, the lifetime risk of 
developing symptomatic knee OA increases to 
more than 60% [2, 12]. Gender also plays a role 
in OA development, with females having 25% 
greater risk than males for hand OA and 58% 
greater risk for knee OA [2, 5]. Further, symp-
toms and joint space narrowing are often more 
severe in women than in men [13].

Osteoarthritis typically interferes with daily 
activities and reduces quality of life. Indeed, 43% 
of persons with OA in the US experience limita-
tions in activities of daily living and 9% are 
unable to work as compared to 5% of the general 
population [14, 15]. Consequently, OA gives rise 
to substantial direct and indirect costs. Updated 
to 2019 dollars, an estimated $112 billion dollars 
are spent each year treating OA in the USA, with 
indirect costs estimated at approximately $65 bil-
lion dollars [6, 16].

4.2  Overview of Mechanisms 
Linking Trauma 
to Osteoarthritis

It is estimated that 12% of cases of lower extrem-
ity symptomatic OA result from traumatic injury 
[17]. Traumatic injury can increase an individu-
al’s risk of OA by more than ten-fold. On aver-
age, patients with post-traumatic OA (PTOA) 
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develop knee OA 10.4  years earlier, hip OA 
9.0 years earlier, and ankle OA 14.0 years earlier 
than their primary OA counterparts [17]. The sig-
nificantly higher risk and earlier age of onset of 
post-traumatic OA, as compared to OA from 
other etiologies, emphasizes the importance of 
injury prevention and the need for a clear under-
standing of the relationship between trauma and 
OA to inform prevention strategies (See Fig. 4.1 
and Table 4.1).

Several mechanisms have been proposed to 
link acute injury to early onset of OA [18–21]. 
Articular cartilage is designed to distribute load-
ing forces and to tolerate loads typical of daily 
activities. However, greater mechanical impacts 
may result in loading forces that exceed what the 
cartilage matrix can handle [21]. Previous 
research suggests that, in general, forces greater 
than 25 MPa can lead to joint damage, particu-
larly when high loads are applied rapidly, which 
prevents the cartilage from redistributing the 
impact over a greater area [20].

Buckwalter et al. identify three types of articu-
lar cartilage injuries that may develop as a result of 
either acute or repeated mechanical trauma: (1) 
damage to the chondral matrix without disruption 
of the articular surface, (2) damage to the cartilage, 
and (3) damage to both the cartilage and subchon-
dral bone [20, 21]. Even when the subchondral 
bone is unaffected, these injuries promote carti-
lage death, which in turn accelerates chondrocyte 
aging and matrix degradation, ultimately contrib-
uting to osteoarthritis [18, 22, 23]. Furthermore, 
injury may lead to altered mechanics, increasing 
the stress on articular cartilage [18, 22].

Chondrocytes can repair cartilage damage 
incurred from injury to some extent. But beyond 
that, the damage becomes irreversible [20]. 
Chondrocyte senescence, which results from 
increased metabolic stress on chondrocytes post- 
injury, decreases the ability of cells to maintain 
and repair damaged tissue, contributing to the 
risk of post-traumatic OA [18]. Healing and 
repair following injuries that extend into the sub-
chondral bone are often incomplete. Chondral 
repair tissue is generally less stiff and more per-
meable than native articular cartilage, and more 
easily deteriorates over time [18, 21]. This results 

in a permanent defect, exposing the joint to 
greater mechanical loads that promote further 
degeneration [18, 21]. Additionally, intra- 
articular bleeding often associated with subchon-
dral bone injuries has been shown to induce 
inflammation, which may contribute to the devel-
opment of post-traumatic osteoarthritis [20, 23, 
24]. Recent studies suggest that when activated, 
chondrocytes and cells in the synovium produce 
pro-inflammatory cytokines such as IL-6, IL-8, 
and tumor necrosis factor-alpha, which may 
result in apoptosis and abnormal expression of 
inflammation-related genes [25, 26]. This inflam-
matory response increases the risk of greater car-
tilage degradation and the onset of chronic 
disease; it may also exacerbate pain, swelling, 
and stiffness of the joint [24–26].

In addition to the joint damage arising directly 
from the impact of injury, the instability that may 
follow injury also contributes to post-traumatic 
OA. Two of the most common scenarios in which 
instability may result from injury include ACL 
rupture and meniscal tear, as discussed in the fol-
lowing section.

4.3  Post-traumatic Knee 
Osteoarthritis

Of the 14  million cases of symptomatic radio-
graphic knee OA in US adults, 10% can be attrib-
uted to previous injuries, notably ACL or 
meniscal tear, each of which accounts for about 
25% of serious knee injuries [27]. Prior knee 
injury renders an individual 4.2 times more likely 
to develop osteoarthritis [27].

4.3.1  ACL Injury

ACL rupture primarily affects young, physically 
active individuals, with particularly high inci-
dence rates among individuals engaged in sports 
that require pivoting [22]. ACL rupture is often 
accompanied by meniscal tear, both of which can 
lead to decreased activity, worse knee function, 
and a substantially higher risk of knee OA [28, 
29]. ACL tears are estimated to occur in 68.6 per 
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INTRINSIC FACTORS
Gender

Females more susceptible than
males
Age

Advanced age increases risk
Race

JOINT RISK FACTORS
Alignment

Valgus/varus alignment abnormal
loading
Obesity

Increases load on joints
Metabolic Syndrome 

EXTRINSIC FACTORS
Occupational Activities
Exposure to heavy lifting, 

squatting, kneeling 

OSTEOARTHRITIS

INJURY

P os t T
r

au m at
i

c 

Gender
Females are more susceptible to certain injuries e.g. ACL tear

Age
More advanced age when injury is sustained

Genetic factors
Predisposition to certain factors e.g. congenital hip dysplasia

Sports

Trauma

Fig. 4.1 Post-traumatic OA risk factors include risk factors for joint injury as well as risk factors for osteoarthritis 
(intrinsic, joint-level, and extrinsic). (Copyright by The Radiological Society of North America (RSNA®))
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100,000 person-years, with a cumulative inci-
dence over 5% in persons between 10 and 
64 years old [22]. Nearly 50% of individuals with 
ACL rupture and/or meniscal tear exhibit symp-
tomatic OA within 10–20  years of injury [22, 
30]. Given that the majority of individuals who 
tear their ACL do so before the age of 30, most of 
these individuals will be diagnosed with post- 
traumatic OA before the age of 50, which is, on 
average, 5 years younger than the median age of 
onset of OA in the general population (estimated 
to be 55  years old) [7]. Some studies have 
reported the age of post-traumatic OA diagnosis 
to be even earlier, with previously injured ath-
letes showing signs of OA in their 30s [31, 32]. 
Lohmander et  al. identified radiographic tibio-
femoral or patellofemoral OA in 51% of female 
soccer players 12 years following ACL injury, as 
compared to 8% in the contralateral knee. These 
authors noted mild radiographic changes, defined 

as joint space narrowing grade or osteophyte 
grade ε1 in the patellofemoral and/or tibiofemo-
ral compartments, in 82% of index knees versus 
37% in the contralateral knee [31]. A similar 
study found that 41% of male soccer players who 
sustained tear exhibited radiographic OA 14 years 
after injury [32]. The majority of these study par-
ticipants also experienced symptoms consistent 
with knee OA.

Overall, females are at high risk for ACL rup-
tures than males. A recent study noted that female 
athletes experienced a three- to five-fold greater 
likelihood of ACL tear than male athletes, likely 
due to gender-specific anatomical differences 
that influence landing mechanics, torsional stiff-
ness, and joint laxity [22]. Several additional fac-
tors contribute to the predisposition to ACL tears 
among women including neuromuscular control 
deficits, which affect their lower extremity fron-
tal plane when landing, preferential use—and 

Table 4.1 Risk factors of post-traumatic OA

Risk Factor Comments References
All sites
Gender Females have a greater risk of OA than males

   – 25% greater risk for hand OA
   – 58% greater risk for knee OA

[2, 5, 14]

Diabetes OA 2.0× more likely for Type-2 diabetes [9–12]
Hypertension OA 2.0× more likely [7]
Body mass index ε 30 kg/m2 Lifetime risk OA ~60% [2, 13]
Knee
Knee injury (all types) Knee OA 4.2× more likely in those with knee injury history [28]
ACL tear 40–50% of those with ACL tear developed radiographic OA 

within 14 years of tear
   – Females 3–5× greater risk of ACL tears than males

[23, 32, 33]

Meniscal tear Knee OA more likely in those with meniscal tear (OR: 5.7) [20]
Meniscectomy Knee OA more likely in those with meniscectomy

   – RR: 4.8–9.8 (index knee)
   – RR: 2.6 (contralateral knee)

[30, 42]

Hip
Acetabular fracture 48% of individuals developed OA within 2 years f/u [57]
Femoroacetabular impingement 
(FAI)

Greater risk among athletes [58–61]

Genetic factors Including slipped capital femoral epiphysis and congenital hip 
dysplasia

[63, 64]

Ankle
Type of ankle fracture Risk of OA 70–80% in those with ankle fracture or severe acute 

ankle sprain/chronic instability
[65–68]

Extent of cartilage damage Onset of OA after intra-articular fracture is much faster than 
extra-articular fracture (19.3 vs 32–50 years between fracture and 
OA onset)

[67]
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significantly greater strength—of quadriceps 
over hamstrings, as well as a weakened central 
core [33].

4.3.2  ACL Reconstruction Surgery

The indications for ACL reconstruction surgery 
are debated. Some studies, notably the KANON 
trial, suggest that patient-reported pain and func-
tional status are similar among ACL-injured 
patients who undergo ACL reconstruction sur-
gery plus structured rehabilitation as compared 
with those who undergo rehabilitation without 
surgery [28]. Among patients with ongoing 
objectively demonstrable instability following 
ACL tear, surgery is indicated. In the absence of 
subjective or objectively demonstrated instabil-
ity, however, the treatment strategy is not clear- 
cut. When comparing individuals who underwent 
early ACL reconstruction surgery to those who 
received rehabilitation with the option of delayed 
surgery in a 5-year follow-up of the KANON 
trial, Frobell et al. found no statistically signifi-
cant difference in the number of individuals who 
displayed tibiofemoral narrowing (KL ε 2) 
between the two groups. However, the proportion 
of subjects undergoing meniscectomy over the 
5-year period was significantly lower in the early 
ACL surgery group as compared to the delayed 
surgical group, suggesting that reconstruction 
may reduce the risk of subsequent meniscal tear 
and ultimately improve knee stability [34]. Long- 
term follow-up will be required to determine 
whether reconstruction exacerbates or attenuates 
the development of osteoarthritis in persons with 
an ACL injury.

The lack of clarity about the effect of ACL 
reconstruction on OA incidence reflects the two 
primary proposed mechanisms, outlined above, 
by which injury leads to OA onset and progres-
sion. On the one hand, reconstructive surgery 
may further exacerbate the initial damage of the 
injury, setting the stage for OA.  On the other 
hand, ACL reconstruction may reduce secondary 
instability due to ACL insufficiency, thereby min-
imizing the risk of future OA. These observations 
suggest that the management of persons with 

ACL tear should be directed both toward main-
taining joint stability and minimizing the amount 
of damage to the joint.

As previously addressed, acute injury pro-
motes the apoptosis of articular chondrocytes and 
the release of inflammatory mediators [23]. 
Surgery and associated intra-articular bleeding 
may prolong the inflammatory response [22]. 
However, surgery can reduce instability, restore 
the original mechanics of the knee, and diminish 
the force translated onto the cartilage, thus mini-
mizing the pressures that lead to cartilage degen-
eration [35]. Furthermore, reconstruction may 
protect against subsequent meniscal tears, sub-
chondral injury, and reoperation [35, 36]. In a 
study comparing the risk of reinjury between 
conservative and surgical treatment, Dunn et al. 
found that ACL reconstruction was associated 
with a 60% lower risk of subsequent reoperation, 
defined as any surgical procedure to treat menis-
cal or cartilage injury occurring more than 
6  weeks after the index case (32.6% operation 
rate among previously conservatively treated 
subjects versus 12.7% reoperation rate for surgi-
cally treated subjects) [36]. More specifically, as 
compared to those treated non-operatively, per-
sons treated with ACL reconstruction had a 56% 
reduction in lateral meniscal reoperation, 42% 
reduction in medial meniscal reoperation, and 
35% reduction of surgery to repair cartilage 
injury [36]. These data beg the question of 
whether the mechanical stability gained from 
surgery outweighs the further injury that may 
result from surgery. With over 200,000 ACL sur-
geries performed each year in the USA, amount-
ing to more than $3 billion annually, it is critical 
to continue to investigate the role of ACL recon-
struction in the initiation and development of 
osteoarthritis and to identify individuals for 
whom surgery is most appropriate [28, 37].

4.3.3  Meniscal Tears

Meniscal tears may also contribute to the onset of 
radiographic and symptomatic osteoarthritis. 
Unlike ACL ruptures, which are almost always 
the result of traumatic injury, meniscal tears can 
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result either from trauma (typically in younger 
patients) or from degenerative changes (typically 
arising insidiously in older patients). Meniscal 
tears resulting from trauma to a healthy knee may 
lead to the development of osteoarthritis through 
joint damage and altered loading pattern mecha-
nisms [29]. This mechanism mirrors the process 
involving ACL injury; in fact, often times, menis-
cal tears appear in concert with ACL tears 
[38–40].

Alternatively, a degenerative meniscal tear, 
which is associated with higher rates of symp-
tomatic OA, typically is accompanied by other 
degenerative changes [29]. In these instances, 
failure of damaged cartilage to bear load ade-
quately places greater stress on the meniscus, 
causing it to fail structurally. Because the menis-
cus contributes to joint stability, redistribution of 
loads, shock absorption, and cartilage lubrica-
tion, meniscal damage can exacerbate cartilage 
damage [29]. Thus, degeneration of cartilage can 
damage menisci while degeneration of menisci 
can also damage cartilage and lead to further pro-
gression of OA [29].

Meniscal tears are relatively common, with a 
cumulative prevalence of symptomatic meniscal 
tear between the ages of 10 and 64 of at least 
15%, 2.5-fold greater than the cumulative inci-
dence of ACL tear [22]. Meniscal tear contrib-
utes substantially to the overall incidence of 
post- traumatic knee OA, even when treated non- 
surgically [19, 22]. In one study of knees with 
normal (KL 0) radiographs at baseline, 55% of 
those with meniscal tear at baseline transitioned 
to KL grade ε 2 over 30  months as compared 
with 19% of those with normal menisci at base-
line [19]. Based on these findings, the adjusted 
odds of developing radiographic tibiofemoral 
OA with meniscal tears, as compared with knees 
without tears, is 5.7 (95% confidence interval 
3.4–9.4) [19].

Undergoing either a partial or total meniscec-
tomy also increases the risk of developing OA, 
not only in the index knee (RR: 4.8), but also in 
the contralateral knee (RR: 2.6), likely due to 
altered mechanics [29]. For example, Englund 
et al. showed that between 43 and 48% of knees 

that underwent surgical intervention (including 
partial and subtotal meniscectomy) and 27–29% 
of contralateral, unoperated knees demonstrated 
tibiofemoral radiographic OA 15–22 years after 
meniscectomy. Over the same period, just 9% of 
knees in persons who had no surgery developed 
radiographic OA [29, 41]. Others have reported 
the relative risk of developing mild radiographic 
changes (KL grade ε1) to be 14-fold (95% CI: 
3.5–121.2) higher in persons who underwent 
meniscectomy than in age- and sex-matched con-
trols without tears. Similarly, the risk of develop-
ing OA with KL grade ≥2 was 9.8-fold higher 
(95% CI: 3.5–37.6) in persons with the previous 
meniscectomy in comparison to age- and sex- 
matched controls [42]. In ACL-injured individu-
als, those who underwent meniscus surgery 
displayed even higher rates of radiographic rates 
of knee OA (69% versus 39% who did not have 
meniscus surgery) [31].

Currently, there are no approved disease- 
modifying osteoarthritis drugs. In addition to 
lifestyle modifications, several surgical strate-
gies have been proposed in the last several 
decades to mitigate or delay the onset of osteo-
arthritis. The low-cost, single-stage microfrac-
ture (MF) procedure is performed most 
commonly in this setting. Several trials have 
investigated autologous chondrocyte implanta-
tion (ACI), a more costly two- stage operation, 
to manage post-traumatic or degenerative carti-
lage lesions [43–46]. There is conflicting evi-
dence on the efficacy of ACI as a potential 
avenue to regenerate damaged cartilage [47–
52]. In a randomized trial comparing ACI with 
MF, Knutsen et al. found no statistically signifi-
cant differences in Lysholm and VAS pain 
scores between the two treatment groups at 2–, 
5–, and 14–15  years follow-up [48–50]. 
Furthermore, both the ACI and MF groups 
exhibited high failure rates, defined as individu-
als who required reoperation due to persistent 
symptoms after the original cartilage defect 
repair (32.5% for MF, 42.5% for ACI) [49]. 
However, data from the 2-year follow-up of the 
SUMMIT randomized control trial suggest sta-
tistically significant improvement in KOOS pain 
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and function scores in individuals who under-
went matrix-induced autologous chondrocyte 
implantation as compared to MF [51]. Further 
investigation is necessary to determine whether 
these treatment options prove to be clinically 
and radiographically effective both in the short- 
and long-term.

The use of joint stabilizing braces or implants 
may also help to reduce the risk of OA and the 
symptoms associated with OA [53]. In the knee, 
unloading braces and unloading implants serve to 
transfer load away from the affected compart-
ment, alleviating stress on the cartilage and 
improving the biomechanics of the knee. 
Preliminary trials of unloading implants have 
been promising and may provide a minimally 
invasive alternative to osteotomy [43, 54].

While the above treatments may help to atten-
uate osteoarthritis, the most straightforward 
solution to avoid post-traumatic OA is injury 
prevention. In recent years, neuromuscular train-
ing has proven effective in reducing primarily 
lower extremity injuries, most notably ACL rup-
ture. A meta-analysis reported by Donnell-Fink 
and colleagues in 2015 suggests that neuromus-
cular and proprioceptive training do indeed pro-
tect against general knee injury (27% reduction 
in injury rate) and specifically against ACL 
injury (51% reduction) [55]. ACL injury often 
results from landing or pivoting on an extended 
hip or knee when unbalanced. Neuromuscular 
training offers a combination of power, strength, 
balance, and coordination exercises that can 
improve joint stability and teach athletes to land 
and maneuver with control [33, 56]. In the event 
that injury has already occurred, this training 
technique may also help an individual to regain 
motor control and proprioception after ACL 
reconstruction [56]. In view of the high risk of 
reinjury after initial ACL rupture (25% of indi-
viduals experience a second rupture after ACL 
reconstruction), neuromuscular training has an 
important role both in rehabilitation (secondary 
prevention) and in primary injury prevention 
[33, 56]. These training programs should be 
implemented at an early age and maintained into 
adulthood [33].

4.4  Post-traumatic Hip 
Osteoarthritis

Post-traumatic hip OA accounts for 2% of all 
cases of hip OA [27]. Tveit et al. found elite male 
athletes to be twice as likely to develop hip OA 
and 2.5 times as likely to undergo hip arthroplasty, 
as compared to controls [57]. These greater risk 
ratios were primarily driven by impact sports 
[57]. Several specific entities appear to link 
trauma to hip OA, as discussed below.

Acetabular fractures are one of the leading 
causes of post-traumatic hip OA and are becom-
ing increasingly common due to a growing inci-
dence of car crashes [58]. In a study conducted 
by Cahueque et al., 48% of individuals with one 
of these complex, high-energy fractures devel-
oped post-traumatic OA within 2 years of follow-
 up [58]. Furthermore, complicated fracture 
patterns, along with the type of fracture (isolated 
posterior wall fractures or those coupled with 
transverse fractures) are more commonly associ-
ated with PTOA.  Poor fracture reduction (non- 
anatomic as opposed to anatomic reduction) is 
also associated with a higher risk for PTOA 
development [58].

Femoroacetabular impingement (FAI), which 
arises from abnormal contact between the femur 
and acetabulum, may also increase the risk for 
the development of hip osteoarthritis [59]. In 
general, cam-type deformities, as opposed to pin-
cer or mixed deformities, result in the premature 
development of hip OA [60]. There is currently 
insufficient evidence to determine whether FAI 
arises from genetic differences, participation in 
high-impact sports, or a combination of both, 
although arguments have been made for both 
etiologies.

The stress of high-impact sports on the hip 
socket likely also contributes to the development 
of FAI.  Athletes, especially collegiate football 
players and professional hockey players, exhibit 
especially high rates of impingement, with one 
study reporting a three-fold increase in femoral 
tilt deformities, the most common femoral head 
deformity in hip OA, in athletes as compared to 
controls [59, 61, 62]. Likely, the “repetitive 
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microtrauma” that occurs during high-impact 
sports, especially as the growth plate closes dur-
ing adolescence, causes the formation of reactive 
bone and cam lesions. This impingement may 
consequently lead to structural damage, includ-
ing labral tears, thereby increasing the risk of 
developing hip OA [59, 60].

Other risk factors associated with the develop-
ment of OA in younger individuals include 
slipped capital femoral epiphysis and congenital 
hip dysplasia, both of which can result from 
genetic factors and contribute to cartilage degra-
dation [63, 64].

4.5  Post-traumatic Ankle 
Osteoarthritis

Although osteoarthritis of the ankle occurs in less 
than 1% of the population, OA develops in 
70–80% of subjects sustaining ankle fracture or 
severe acute ankle sprain or chronic instability 
[65–68]. By contrast, the proportion of OA due to 
trauma is estimated at just 10% for the knee and 
2% for the hip [2, 5, 27]. These higher rates in the 
ankle likely occur because of the ankle’s struc-
ture: the cartilage within the ankle is much thin-
ner and stiffer than that of the knee or hip and is, 
therefore, unable to adapt to contact stresses and 
changes to the articular surface [65]. With more 
individuals engaging in high-risk sports and 
active recreational activities, in addition to an 
aging population, the incidence of ankle fractures 
is rising [67]. This growing prevalence of ankle- 
related post-traumatic osteoarthritis is associated 
with a lower quality of life for more individuals 
because ankle injuries often result in long-term 
negative effects on pain and function [66].

Several important factors contribute to the risk 
and severity of post-traumatic ankle OA, the 
most pertinent being the type of ankle fracture 
and the extent of articular cartilage damage [69]. 
The two most frequent ankle fractures leading to 
OA are pilon fractures (29% of cases), which are 
caused by high-energy trauma from axial com-
pression, and malleolar fractures (53% of cases) 
[67, 70, 71]. Alternatively, OA develops less fre-
quently (about 10% of the time) following tibial, 

fibular, and talus fractures. The average latency 
time between injury and end-stage ankle osteoar-
thritis is approximately 41 years for tibial shaft 
fractures and 9 years for talus and combined frac-
tures [67].

The difference between extra- and intra- 
articular fractures also influences the time to 
onset of osteoarthritis. While osteoarthritis often 
develops between 32 and 50 years following an 
extra-articular fracture, the interval between frac-
ture and OA onset is nearly half that for intra- 
articular fractures (19.3  years) [67]. All 
intra-articular fractures can be defined as pilon 
fractures, and as such, are the result of high- 
intensity forces. By contrast, extra-articular frac-
tures are often less severe, generally resulting 
from low-energy rotational or axial loads [72]. 
The occurrence of complications, such as non- 
union or osteomyelitis, during the healing pro-
cess as well as fractures sustained at older ages 
have also been shown to be associated with worse 
outcomes and shorter time to the progression of 
OA [67].

4.6  Summary

Osteoarthritis is a serious, costly disease and is 
increasingly prevalent as a result of an aging 
population and higher rates of obesity. 
Approximately 12% of lower extremity symp-
tomatic, radiographic OA can be attributed to 
traumatic injury, accounting for 10% of all cases 
of symptomatic, radiographic knee OA, 2% of 
cases of hip OA, and 70–80% of cases of ankle 
OA. Not only does traumatic injury increase the 
risk of developing OA, but also often leads to a 
more rapid progression, with persons presenting 
with post-traumatic OA several years earlier 
than those who develop OA from other etiolo-
gies. ACL and meniscal injury are most salient 
injuries leading to knee OA. Further research is 
necessary to better understand the role of ACL 
reconstruction surgery in the development of 
post-traumatic osteoarthritis and the balance 
between the risk of further  structural damage 
and the need for greater stability. Given that 
there are currently no treatments available to 
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reverse joint degeneration and the onset of OA, 
the most effective prevention  strategy for post-
traumatic OA is to prevent injury (often the 
result of high-impact trauma) to the knee, hip, 
and ankle joints, as well as the soft tissue struc-
tures that surround them.
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5.1  Introduction

In this chapter, we will discuss osteoarthritis and 
its current economic implications in the United 
States. With the emergence of a younger popula-
tion being diagnosed with osteoarthritis, we will 
also explore economic impacts specific to early 
osteoarthritis. Next, we will discuss the effect of 
socioeconomic factors on the development of 
early osteoarthritis. Finally, we review the cur-
rent literature on the cost-effectiveness of novel 
surgical interventions for early osteoarthritis.

5.2  Current Economic Burden 
of Osteoarthritis

Currently, articular cartilage injury is one of the 
most common and debilitating musculoskeletal 
conditions in the United States [1, 2]. Likely in 
part due to an aging population and an increasing 
rate of obesity, the annual prevalence osteoarthri-
tis (OA) is increasing at a rapid pace [3]. Recent 
studies have estimated that between 27 and 
31  million people are currently afflicted with 
osteoarthritis in the United States [4], with hip 
and knee osteoarthritis accounting for 17 million 
disability years [4]. Commonly referred to as 
“wear and tear” arthritis, osteoarthritis is thought 
to normally affect older adults who have accumu-
lated years of repeated stresses that, eventually, 
contribute to joint aging and degeneration. 
Indeed, age seems to be the most significant inde-
pendent risk factor for developing osteoarthritis 
[5, 6]. However, several other risk factors such as 
obesity, prior joint trauma, and developmental 
abnormalities may predispose certain individuals 
to early onset development osteoarthritis.

Arthritis places significant impact of the med-
ical system, and the burden on society will only 
increase in the immediate future. In 1995, 
6.5  million of visits were directly related to 
arthritis, as well as 265,000 Emergency 
Department visits, and 619,731 outpatient hospi-
tal visits [7]. In addition, those who were hospi-
talized spent in excess of 2.3  million days in 
inpatient care [7]. The National Health Interview 
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Survey estimated in this year, 1995, than more 
than 20 million people in the United States had 
arthritis [8] with a prevalence rate of approxi-
mately 125 per 1000 persons [7]. As of 1999, 
patients with arthritis will visit the doctor 39 mil-
lion times and be hospitalized more than half a 
million times per year [9]. Total costs of care for 
patients with arthritis in the year 1999 accounted 
for approximately 1.1% of the Gross National 
Product in the United States [9]. Direct medical 
costs associated with arthritis were about $15 bil-
lion, not accounting for the additional $65 billion 
in secondary disability and debilitating costs 
caused by loss of working aged individuals due 
to arthritis [9]. In such a short time period, there 
was an increase in the economic burden of arthri-
tis on society, which will only continue to worsen. 
Census data predict that by the year 2030, the 
total US population will increase by 28%, the 
population aged 55 or older will increase by 
about 10%, and the population of those aged 
65  years or older will nearly double [10]. 
Especially worrying is the amount patients with 
symptomatic arthritis pay for managed care 
plans, versus those without arthritis. A 20,000 
subject study found that patients with symptom-
atic arthritis pay direct medical costs at two times 
the cost of those without arthritis after being 
matched for age, gender, and insurance claims 
[9]. On top of those direct costs, those with arthri-
tis typically need special care which is not cov-
ered by insurance, including medication, home 
modifications, personal care, and transportation 
[11]. The costs of care for patients with arthritis, 
both direct and indirect, is a serious issue which 
needs to be addressed in order to lessen the eco-
nomic burden on society in the near future.

5.3  Special Issues Associated 
with Early Osteoarthritis

In young patients, the development of osteoar-
thritis can be classified as either idiopathic or 
post-traumatic [12]. Idiopathic osteoarthritis in a 
young patient is rare, as idiopathic osteoarthritis 
develops through repeated wear and subsequent 
degeneration of articular cartilage. Normally this 
process occurs over many years; however, spe-

cific occupations and individual risk factors may 
accelerate this process. Post-traumatic osteoar-
thritis (PTOA) develops after an acute joint 
injury, such as a fracture, ligament tear, or articu-
lar insult. Most notably, several studies have 
linked anterior cruciate ligament (ACL) injury to 
the development of OA, with some studies report-
ing the incidence of PTOA following ACL injury 
to be as high as 87% [12, 13]. The exact mecha-
nism of PTOA is currently not well understood 
and is thought to multifactorial in nature.

The increase in incidence of osteoarthritis in 
younger patients introduces an additional eco-
nomic concern. Unlike older patients who are 
likely retired by the time they develop osteoar-
thritis, the development of osteoarthritis in 
younger adults leads to a likely loss of economic 
productivity, due to the pain and mobility limita-
tions in younger populations. Early withdrawal 
from the workforce due to arthritis, along with a 
subsequent increased utilization of medical care, 
represent a potentially significant and growing 
societal burden in the United States. Previous 
studies have established that the development of 
arthritis increases one’s risk of being out of the 
labor force by 64% [14]. The United States Bone 
and Joint Initiative (USBJI), in their 2016 Burden 
of Musculoskeletal Diseases report, found that 
from 2013 to 2014, adults of osteoarthritis 
reported 180.9  million total lost work days, 
which represented 34% of total lost work days 
for any medical condition [15]. There is also evi-
dence that direct medical costs associated with 
osteoarthritis are higher for younger patients than 
older ones. MacLean et  al. reported that direct 
medical costs attributable to osteoarthritis and 
associated comorbidity was $2827 a year for 
patients under the age of 65, compared to $1963 
per year for patients older than 65 in 1991–1993 
[1, 16]. Patients who develop osteoarthritis at a 
younger age must live with the debilitating effects 
of the disease for far longer than older patients 
with osteoarthritis, incurring hefty cumulative 
costs over a lifetime.

In 1980, 101,235 total knee arthroplasties 
(TKAs) were performed in patients under the age 
of 50 [17]. In 1990, that number increased to 
137,673 [17]. In 2000, 158,108 TKAs were per-
formed in patients under the age of 50 [17]. In 
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2010, an estimated 174,170 TKAs were per-
formed on people younger than age 50 [17]. The 
definitive growth of younger populations who 
suffer from osteoarthritis of the knee creates 
novel concerns from both a medical and an eco-
nomic viewpoint. Considering that in 2004, the 
median hospital charge for a primary TKA was 
$29,509 [18], the medical burden of osteoarthri-
tis can be expected to significantly increase in the 
future.

Similar to the incidence of knee osteoarthri-
tis, the incidence of hip osteoarthritis in younger 
populations in the United States is growing, per-
haps at an even more rapid rate. In 1980, 71,175 
total hip arthroplasty (THA) was performed in 
patients under the age of 50 [17]. In 1990, that 
number increased to 145,298 [17]. In 2000, 
150,203 patients under the age of 50 underwent 
THA [17]. Finally, in 2010, an estimated 222,276 
THA were performed on people younger than 
age 50, a greater than 200% growth over 30 years 
[17]. This exponential increase in THA is likely 
to continue in the future, with experts predicting 
a significantly increasing demand for total hip 
arthroplasty for younger patients by 2030 [19]. 
A 2009 analysis predicted that, by 2030, over 
52% of primary THAs and 62% of primary 
TKAs will be performed on patients less than 
65  years old [20]. This increased demand for 
THAs in younger patients will likely result in a 
significantly growing medical burden, consider-
ing the median hospital charge for a primary 
THA of $32,571 [18].

Currently, there is a lack of research on the 
economic impact of hip osteoarthritis in young 
adults in the United States. However, a study per-
formed by Gupta et  al. examined the economic 
burden of both hip and knee osteoarthritis in 
patients living in Ontario, Canada. The study 
found that younger age was an important predic-
tor of employment-related indirect costs, making 
up 32.9% of total economic burden for patients 
less than 65  years old [21]. Understandably, 
younger patients who cannot perform their job 
due to severe pain and restriction from hip osteo-
arthritis are more likely to experience loss of 
wages and more significant financial losses com-
pared to older, retired patients.

5.4  Socioeconomic 
Characteristics of Patients 
with Early Osteoarthritis

Risk factors for early arthritis include gender and 
socioeconomic status (SES). SES is a general 
measure for an individual’s social and economic 
position relatively to others, and usually encom-
passes factors such as occupation, education, and 
income. Women tend to have early osteoarthritis 
had nearly twice the rate men do in the United 
States [11]. There is also a strong correlation 
between SES and the prevalence of osteoarthritis. 
Lower SES is greatly associated with higher rates 
of osteoarthritis with an inverse relationship as 
SES increases. In addition, less than 12 years of 
education and lack of a support system are also 
associated with higher rates of osteoarthritis [11].

As a surrogate reflection for the impact of 
early osteoarthritis, total knee arthroplasty due to 
osteoarthritis is a prevalent procedure performed 
in the United States that will only continue to 
grow in popularity [22]. A multitude of studies 
have been conducted, both retrospectively and 
prospectively, to investigate the effects of socio-
economic factors on likelihood of total knee 
replacements later in life [3, 4, 6, 23–33]. 
Socioeconomic factors include level of income, 
community, occupation, education, lifestyle, 
among others. Trends among demographic such 
as race, ethnicity, gender, etc., are also important 
when identifying potential risks for knee osteoar-
thritis. These socioeconomic traits are often 
related to body mass index, occupation risks and 
benefits, community poverty, and disability. All 
of these factors were investigated to find relation-
ships between SES and the rates of total knee 
replacements.

5.4.1  Socioeconomic Distribution

The most important factor socioeconomic factor 
is the distribution of income and wealth. Evidence 
in recent years has shown that lower levels of 
SES are associated with higher cases of radio-
graphic and symptomatic knee osteoarthritis in 
the developed world. In Australia, there was an 
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overall decrease of total knee replacements as 
SES increased according to the Index of Relative 
Socioeconomic Advantage and Disadvantage 
(IRSAD) [27]. In Spain, there is an incidence rate 
of knee osteoarthritis of 206.7/10,000 persons- 
year in the most disadvantaged communities. In 
contrast, the rate was 133.3 persons-year for indi-
viduals in the least disadvantaged communities 
[28]. As hypothesized in recent studies, this dis-
parity could be because of difference in occupa-
tion, as well as access to other forms of care and 
medical literacy which typically come with 
higher SES. Callahan et  al. explored how com-
munity poverty affected rates of knee osteoarthri-
tis as part of the Johnson County, NC project 
[29]. The authors discovered that communities 
with a poverty level of greater than 25% corre-
lated significantly with knee osteoarthritis [29]. 
In addition, African American communities were 
more likely to be suffering from these communal 
factors. There is evidence to show that obesity, 
injury, malalignment, childhood SES, and child-
hood abuse are linked to knee osteoarthritis later 
in life [30]. Other factors affecting development 
of knee osteoarthritis are diet and psychological 
factors. Direct correlations between disability 
and anxiety, fatigue, helplessness, and depression 
have been found in lower income communities 
[29, 31]. These psychological factors, in addition 
to low income and wealth, often lead to poor diet 
and/or obesity [31, 34]. In contrast, years of for-
mal education, self-efficacy, and perceived qual-
ity of life were inversely correlated to disability 
and symptomatic knee osteoarthritis [31]. SES 
and wealth are often highly associated with edu-
cation and types of jobs, as well, which can have 
a significant impact on the prevalence of knee 
osteoarthritis.

5.4.2  Education

Another important socioeconomic factor related 
to incidence of knee osteoarthritis in the general 
population is educational attainment. Several 
studies have reported a significantly higher inci-
dence of knee osteoarthritis in populations with 

low levels of education [29, 32, 35]. Individuals 
with educational attainment of less than 12 years 
also scored higher on the Western Ontario and 
McMaster Universities Arthritis Index 
(WOMAC) questionnaire than those with more 
than 12 years of formal education at a significant 
level [33]. The WOMAC scale uses subsets of 
function, pain, stiffness, and total to identify both 
broad and specific effects of osteoarthritis. Data 
from the Johnson County, NC Osteoarthritis 
Project indicates that among those with less than 
12  years of education, women are even more 
likely to have symptomatic and radiographic 
knee osteoarthritis. Levels of education can also 
impact the readiness for an individual to seek 
treatment and medical literacy. In Sweden, statis-
tics show that individuals with low levels of edu-
cation have higher rates of knee replacements; 
however, those with higher levels of education 
had knee osteoarthritis diagnosed at an earlier 
age on average [23]. This implies that those with 
higher levels of education are quicker to seek out 
care for their pain, while individuals with lower 
levels of education may choose to live with their 
pain. Although access to health care is available 
to all in Sweden, education and SES still play a 
deciding role in the care and risks of total knee 
replacements. Another study performed in 
Sweden investigated the differences between a 
guided treatment named “Better Management of 
Patients with Osteoarthritis” (BOA) and the ref-
erence group. It found that those in the BOA 
group had a higher level of SES, including educa-
tional attainment. Due to the extensive care 
involved in the BOA (training from a physical 
therapist, a self-management program, and an 
evaluation if they were recommended), it was 
harder to reach the lower SES individuals [24]. 
This may be because of the time involved in this 
type of treatment, self-efficacy, or the medical lit-
eracy that is associated with higher SES. Those 
with a bachelor’s degree or higher are also more 
likely to seek out physical therapy for knee osteo-
arthritis [25]. Education ultimately leads to the 
kind of job or profession one enters, which has a 
significant impact in possibly developing knee 
osteoarthritis leading to total knee replacements.
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5.4.3  Work Status

Many studies into the correlations of SES and 
knee osteoarthritis investigated the associations of 
certain kinds of occupations. Nonmanagerial posi-
tions showed associations with higher scores of 
WOMAC function, pain, and total [33]. On a 
broad scale, those with manual labor/industrial 
jobs which involve continuous, repetitive motions 
have higher rates of knee osteoarthritis, both radio-
graphic and symptomatic [36]. Occupations which 
are very physically demanding are associated with 
knee osteoarthritis after 10 or more years of expo-
sure to those tasks [37]. For radiographic knee 
osteoarthritis, there was a significant correlation 
with sitting, climbing steps, daily lifting/carrying 
for women, and kneeling/squatting [26, 36]. In 
addition, there were multiple other activities which 
were linked to symptomatic osteoarthritis: walk-
ing, lifting greater than 10 lb, standing, crawling, 
and doing heavy work while standing [36]. Gender 
can also have an effect on which occupations have 
higher risks for knee osteoarthritis. In men, con-
struction workers/masons, electricians, plumbers, 
service workers, and agricultural workers were at 
higher risk for knee osteoarthritis [37–39]. In 
women, cleaning services, caretaking, assistant 
nurses, and kitchen workers were at higher risk for 
knee osteoarthritis [37–39]. Occupational hazards 
and tasks linked to 12 years or less of education 
were significantly associated to knee osteoarthritis 
in both genders. In women, there is a significantly 
higher risk of symptomatic and radiographic knee 
osteoarthritis, while in men there is an 85% higher 
chance of symptomatic knee osteoarthritis [29]. 
This data should be used to make significant safety 
measures for the longitudinal health of individuals 
of all socioeconomic statuses to help prevent the 
development of knee osteoarthritis later in life.

5.5  Cost-Effectiveness 
of Treatments for Early 
Osteoarthritis

5.5.1  Knee

Degenerative knee osteoarthritis in younger 
adults has historically been rare, but its incidence 

in the United States is increasing. A study per-
formed with epidemiological data from 2007 
estimated the median age of a knee osteoarthritis 
diagnosis to be 55  years [40], compared to an 
average age of diagnosis of 69.4 in 1991 [41].

The economic burden of OA can be divided 
into arthroplasty and nonarthroplasty treatments. 
In terms of nonarthroplasty treatment options, 
three common types of procedures have been 
studied extensively: microfracture (MF), autolo-
gous chondrocyte implantation (ACI), and osteo-
chondral autograft transplantation (OCA). These 
techniques are most effective by repairing hya-
line cartilage in the knee, the principal preventor 
of knee osteoarthritis, thus making them the pri-
mary interest of research [42]. Additional proce-
dures have been studied to examine their 
cost-effectiveness and functionality when con-
sidering the incidence of knee osteoarthritis later 
in life. These techniques were examined for cost- 
effectiveness, both in isolation and in compari-
son, to treatment options. For example, the effect 
of timing of anterior cruciate ligament (ACL) 
reconstruction (whether delayed or early) on 
resultant cost-effectiveness has been studied in 
long-term models [43, 44]. In order to test the 
cost-effectiveness, many studies have report cost- 
effectiveness as Incremental Cost-Effectiveness 
Ratios (ICER) and Quality Adjusted Life Years 
(QALY). ICER takes into account the cost differ-
ence of the strategies as well as their effective-
ness to find the most efficient procedure while 
also keeping costs as low as possible for the 
patient [22]. QALY indicates the value of medi-
cal intervention dependent on the seriousness of 
the affliction [45]. These cost-effectiveness anal-
yses and long-term economic models allow 
researchers to better understand the longstanding 
impact of the procedures.

Microfracture is an arthroscopic procedure in 
which chondral defects are repaired through the 
creation of small networks of fractures, allowing 
for increased vascular access and cartilage 
growth. A systematic review of data including 
730 knee cases found that microfracture (MF) 
was the cheapest and most cost-effective, while 
first-generation autologous chondrocyte implan-
tation [46]. Although these findings indicate that 
there is superiority in the cost-effectiveness of 
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MF versus the others, all of these saw an increase 
in functional outcome scores [46, 47]. 
Osteochondral allograft was a more expensive 
option in a study, but it is very cost-effective; the 
cost per QALY is €4692 ($5102.90) [48].

Another review found that Matrix-induced 
autologous chondrocyte implantation (MACI), a 
2-stage procedure in which a patient’s previously 
harvested chondrocytes are seeded on a collagen 
scaffold and re-implanted, was vastly outper-
forming MF in terms of clinical outcomes (e.g., 
delayed subsequent surgery, delayed knee 
replacements, etc.) [49]. Total MACI costs were 
investigated versus MF in another study, which 
found that MACI had long-term cost- effectiveness 
compared to MF [50]. In the first year, MACI was 
significantly higher than MF, but after the 5-year 
period the costs merged. MACI has had more 
effectiveness, though, thus lowering the ICER 
per QALY to €5000 ($5437.88) when compared 
to MF [50]. MACI also has lower costs for revi-
sion surgery than MF [50]. The ICER for ACI 
relative to mosaicplasty was €16,349 ($17,780.76) 
[51]. In addition, the cost per QALY gained for 
ACI over MF was €16,229 ($17,650.25) [52], 
and the cost per QALY gained for ACI with col-
lagen cap compared to ACI with periosteal flap 
was $13,443 [53]. Economic models thus con-
clude that ACI is most cost-effective in long-term 
outcomes [42]. In a prospective study, Vilchez 
et al. discovered that after 1 year using an implant 
of a semisolid collagen, WOMAC, Knee Injury 
and Osteoarthritis Outcome Score (KOOS), and 
Oxford Knee Scores were improved versus the 
liquid form of the implantation [54]. This innova-
tion shows that there is always room for more 
research to make these procedures as efficient as 
possible in the prevention of future injury, desta-
bilization, and/or osteoarthritis.

In addition to these specific nonarthroplasty 
procedures to treat and prevent the onset of knee 
osteoarthritis, other common procedures in 
young athletes have been investigated for its cost- 
effectiveness, respectively. Specifically, ACL 
reconstructions are widely investigated for the 
cost-effectiveness, lower costs, and clinical 
results. ACL reconstructions generally demon-
strate lower costs with greater benefits when 

compared to nonsurgical methods, such as reha-
bilitation and pain management [43, 44]. 
Additionally, early ACL reconstruction was sub-
stantially advantageous for both QALY and 
reduced cost/cost-effectiveness [32]. In a study 
by Mather et al., the early reconstruction group 
had an incremental gain of 0.28 QALYs and a 
lower overall cost to society of $1572 when com-
paring 928 patients [44]. Based on the model’s 
prediction and Medicare rates, those who choose 
early ACL reconstruction could save anywhere 
from $956 to 2417 depending on when and where 
they get surgery (e.g., surgery center, hospital, 
outpatients) [44]. Additionally, femoral press-fit 
fixation in ACL reconstruction using bone- 
patellar tendon-bone autograft received good 
reports in 75% of patients at 15  years post-op 
[55]. These studies indicate that there is an imme-
diate, growing need for more research into these 
techniques as well as innovative new techniques. 
This continued research will continue to help dis-
cover the societal and medical costs of proce-
dures in the knee and what is most cost-effective, 
especially when pertaining to the increasing risk 
of knee osteoarthritis in the United States.

There is no consensus on the optimal manage-
ment of younger patients with knee osteoarthritis. 
Historically, TKAs have not been indicated for 
patients younger than 60  years of age due to 
increased likelihood of future revision, as well as 
their increased activity demand [56]. In recent 
years, there has been a paradigm shift, with 
increased physician willingness to perform TKAs 
in younger patients with severe, recalcitrant 
osteoarthritis [57]. To assess the long-term cost- 
effectiveness of different treatment options, 
Bedar et al. performed a Markov model analysis 
in 2014 that analyzed the total economic cost to 
society of nonoperative treatment for a theoreti-
cal 50-year-old patient with end-stage osteoar-
thritis versus an early TKA [14]. This model 
accounted for factors such as lost wages, direct 
medical costs related to nonoperative treatment, 
direct medical costs related to TKA, and cost of 
potential revisions and operative complications. 
Ultimately, the financial analysis found that the 
implementation of an early TKA for younger 
patients with osteoarthritis resulted in markedly 
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lower total economic cost to society [14]. While 
the initial cost of a TKA is higher, over 30 years 
the benefit of TKA was found to be $69,800 
(2012 U.S. dollars) on an individual level [14].

5.5.2  Hip

The economic burden of hip labral tears and early 
osteoarthritis can be divided into arthroplasty and 
nonarthroplasty treatments. THA is the most 
well-established, effective surgical approach to 
treating severe, end-stage osteoarthritis. However, 
this procedure is generally not recommended in 
younger patients due to high rates of future revi-
sion [58]. Currently, there are several alternative 
surgical approaches are currently being consid-
ered as preferable alternatives to THA in younger 
patients.

Resurfacing arthroplasty is a surgical tech-
nique in which the femoral neck is retained, and 
the femoral head is resurfaced rather than 
resected, conserving patient bone stock. In 2010, 
Bozic et al. compared both the clinical effective-
ness and cost-effectiveness of metal-on-metal 
HRA compared to THA [59]. Using a Markov 
decision model analysis, the authors found that 
patients who underwent MoM HRA, over a 
30-year follow-up period, experienced modestly 
higher lifetime gains in QALYs along with higher 
overall health care costs. Overall, MoM HRA 
was found to be more cost-effective than THA for 
men than for women, and for younger patients 
than for older patients. In 2012, Edlin et  al. 
reported that, in an analysis of 126 patients who 
had undergone resurfacing arthroplasty for arthri-
tis of the hip, surfacing arthroplasty offered 
short-term cost efficiency benefits compared to 
THA [58]. Patients who had undergone resurfac-
ing had higher quality of life at 12  months. 
Although resurfacing was incrementally more 
expensive than THA, resurfacing arthroplasty 
offered higher quality of life at only £17,451 per 
QALY in the first year (£564/0.032 QALY). As 
this is lower than the standard UK willingness to 
pay of £20,000 per QALY, resurfacing arthro-
plasty may be considered as a cost-effective tool. 
In 2013, Heintzbergen et al. constructed a Markov 

decision analytic model to compare estimated 
cost per quality-adjusted life-year (QALY) of 
metal-on-metal hip resurfacing arthroplasty 
(HRA) compared with conventional THA [60]. 
The model determined that, for younger patients, 
metal-on-metal HRA was superior to THA. On 
average, HRA was estimated to be CAN $583 
cheaper than THA with 0.079 higher mean 
QALY. In 2016, Pulikottil-Jacob et al. analyzed 
the cost-effectiveness of metal-on-metal hip 
resurfacing by performing a cost-utility analysis 
using individual patient data from the National 
Joint Registry for England and Wales from April 
2003 to December 2012 [61]. The study found 
that resurfacing arthroplasty was unlikely to be a 
cost-effective treatment for hip arthritis as com-
pared to THA at standard UK willingness to pay 
of £20,000 per QALY [61]. This was in large part 
due to the high revision rate of hip resurfacing, 
with an estimated revision rate of 13% at 10 years 
compared to <4% for most THA implants [61].

Another surgical option in the treatment of hip 
osteoarthritis is periacetabular osteotomy (PAO). 
This procedure is principally used to treat devel-
opmental hip dysplasia, a musculoskeletal defor-
mity that may lead to the development of early 
onset osteoarthritis in younger patients. In these 
patients, the utilization of PAO vs THA remains 
controversial. In 2008, Sharifi et al. analyzed the 
long-term cost-effectiveness of PAO as compared 
to THA using a cost-utility analysis [62]. The 
study found periacetabular osteotomy was asso-
ciated with lower total costs and higher cost- 
effectiveness for Tönnis grade-1 and grade-2 
hips, with cost-effectiveness ratios of $7856/
QALY and $10,807/QALY, respectively. 
However, THA was more cost-effective for 
Tönnis grade-3 hips.

Hip arthroscopy is also an appropriate surgi-
cal option for symptomatic acetabular labral 
tears, femoroacetabular impingement (FAI), ace-
tabular dysplasia, hypermobility, and trauma 
[63]. As several studies have connected FAI as 
potential causative factor for the development of 
hip osteoarthritis, arthroscopy presents as an 
effective technique in the prevention of future 
incapacitating osteoarthritis. Few studies have 
scrutinized the economic impact of this surgery. 
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Shearer et  al. found that among patients with 
FAI but no radiographic evidence of arthritis, the 
estimated incremental cost-effectiveness ratio 
(ICER) was $21,700/QALY compared to obser-
vation [64]. For patients with preoperative arthri-
tis with a higher rate of progression to poor hip 
function, the estimated ICER for arthroscopy 
was higher at $79,500/QALY, indicating 
decreased cost- effectiveness. The high cost-
effectiveness of arthroscopy in the treatment of 
FAI was also supported by a study performed in 
2018 by Mather et  al. [65] In this analysis of 
direct and indirect medical costs of 102 patients 
who underwent arthroscopy as well as reim-
bursement records of 32,143 individuals, hip 
arthroscopy was found to confer an average gain 
of 2.03 QALY per patient over a 10-year period 
[65]. In addition, arthroscopy was associated 
with a societal savings of $67,418 per patient 
versus nonoperative treatment [65]. Savings in 
cost were attributable to a decrease in indirect 
costs associated with lost wages and decreased 
workplace productivity, which were underscored 
by the young age of patients with FAI syndrome 
and potential for large functional restoration in 
these patients.

5.6  Conclusion

Early onset osteoarthritis and related surgical 
treatment represent a large economic burden in 
the United States, a burden that is expected to 
grow in the coming years. There are several 
socioeconomic factors that may predispose cer-
tain populations to a diagnosis of osteoarthritis at 
younger ages. Additionally, trauma and congeni-
tal deformity contribute significantly to the devel-
opment of osteoarthritis at unusually early ages. 
While total knee and hip arthroplasty have been 
established as effective interventions, there has 
been much research into alternative procedures 
that may prove to be more cost-efficient and 
equally clinically effective. Further research into 
the cost utility of these procedures may further 
elucidate and inform policy makers, health insur-
ers, as well as clinical decision making.
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6.1  Introduction

Anterior cruciate ligament (ACL) injuries are one 
of the most common knee injuries in the United 
States, especially in younger and active individu-
als [1]. According to the Centers for Disease 
Control (CDC), there are upward of 250,000 
ACL injuries per year, although some affected 
patients may not undergo clinical evaluation [2]. 
Recently, the epidemiology of ACL injuries has 
been more thoroughly analyzed in different 
patient populations and by sport.

This research can be used to better predict 
health care utilization, accurately assess cost- 
effectiveness, and assist in developing injury pre-
vention programs.

There is a significant cost burden for treating 
ACL injuries through both surgical and conserva-
tive approaches. ACL reconstruction is consid-
ered the gold standard treatment for ACL injuries 
[3, 4]. However, conservative management 
through bracing and physical therapy can be uti-
lized in some patients, especially those with 
lower activity demands [5]. While treatment 
should always be patient- specific, cost-effective-
ness is an important consideration. Within ACL 
reconstruction, a wide range of factors can affect 
costs. For example, surgical setting, technique, 
such as a single- versus a double-bundle approach, 

and graft choice, can significantly alter cost- 
effectiveness [6–8]. This chapter will explore the 
frequency and incidence of ACL injuries. 
Subsequently, costs associated with ACL injuries 
and approaches to maximize cost-effectiveness 
will be discussed.

6.2  Frequency and Incidence

A thorough understanding of the frequency and 
incidence of ACL injuries is needed prior to 
developing patient-population specific strategies 
to minimize injuries and maximize treatment 
cost-effectiveness. In a long-term population 
study, Sanders et al. identified 1841 patients with 
a complete ACL tear from the Rochester 
Epidemiology Project, which uniquely allows for 
longitudinal medical record tracking [2]. The 
authors reported an annual incidence of 68.6 per 
100,000 person-years. Interestingly, they reported 
a significantly higher annual incidence of ACL 
injuries in males compared to females (86.6 vs 
55.3 per 100,000, P < 0.01), although ACL inju-
ries in males decreased from 1990–1994 to 
2005–2010 (P  <  0.01). In terms of treatment, 
ACL reconstruction has become the mainstay 
treatment in recent years. The authors reported a 
significant increase in ACL reconstructions 
within 1  year of injury, with 43% of patients 
undergoing reconstruction in 1990–1994 versus 
75.9% in 2005–2010, demonstrating a general 
shift towards surgical management.
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6.2.1  Skeletally Immature Patients

Limited literature has been devoted to defining 
the incidence of ACL injury in young patients 
and those with open physes with many studies 
instead focusing on the epidemiology of high 
school and collegiate athletes. One study by 
Funahashi et al. identified a total of 71 skeletally 
immature patients who experienced complete 
ACL tears [9]. At age 11, male incidence was 
0.30 ± 0.20 and female incidence was 0.10 ± 0.20 
per year per 10,000 lives. In comparison, by age 
12 the incidence increased to 0.77  ±  0.63  in 
males, and 0.3  ±  0.38 per year per 10,000  in 
females. Due to the small sample size in this 
study, future investigations are needed to further 
define the epidemiology of ACL injuries in 
young, skeletally immature patients.

6.2.2  Competitive Athletes

Since ACL injuries are more common in athletic 
individuals, numerous investigations have been 
performed to quantify the frequency and inci-
dence across various sports. Granan et  al. per-
formed a large cohort analysis of 10,958 ACL 
reconstructions to determine frequency of sport- 
specific injury [10]. The most commonly affected 
sport was soccer (33.8%), followed by skiing 
(16.6%). In terms of all ligamentous injuries, 
when controlling for time from injury to surgery, 
age, and sex, skiing injuries were more likely to 
result in an isolated ACL tear (1.13 times) and 
concurrent posterior cruciate ligament (PCL) tear 
(2.05 times) compared to soccer. In contrast, 
football players had a higher likelihood of medial 
collateral ligament (MCL) involvement (2.72 
times). Soccer and skiing are more likely to have 
ACL tears compared to other sports, with skiers 
at an increased risk for concurrent PCL tears.

Multiple studies have reported that competi-
tive level and match play are risk factors for ACL 
injury. For example, in the professional Italian 
soccer league, the risk of injury has been defined 
as 0.0618 injuries per 1000 h of total play with 

higher ranking teams (1st through 4th) at higher 
risk [11]. Similarly, Walden et  al. reported a 
20-fold higher match ACL injury rate compared 
to training rate (0.340 vs 0.017 per 1000  h of 
play) in European soccer teams [12]. In skiing, 
from 1980 to 2005, the overall incidence of injury 
was 8.5 per 100 skier-seasons with primary inju-
ries occurring at a rate of 5.7 per 100 skier- 
seasons. Those who were ranked Top 30  in the 
world had a higher risk of injury (P < 0.01) [13]. 
These studies demonstrate a high incidence of 
ACL injury with high level of competitive play 
being a significant risk factor.

In many sports, including basketball and soc-
cer, female players are at a higher risk for ACL 
injury than their male counterparts. When ana-
lyzing the role of sex in each sport, a meta- 
analysis demonstrated that sports with the highest 
female to male ratios of ACL injury were basket-
ball (3.5), soccer (2.67), lacrosse (1.18), and 
alpine skiing (1.0), demonstrating that depending 
on the sport, females can over a three times 
greater risk of ACL injury [14]. Similarly, a meta-
analysis of collegiate and high school athletes 
demonstrated higher injury rates for females than 
males (injury rate ratio [IRR] = 2.30–2.49) across 
five sports (basketball, ice hockey, lacrosse, soc-
cer, and baseball/softball) [15]. This study also 
reported that female basketball players were at 
the highest risk (IRR = 3.25). However, the rate 
of female injuries in other sports, specifically 
soccer, may be increasing [16]. When comparing 
female basketball injury mechanisms, Agel et al. 
reported that female basketball players sustained 
100 contact injuries and 305 noncontact injuries 
compared to female soccer players who sustained 
115 contact injuries and 161 noncontact injuries, 
illustrating the differences in injury mechanism 
between sports [17, 18]. ACL injuries due to non-
contact injuries may be related to anatomical risk 
factors such as an increased posterior-inferior lat-
eral tibial plateau slope in males and decreased 
volume and height of the medial tibial spine [19]. 
These studies support that women are at a signifi-
cantly higher risk than males in many sports, par-
ticularly in basketball.
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6.2.3  Recurrent ACL Injury

Recurrent ACL injury is common and there are a 
wide range of risk factors for recurrent ACL 
injury. Similar to primary ACL injury, sport type 
and competitive level appear to play a large role. 
A study by the Multicenter Orthopedic Outcomes 
Network (MOON) group reported that the con-
tralateral knee (3% risk) is at a similar risk of 
injury to the ipsilateral knee (3% risk) based on a 
2-year cohort study in patients who had under-
gone ACL reconstruction [20]. Slater et al. inves-
tigated risk factors for recurrent ACL injury in 
National Collegiate Athletic Association (NCAA) 
athletes and high school athletes [21]. Between 
these two populations, a total of 644 first-time 
injuries and 61 recurrent injuries were identified 
(recurrence rate of 8.7%). NCAA athletes had a 
4.6 times likelihood of suffering a recurrent 
injury compared to high schoolers. When investi-
gating noncontact injuries, recurrent tears were 
more likely to occur in the preseason (odds ratio 
[OR] = 2.8) or postseason (OR = 4.5). An addi-
tional study investigated the recurrence rates 
within the NCAA over a 10-year period (2004–
2014) [22]. During this time, 1105 ACL tears 
were identified, of which 126 were recurrent 
(recurrence rate of 11%). Sub-analysis demon-
strated that the sports with the highest rates of 
recurrent ruptures were men’s football (15 per 
100,000 athletic exposure [AE]), women’s gym-
nastics (8.2 per 100,000 AE), and women’s soc-
cer (5.2 per 100,000 AE). In addition, while men 
had significantly higher rate of recurrent rupture 
(P = 0.04), both genders demonstrated a signifi-
cant decrease in the ratio of recurrent to primary 
ACL injuries during the study period. These find-
ings suggest that risk for recurrent ACL injury is 
sport-dependent and may increase with higher 
competitive levels.

Additionally, younger patients may be at 
increased risk of recurrent ACL injury. A meta- 
analysis by Wiggins et  al. of 14 pooled studies 
demonstrated an overall reinjury rate of 7% but 
they demonstrated that patients under 25-years 
old were at a significantly higher risk for ipsilat-
eral reinjury (10%). Those who returned to sport 
were at even higher risk (20% reinjury rate) [23]. 

Similar findings were also reported by Webster 
et  al. [24]. In 561 patients who had undergone 
ACL reconstruction, subsequent ipsilateral injury 
occurred in 4.5% of patients (n = 25), while con-
tralateral injury occurred in 7.5% (n  =  42). 
Patients younger than 20 (ipsilateral: OR = 6.3, 
P < 0.01, contralateral: OR = 3.1, P < 0.01) and 
those who returned to pivoting sports (ipsilateral: 
OR  =  3.9, P  =  0.01, contralateral: OR  =  4.9, 
P < 0.01) had an increased risk of both ipsilateral 
and contralateral injury. An additional study of 
2915 ACL reconstructions reported the incidence 
graft ruptures to 3% after primary reconstruction 
at a mean follow up of 5.0  ±  1.1  years [25]. 
Similarly, male sex (P < 0.01) and age under 25 
was associated with a higher risk (OR = 6.0) of 
rupture. Younger patients are likely at increased 
risk of reinjury for both their ipsilateral and con-
tralateral knee, which is likely related to their 
return to high-risk sporting activities.

6.3  Cost-Effectiveness

Costs of ACL injuries have been analyzed from 
numerous angles, from the expenses of nonoper-
ative management compared to surgery, to the 
costs of different ACL reconstruction techniques. 
Studies have suggested that the most cost-effec-
tive approach is to use a single-bundle, outpa-
tient, autograft for ACL reconstructions [26].

6.3.1  Costs of ACL Reconstruction 
and Conservative 
Management

ACL reconstruction is the most common treat-
ment for ACL injuries and its associated costs 
range from under $5000 to over $20,000. This 
large difference likely stems from different fac-
tors including surgery setting (inpatient vs outpa-
tient), graft source, state of operation, and 
concomitant procedures. Furthermore, costs 
reported in 2010 are likely to differ from costs 
reported in 2019. In an outpatient assessment of 
ACL costs in patients under 65  years old from 
2005 to 2013, the median immediate costs of 
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229,446 outpatient ACL reconstructions was 
$9,399.49 [27]. Median total health care utiliza-
tion cost for ACL reconstructions was $13,403.38. 
Both immediate costs and total health care utili-
zation costs increased over the duration of the 
study period. In contrast, in an analysis of 14,713 
ACL reconstructions, Bokshan et  al. reported a 
mean cost of $24,707 [28]. In a state sub-analy-
sis, costs were highest in Florida (mean = $31,281) 
and lowest in Maryland (mean  =  $11,429). 
Multivariate analysis demonstrated that general 
anesthesia (coefficient: $2,049), Hispanic ethnic-
ity (coefficient: $1,828), the presence of comor-
bidities (coefficient: $1,749), male gender 
(coefficient: $1,126), increased operating room 
(OR) time (coefficient: $108/min), and age (coef-
ficient: $54/year) significantly increased total 
reconstruction costs (P < 0.01 for all). In addi-
tion, a smaller analysis of 434 outpatient ACL 
reconstructions also found graft type to be pre-
dictive of costs, with allografts (n = 100) costing 
44.5% and hybrid reconstructions (n = 31) cost-
ing 33.1% more than autografts (n  =  293) 
(P  <  0.01 for both) [29]. Not surprisingly, OR 
time increased costs by 0.3% per minute. 
Concomitant procedures such as meniscal repair 
(24.4%) and other procedures (e.g., chondro-
plasty, osteochondral autograft) significantly 
increased costs by 15.9% on average (P < 0.01 
for all). These studies show that a wide range of 
factors such as location, graft type, and demo-
graphic factors influence the cost of ACL 
reconstruction.

There is a large variance in costs between 
ACL reconstructions. Seiffer et al. analyzed the 
cost of an ACL reconstruction based on device 
and implant costs based on the practices of 11 
orthopedic surgeons over a 6-month period [30]. 
In 2013, the mean procedural cost was $2,039.09 
(range: $392.80–$4,670.31), which is lower than 
other studies and may be related to the location of 
the study (Idaho). A breakdown of costs demon-
strated the highest mean cost was for the allograft, 
with a mean cost of $1,976.43 (range: $1,275.00–
$2,545.75). Tools and disposable costs were the 
second largest component at a mean of $452.33 
(range: $40.10–$2,136.00). Tibial fixation cost a 
mean of $293.52 (range: $95.00–$760.00), femo-

ral fixation cost a mean of $367.14 (range: 
$95.00–$865.00), and each suture was $18.26 
(range: $1.19–$46.00). This study demonstrates 
the wide range of costs associated with each ACL 
reconstruction.

Despite the widespread use of ACL recon-
struction, conservative management may still be 
preferred in some patients, especially those with 
low activity levels; however, this approach is not 
the most cost-effective. For instance, a compari-
son of costs for rehabilitation versus ACL recon-
struction was performed by Mather et  al. using 
the MOON cohort and data from the knee ante-
rior cruciate ligament, nonsurgical versus surgi-
cal treatment (KANON) study [31]. Early 
outcomes were based on Short Form (SF) 36 
scores, while long-term outcomes were based on 
osteoarthritis development. In the short-term 
analysis (6-years follow up), ACL reconstruction 
was reported to be the dominant strategy, provid-
ing a gain of 0.18 quality-adjusted life year 
(QALY) while costing $4,503 less than rehabili-
tation. The effectiveness of ACL reconstruction 
was exaggerated in the long-term model, which 
demonstrated that ACL reconstruction provided a 
QALY gain of 0.72 with a cost savings of 
$50,417. In 2009 study, Lubowitz et al. investi-
gated cost-effectiveness where QALY was based 
on life expectancy and quality of well-being (dif-
ference between preoperative and postoperative 
score) [32]. Based on this, ACL reconstruction 
was also deemed more cost-effective at $5,783 
per QALY. While not directly applicable to the 
United States healthcare system, a study out of 
Sweden directly compared cost-effectiveness of 
conservative management to ACL reconstruction, 
where QALY was based on activity level. The 
authors reported that conservative management 
cost $15,466 (USD) and had a QALY of 0.66 ver-
sus reconstruction, which cost $16,038 with 0.78 
QALYs. Therefore, reconstruction had an incre-
mental cost-effectiveness of $4,890/QALY.  In 
addition, Stewart et  al. investigated the cost-
effectives of physical therapy versus ACL recon-
struction in a competitive athlete cohort by using 
published data on return to preinjury level of play 
in both treatment options [33]. The model pro-
posed by the authors demonstrated that ACL 
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reconstruction as a preferable option at a cost of 
$22,702 per QALY gained. Quality adjusted life 
years (QALY) was based on EuroQol 5-dimen-
sion (EQ-5D) survey and SF-36 responses. In 
addition, a two-way sensitivity analysis demon-
strated a higher net monetary benefit for ACL 
reconstruction for both quality of life of return to 
play and no return to play. These studies demon-
strate that ACL reconstruction is a more cost-
effective treatment strategy than conservative 
management.

Recently, ACL repair has gained popularity, 
especially in pediatric patients and those with 
avulsion fractures. Despite demonstrating prom-
ising clinical outcomes and survivorship in these 
populations in clinical trials, there is no literature 
investigating the costs and cost- effectiveness of 
ACL repair [34]. Future research is needed to 
investigate the cost-effectiveness of ACL repair 
compared to ACL reconstruction in these patient 
populations.

6.3.2  The Role of Time 
to Intervention

When analyzing the role of time to intervention, 
it is important to consider a wide range of factors 
that can affect both patient outcomes and costs. 
Early surgery, for example, may increase the risk 
of arthrofibrosis, while delaying surgery can 
increase the risk of cartilage and meniscal pathol-
ogy and the rate of OA [35–37]. In a study out of 
Sweden, an analysis of 5-year cost- effectiveness 
of early (within 10 weeks) (n = 62) versus late 
(n  =  59) reconstruction was performed by 
Kiadaliri et al. using data from the KANON trial 
[38]. The authors reported that early reconstruc-
tion provided 0.13 more QALYs (P  =  0.11), 
based on SF-36 scores, but at increased cost of 
$4,695 (P = 0.19). These results suggested that 
early reconstruction did not result in increased 
cost-effectiveness. However, this cohort was lim-
ited to only 121 participants and therefore may 
have been underpowered. Mather et al. compared 
early reconstruction to rehabilitation and delayed 
reconstruction and demonstrated that the early 
reconstruction group gained 0.28 QALYs over 

the delayed group and decreased total costs 
(including direct and costs to society) by $1572 
[39]. Outcome data was utilized from the MOON 
group and KANON trial, with QALYs based on 
SF-6D and SF-36 scores. The delayed recon-
struction group not only had a higher mean cost 
($21,454 vs $19,883) but also lower QALYs 
gained and thus had a higher cost-effectiveness 
ratio ($4,434 vs $3,881). From a cost-effective-
ness standpoint it is unclear which time to inter-
vention is superior, especially because neither of 
these studies included the development of osteo-
arthritis in their models.

6.3.3  Costs of Concomitant 
Meniscus Pathology

In 31–82% of cases, ACL injuries occur with 
concomitant meniscal pathology [40–43]. To 
define how the addition of surgically treating 
meniscal pathology affects ACL reconstruction 
cost-effectiveness, Lester et  al. compared the 
cost-effectiveness of meniscectomy to meniscal 
repair. The authors reported that the direct cost of 
a concomitant meniscectomy was $24,768 with 
17.16 QALYs compared to a cost of $17,898 with 
18.00 QALYs, where QALYs were based on 
health benefits and costs with particular attention 
devoted to the development of OA and the need 
for a TKA [44]. This study demonstrated that 
meniscal repair not only increased QALYs by 
0.77 but also decreased costs by $8178.57. 
Despite these findings, future cost-effectiveness 
research is needed to specifically define which 
types of meniscal tears will have the greatest ben-
efit from repair, and which should be treated with 
debridement.

6.3.4  The Role of the Surgical 
Setting

The setting of ACL reconstruction has signifi-
cantly changed over time with 43% of procedures 
performed in the outpatient setting in 1994 versus 
95% in 2006 [45]. From 2003 to 2011, in the 
National Inpatient Sample data set, the number of 
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inpatient ACL reconstructions decreased from 
1,963 to 929 [46]. However, the mean length of 
stay and total cost increased from 2.6 to 3.3 days 
and $27,266 to $72,559, respectively. Similarly, 
within the National Inpatient Sample database a 
total of 104,740 patients were who underwent 
inpatient ACL reconstructions were identified 
and a significant decrease from 1998 to 2010 in 
inpatient admissions was reported (P < 0.0001) 
[6]. Furthermore, there was significant increase 
in mean length of stay from 1.65 days in 1998 to 
2.36  days in 2010 (P  <  0.01). Accordingly, the 
cost of inpatient admission rose from $11,103 in 
1998 to $46,528  in 2010 (P  <  0.01), a large 
increase even when considering inflation [6]. In 
addition, outpatient surgical centers may further 
decrease costs. In an analysis of 49 ACL recon-
structions, those performed at an outpatient sur-
gical center had significantly shorter OR times 
(P < 0.01) and required less staff (P < 0.01) [47]. 
These studies suggest that ACL reconstructions 
have shifted toward predominately being per-
formed in an outpatient setting, which is a more 
cost-effective approach. Future research is 
needed to investigate if outpatient ambulatory 
surgical centers further reduce costs.

6.3.5  The Role of Anesthesia

As there has been a massive shift from inpatient 
procedures in the early 1990s to outpatient proce-
dures in the 2000s, studies have investigated 
whether changes in anesthesia can reduce proce-
dural costs. An early study by Williams et  al. 
investigated the costs of using nerve block after 
ACL reconstruction [48]. In this nonrandomized 
control trial, the authors found that patients who 
received a nerve block had a lower hospital 
admission rate (4% vs 17%). Furthermore, hospi-
tal admissions were associated with an increase 
cost of 11% (P < 0.01). Thus, the authors con-
cluded that this approach could decrease costs. In 
addition, Hall-Burton et  al. investigated the use 
of nerve blocks in a pediatric cohort of ACL 
reconstructions [49]. In their study, 115 patients 
who received a nerve block (either a single-injec-
tion femoral and sciatic block [n = 59] or femoral 

perineural catheters and a single-injection sciatic 
nerve block [n = 57]) were compared to 39 who 
did not. The authors reported a significantly 
lower rate of unplanned hospital admissions 
(P = 0.045), opioid consumption (P < 0.001), and 
time in in the postanesthesia care unit (P = 0.013). 
Furthermore, they reported that the most cost-
effective scenario (saving $250 per ACL patient) 
was performing a single injection in a dedicated 
injection room. While nerve blocks may be cost-
effective, they may also cause postoperative 
quadriceps weakness and atrophy [50]. Future 
studies are needed to evaluate the cost-effective-
ness of nerve blocks when including postopera-
tive quadricep weakness in their model.

6.3.6  Costs Based on Graft Type

Graft source (allograft versus autograft) plays a 
significant role in cost. Using an allograft requires 
a cost for purchasing the graft, while an autograft 
increases indirect costs such as OR time. A com-
parison of costs for 50 allograft ACL reconstruc-
tions was compared to 105 autografts [51]. While 
OR time (110 vs 97 min, P < 0.01) and total OR 
costs ($3,512 vs $3,121, P < 0.01) were signifi-
cantly greater for the autograft group, the auto-
graft was still the less expensive option ($4,872 
vs. $5,465, P < 0.01). Furthermore, the complica-
tion rate was similar in the allograft (4%) vs auto-
graft (5.7%) groups. Similarly, a comparison of 
BTB autografts, hamstring autografts, and ham-
string allograft also demonstrated that autografts 
were more cost- effective [7]. A hamstring auto-
graft was deemed most cost-effective 
(cost  =  $5,375, QALY  =  0.912, CE  =  $5,892), 
followed by a BTB autograft (cost  =  $5,580, 
QALY  =  0.906, CE  =  $6,157) and lastly an 
allograft (cost  =  $6,958, QALY  =  0.904, 
CE = $7,694).

An additional analysis by Greis et al. compar-
ing hamstring autograft to tibialis anterior or pos-
terior allografts reached a similar conclusion 
[52]. The total cost of the allograft surgery was 
$4,587 compared to $3,849 for autografts, despite 
autografts having longer OR times (125 vs 
92 min). Furthermore, while reimbursement was 
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lower (P = 0.02), the percent margin on autograft 
surgeries was higher (45% vs 41.5%). Similar 
results were reported by Barrera et al. when ana-
lyzing 106 BTB autografts versus BTB allografts 
used for ACL reconstructions performed at an 
ambulatory surgery center [53]. The authors 
reported total costs at $4,147  ±  $943 and 
$3,154  ±  $704 for the allograft and autograft 
cohorts, respectively (P  <  0.01). Cooper et  al. 
also reported higher costs associated with a tibi-
alis anterior allograft (n = 49) versus a BTB auto-
graft (n  =  49) [54]. In their study, allografts 
increased costs by a mean of $1,123.16 (P < 0.01). 
These studies demonstrate that while autografts 
increased OR time and staffing, it did not equate 
to the cost of purchasing an allograft. Thus, auto-
grafts have been shown to be a more cost-effec-
tive approach.

6.3.7  Costs Based on Technique

While some orthopedic surgeons may prefer a 
double-bundle to single-bundle reconstruction 
for certain patients, it is a much more time inten-
sive and technical approach, and therefore is less 
cost-effective. Brophy et al. investigated the eco-
nomic impact of widespread adoption of a dou-
ble-bundle technique and how to offset this 
potential cost [8]. Using previously reported cost 
assumptions, the authors reported that switching 
to a double-bundle technique would cost the 
United States between $36 and $792  million 
annually. To offset this cost, based on modeling 
the double-bundle approach would have to reduce 
the revision rate from 4 to 1.5% at a minimum. A 
study in Sweden also compared the single 
(n = 50) versus double-bundle (n = 53) technique 
[55]. While the absolute costs are not directly 
comparable to costs in the United States, the 
authors reported that the double-bundle tech-
nique was associated with significantly higher 
costs (P < 0.01) without any significant improve-
ment in QALYs (based on the EQ-5D patient 
reported outcome). Moreover, this was likely due 
to the significant longer OR time needed for the 
double- bundle technique (P < 0.01). In contrast, 
Paxton et  al. reported that double-bundle tech-

nique may be more effective. In their study, the 
authors directly compared the costs of single and 
double- bundle ACL reconstructions based on 
effectiveness, which was defined using revision 
rate and IKDC score [56]. Based on published 
clinical studies and IKDC score achievement, the 
authors reported that according the incremental 
cost-effectiveness ratio of double to single bundle 
ACL reconstructions was $6,416 per 
QALY.  However, this model utilized outcome 
information from a few studies published in the 
early 2000s, thus the model may not accurately 
capture today’s cost-effectiveness of these 
approaches. Through a variety of models and 
clinical outcome data, these studies suggest that a 
single-bundle technique may be more 
cost-effective.

6.3.8  Injury Prevention

In an attempt to preemptively decrease costs 
associated with ACL treatment, multiple investi-
gations have been conducted investigating how 
injury prevention can decrease costs, especially 
in athletic populations. Swart et al. reported that 
in their model using previously published data, a 
universal neuromuscular training for athletes 
could save $100 per player per season, in part by 
reducing ACL injuries from 3% to 1.1% [57]. In 
addition, the training program resulted in a net 
gain of 0.05 QALYs compared to no screening. 
An Australian study demonstrated that the high-
risk sports program for 18–25  year- olds (HR 
12–25) for ACL injury prevention could decrease 
costs by US $693 per lifetime [58]. The program 
decreased ACL injuries by 40% and decreased 
the number of lifetime cases of osteoarthritis and 
total knee arthroplasty by 842 and 584 per 
10,000, respectively. In addition to primary ACL 
injury prevention, costs can also be reduced by 
preventing subsequent ipsilateral or contralateral 
injury. DeFrancesco et  al. evaluated the cost-
effectiveness of an enhanced return to play proto-
col [59]. Enhanced return to play protocols 
included neuromuscular retraining, advanced 
testing (both quantitative and qualitative) and/or 
increased frequency of clinic visits. In their 
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model, the enhanced protocol provided slightly 
more QALYs (0.764 vs 0.756) and was less 
expensive ($7,388 vs $7,687) than standard pro-
tocols. The enhanced protocol also reported 
reducing the incidence of contralateral ACL 
injury by over 13.8%. Injury prevention is key to 
reducing healthcare costs associated with ACL 
injury. Future studies are needed to investigate 
which patient populations would receive the 
greatest benefits from each type of injury preven-
tion program.

6.4  Conclusion

ACL injury is a common injury often affecting 
athletes, especially those who play soccer and 
basketball, with higher incidences reported at 
higher levels of play. Both nonoperative manage-
ment and ACL reconstruction surgery result in 
significant costs. The most cost-effective 
approach is likely an ACL reconstruction with an 
autograft, single-bundle technique, that is per-
formed at an outpatient surgery center. However, 
modeling in the current literature uses a variety 
of outcome measures making it difficult to 
directly compare studies. Given the high long- 
term costs associated with ACL injury, meniscus 
tears, and related OA, injury prevention may be 
key for lowering costs. Further research is needed 
to define the ideal injury prevention program for 
each individual.
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7.1  Prevalence of Osteoarthritis 
After Anterior Cruciate 
Ligament Injury

Osteoarthritis (OA) in people under the age of 50 
is estimated to cost society $200 billion annually 
[1]. While the development of treatment 
approaches for established OA has been studied 
for many years, the results have ranged from 
being somewhat encouraging to disappointing. 
Numerous failed clinical trials would now sug-
gest that late drug intervention, once tissue dam-
age is fully established, will allow for symptom 
but not disease modification [2, 3]. As a conse-
quence, the research focus has shifted to early 
detection and early treatment of OA.  Idiopathic 
OA has a chronic etiology that can take decades 
to assess factors related to progressive changes 
and/or the potential efficacy of therapeutic inter-
ventions. On the contrary, acute injuries with a 
high prevalence of subsequent OA like anterior 
cruciate ligament (ACL) injury offer a clear trig-
gering event that initiates the OA process, thereby 
making ACL injury a very attractive model to 

elucidate the underlying factors related to OA 
onset and progression as well as to assess the effi-
cacy of novel treatment options.

The prevalence of posttraumatic osteoarthritis 
(PTOA), which occurs secondary to a traumatic 
joint injury, is a common occurrence in young 
patients usually at the beginning or in the middle 
of their productive work-life [1, 4–8]. 
Furthermore, the prevalence of PTOA continues 
to increase and now represents the most common 
cause of military disability [9, 10]. In the last 
decade, it has become apparent that patients who 
suffer ACL injuries have a very high risk of pro-
gression to radiographic and clinically symptom-
atic OA as early as 2–5 years after ACL injury 
[11, 12]. The rupture of the ACL is a dramatic 
event that usually does not go unnoticed and, in 
the United States, almost always leads to a surgi-
cal reconstruction of the ACL. The prevalence of 
ACL injury in the United States is high and 
increased by 36% from 1994 to 2006, with the 
current estimate for the number of ACL recon-
structions performed in the United States of 
45/100,000 capita [13].

ACL reconstruction successfully improves 
clinical outcomes out to 10 years following sur-
gery [14]; however, surgery is not protective 
against the progressive PTOA changes. As such, 
PTOA has been described as a “silent killer” of 
the joint since cartilage degradation continues 
despite a lack of pain and/or functional limitation 
[15]. In fact, more than 80% of those with com-
bined ACL and meniscus injuries have PTOA 

C. A. Jacobs (*) 
Department of Orthopedic Surgery, University of 
Kentucky, Lexington, KY, USA
e-mail: cale.jacobs@uky.edu 

E. R. Hunt 
Department of Orthopedics, Brigham and Women’s 
Hospital, Harvard Medical School,  
Boston, MA, USA
e-mail: erhunt@bwh.harvard.edu

7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79485-9_7&domain=pdf
https://doi.org/10.1007/978-3-030-79485-9_7#DOI
mailto:cale.jacobs@uky.edu
mailto:erhunt@bwh.harvard.edu


74

within 10–15  years [16, 17], and over 85% of 
young female athletes have radiographic changes 
during this time period as well [18].

7.2  ACL Injury as a Model 
of Early Osteoarthritis

Because of the high prevalence of subsequent 
PTOA, ACL injury has been adopted as a human 
model of early osteoarthritis. This approach has 
become widely utilized, and as of May 25, 2020, 
there were 112 studies listed in a search of clini-
caltrials.gov with the terms (“ACL” AND 
“osteoarthritis”).

There are multiple mechanisms by which 
ACL injury promotes PTOA progression. The 
injury affects the joint as an organ impacting 
not only the articular cartilage but also the 
synovium, underlying bone, and surrounding 
musculature with similar pathways implicated 
in the development and progression of idio-
pathic knee OA [19–21]. The response to acute 
ACL injury involves a complex dynamic inter-
action of multiple pathways including the 
NF-κB, cytokine-cytokine receptor interaction, 
and osteoclast differentiation pathways, among 
others [22–25]. As such, the injury results in a 
persistent inflammatory response and cartilage 
degradation that in time turns into a chronic 
sequela with poor long-term outcomes. 
Furthermore, data suggest that not only is the 
articular cartilage affected after ACL injury but 
so are the subchondral bone and surrounding 
musculature that also contribute to PTOA pro-
gression. In addition, both patient and injury 
characteristics may also contribute to PTOA 
progression after ACL injury.

7.2.1  Persistent Inflammatory 
Response and Cartilage 
Breakdown

ACL injury triggers a biochemical cascade lead-
ing to cartilage degradation. The current standard 
of care for patients with combined ACL and 
meniscal injuries consists of surgical treatment, 

which successfully restores joint stability; how-
ever, this approach does not address the persis-
tent inflammatory process that promotes cartilage 
degradation and PTOA progression. After ACL 
injury, the ensuing inflammatory response under-
mines the lubricating mechanisms of knee [26]. 
Persistent, elevated levels of proinflammatory 
cytokines and degradative matrix metalloprotein-
ases (MMPs) followed by progressive cartilage 
catabolism have been shown soon after ACL and 
meniscus injury [15, 23, 27–29].

While the inflammatory response is not an 
unexpected event immediately following injury 
or surgery, persistent elevations in proinflamma-
tory cytokine concentrations in the synovial fluid 
remain elevated 5 years after surgery [16]. This is 
not a benign finding as proinflammatory cytokine 
concentrations prior to or on the day of ACL 
reconstruction have been predictive of both pro-
gressive cartilage changes and inferior patient- 
reported outcomes [30, 31]. PTOA progression is 
multifaceted and includes activation of the proin-
flammatory NFκB pathway, an increase in proin-
flammatory M1 macrophages, cellular 
senescence, and bone remodeling [32–36]. This 
process involves both an upregulated proinflam-
matory response with a dysregulated anti- 
inflammatory response, providing pivotal 
information about potential therapeutic targets 
[23, 37]. Reducing MMP and cytokine activity 
after ACL and meniscus injury may alter the pro-
gression of PTOA for this at-risk patient popula-
tion [38].

7.2.2  Changes to Underlying Bone

The initial insult of ACL injury is commonly 
associated with subchondral bone marrow lesions 
[39, 40]. We have reported an upregulation of the 
osteoclast differentiation pathway in the synovial 
fluid proteome after ACL injury [23], which may 
either be a result of bony trauma suffered at the 
time of ACL injury or may potentially be contrib-
uting factor in the progression of PTOA. While 
midterm outcomes for younger patients do not 
appear to be impacted by the presence of bone 
marrow lesions, older patients have demonstrated 
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self-reported pain, functional limitations, and 
greater cartilage degradation [35, 40, 41]. The 
size of bone marrow lesion has been associated 
with progressive cartilage degeneration and poor 
patient-reported outcomes after ACL injury [35]. 
The combined presence of a bone marrow lesion 
with local articular cartilage changes has been 
associated with self-reported pain and functional 
limitations consistent with symptomatic OA, 
especially in the high-risk group of older ACL 
patients [40].

Bone mineral density is significantly decreased 
after ACL reconstruction not only in the distal 
femur and proximal tibia [42, 43], but in the hip 
and ankle as well [44, 45]. The loss of bone min-
eral density may then increase the risk of subse-
quent fracture, but when losses of bone mineral 
density are combined with increased mechanical 
loading of the bone as patients resume daily work 
and sporting activities, patients may also be pre-
disposed to changes in the shape of the distal 
femur and proximal tibia. Indeed, shape changes 
have been documented after ACL reconstruction. 
The area of the medial femoral condyle increases 
within the first few months after ACL reconstruc-
tion, with the condyle becoming wider and flatter 
similar to what is seen in patients with end-stage 
idiopathic OA [46]. Furthermore, bone shape 
changes within 6 months of ACL reconstruction 
correlated with subsequent patient-reported out-
comes and MRI markers of cartilage quality at 
3 years [46, 47].

7.2.3  Muscular Changes

Despite significant time spent in postoperative 
rehabilitation, many patients have persistent 
quadriceps weakness and atrophy lasting years 
after ACL injury and/or reconstruction [48, 49]. 
Prolonged quadriceps weakness has widespread 
implications for the patient including elevated 
reinjury risk [50], decreased quality of life [48, 
51, 52], early-onset osteoarthritis, and reduced 
life-long physical activity levels [53–55]. 
Quadriceps weakness has both neurological [56–
58] and cellular mechanisms that underlie muscle 
atrophy [59–61], and the response to injury and 

role in OA progression may also differ between 
the sexes [62, 63].

Persistent quadriceps atrophy after ACL injury 
and/or reconstruction has been, in part, attributed 
to alternations in neurological function, as 
patients are often unable to fully contract their 
muscle after injury. Though the exact mecha-
nisms driving this response are unknown, altered 
activity after ACL injury has been well docu-
mented at the spinal [56, 58] and cortical level 
[58, 64, 65], negatively influencing the ability to 
generate a muscle contraction. While the nervous 
system and skeletal muscle are known to have 
many inherent physical (neuromuscular junction) 
and biological links, the extent to which altera-
tions in neural activity directly contribute to mus-
cle atrophy is unclear, as neither its time course, 
nor true prevalence, in human or animal models 
of ACL injury has been determined.

While neurological adaptions contribute to 
persistent weakness, the force-generating capac-
ity of individual muscle cells also impacts muscle 
function independent of alpha motor neuron acti-
vation [66]. Cross-sectional studies have demon-
strated that cellular alterations after injury may 
also contribute to persistent quadriceps weakness 
after ACL injury. After ACL injury, patients dem-
onstrate greater quadriceps muscle collagen con-
tent, and fibrosis, as well as increased abundance 
of inflammatory markers like tumor necrosis fac-
tor alpha (TNFα), both in the muscle and circu-
lating serum [59–61, 67]. Alterations in 
quadriceps muscle volume and cross-sectional 
area are common after ACL injury [59, 68–71], 
corresponding with reduced whole muscle 
strength [66].

Furthermore, these mechanisms may differ 
between the sexes. Quadriceps force normalized 
to body mass has been reported to be significantly 
lower for female ACL reconstruction patients as 
well as reduced rates of torque development [62]. 
Both weakness and the rate of torque develop-
ment have been implicated in the progression of 
OA [72, 73] and have been shown to impact the 
risk of subsequent OA diagnosis more for females 
than males [63]. Studies are underway to not only 
assess the underlying etiology of muscular weak-
ness following ACL injury and whether these 
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mechanisms differ between the sexes, but also of 
rehabilitation-based and pharmacological inter-
ventions to mitigate muscular changes to alter the 
progression of PTOA.

7.3  Patient and Injury Factors 
That Increase the Likelihood 
of Osteoarthritis After ACL 
Injury

Human ACL injury provides a clinical model of 
early PTOA; however, much like idiopathic OA, 
the progression can be affected by patient and 
injury-specific factors. Patient age, sex, and body 
mass index (BMI) as well as meniscus status 
have been reported to increase the likelihood of 
radiographic and symptomatic OA after ACL 
injury [74, 75].

7.3.1  Concomitant Meniscus Injury

The presence of concomitant meniscus injury has 
repeatedly implicated as a risk factor for OA after 
ACL reconstruction [74, 76–78] with both ACL 
and meniscus injury significantly increasing the 
odds of undergoing total knee arthroplasty [79, 
80]. As described in an earlier section, the role of 
the meniscus injury on PTOA progression may 
be related to the persistent intraarticular inflam-
matory response seen after ACL reconstruction 
[16, 81]. Proinflammatory stimulation of menis-
cus cells increases matrix metalloproteinase and 
cytokine activity [28, 81, 82]. The combination 
of proinflammatory cytokines and compressive 
loading, similar to the loading seen during sports 
activities, further promotes degradative enzyme 
activity and an increase of proinflammatory 
mediators [83]. Moreover, meniscus injury was 
associated with increased subchondral bone plate 
thickness of the lateral femoral condyle consis-
tent with changes seen in OA were reported 
within 5 years of ACL reconstruction [84]. The 
meniscus thereby plays an active role after ACL 
reconstruction in promoting the cycle of articular 
cartilage degradation and PTOA progression.

Lateral meniscus injuries are more common 
with acute ACL injury than injuries to the medial 
meniscus [85, 86], and lateral meniscus injuries 
appear to have a number of different pathways 
to promote progressive cartilage degradation. In 
a finite-element study, lateral meniscectomy 
increased contact and shear stresses more than 
200% greater than after medial meniscectomy 
[87]. Not only is there increased force borne by 
the articular cartilage that may accelerate OA 
changes, lateral meniscectomy results in greater 
effect on both anterior and rotational instability 
than medial meniscectomy [88]. Persistent 
instability has been identified as a risk factor for 
OA after ACL reconstruction [74], but also 
increases the risk of subsequent medial menis-
cus injury. Whether it be by directly increasing 
articular cartilage forces or by increasing the 
likelihood of persistent joint laxity that may 
result in subsequent articular cartilage or menis-
cus injury, lateral meniscus injuries appear to 
have an important role in the progression of OA 
after ACL injury.

7.3.2  Increased Age at the Time 
of Injury or Surgery

Because of the prevalence during team sports, 
ACL injury is often considered to impact younger 
patients more often than relative older patients. 
However, in a recent analysis of nearly 110,000 
patents that underwent ACL reconstruction from 
a large insurance claims database, we were sur-
prised to see that nearly half of the patients (48%) 
were age 25 years or older [89]. Interestingly, the 
response to ACL injury may differ based on 
patient age. Similar to meniscus injury, increased 
age at the time of surgery was identified as an 
independent risk factor for radiographic PTOA in 
cohort studies [74, 76, 77]. Additionally, the 
potential role of bone marrow lesions on PTOA 
may differ by age, as older patients have demon-
strated self-reported pain, functional limitations, 
and greater cartilage degradation [35, 40, 41]. 
Patients ≥25 years of age may then display worse 
symptoms and more rapid PTOA progression, 
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thereby potentially providing a signal that may be 
more readily monitored when compared to 
younger patients.

7.3.3  Increased Body Mass Index 
(BMI)

Much like age, obesity and increased BMI may 
exacerbate the progression of OA after ACL 
reconstruction [75, 90]. Obesity has long been 
linked with idiopathic OA progression, and while 
this has historically been attributed to increased 
loading of the articular cartilage secondary to 
increased body mass, the “wear and tear” model 
of OA has been further developed to include met-
abolic mechanisms as well. Mechanical loading 
of the cartilage may very well be implicated in 
OA progression; however, despite involving non- 
weight- bearing joints, more rapid hand OA pro-
gression was seen obese individuals [91]. Obesity 
is associated with increased adipokine activity, 
increased adipose deposits in the infrapatellar fat 
pad, systemic increases in proinflammatory cyto-
kines, and disturbed lipid metabolism, and these 
factors have been linked to OA progression [92]. 
After ACL reconstruction, increased BMI has 
been associated with greater type 2 collagen turn-
over [93]. While BMI at the time of ACL recon-
struction is predictive of subsequent OA 
progression, BMI also continues to increase in 
the 10  years after ACL reconstruction [14]. 
Increased BMI is then confounded with a 
decrease in physical activity during this time 
period [14] and is indicative of a cycle of inactiv-
ity and injury leading to a chronic metabolic state 
which is likely a driving factor in the progression 
of OA.

7.3.4  Female Sex

There is mixed evidence as to whether sex influ-
ences the prevalence of OA after ACL injury or 
reconstruction. From a study of an insurance 
claims database, Bodkin et  al. identified that 
female sex was associated with significantly 
increased likelihood of OA diagnosis within 

5 years of ACL reconstruction [75]. Similarly, in 
a long-term follow-up of a randomized clinical 
trial comparing the differences between ham-
string and bone-patellar tendon-bone autografts, 
Barenius et  al. reported that the OA was more 
common amongst female patients [94]. Female 
sex was also found to be an independent predic-
tor of increased Kellgren–Lawrence grade by Li 
et al. [78].

Mechanistically, there are several potential 
rationales to explain the increased risk. First, the 
chemokine response to injury appears to differ 
between the sexes with females demonstrated 
increased chemokine production after ACL injury 
when compared to males. Additionally, persistent 
muscle dysfunction has been implicated in the 
progression of OA after ACL reconstruction, and 
females have demonstrated inferior muscle 
strength and reduced rate of torque development 
[62, 63]. Females have also demonstrated asym-
metrical knee biomechanics and joint loading 
after ACL reconstruction [95], which may further 
increase the risk of progressive cartilage loss.

However, while some reports have found that 
females are at increased risk, and there may be 
mechanistic rationales to potentially explain 
these differences, other groups have not found 
female sex to be associated with increased OA 
risk. In the Multicenter Orthopaedic Outcomes 
Network cohort and in a population-based study 
in Sweden, sex was not identified as a predictor 
of early joint space narrowing or symptoms con-
sistent with OA [76, 77, 96]. Furthermore, male 
sex was reported to be a predictor of both early 
cartilage changes and the progression to total 
knee arthroplasty (TKA) [97, 98]. As such, addi-
tional work to determine the role of sex on PTOA 
progression after ACL reconstruction is needed.

7.4  Conclusion

Because of the high prevalence of subsequent 
PTOA, ACL injury has been adopted as a human 
model of early osteoarthritis. There are multiple 
mechanisms by which ACL injury promotes 
PTOA progression. The injury affects the joint as 
an organ impacting not only the articular carti-
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lage but also the synovium, underlying bone, and 
surrounding musculature with similar pathways 
implicated in the development and progression of 
idiopathic knee OA. In addition, both patient and 
injury characteristics may also contribute to 
PTOA progression after ACL injury.
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8.1  Introduction

Degenerative joint disease, or osteoarthritis (OA), 
entails deterioration of a synovial joint. Although 
cartilage loss has classically defined OA, the dis-
ease involves a complex interplay of all joint tis-
sues, also including bone, ligament, tendon, 
synovium, and meniscus. Therefore, the synovial 
joint is better conceptualized as an organ system, 
with OA ultimately progressing to joint failure. 
As with all examples of organ failure, the patho-
genesis of OA is incompletely understood but 
includes a multifactorial etiology. These mecha-
nisms involve direct damage to joint structures 
and the resulting inflammatory response to con-
servative and/or operative treatment, mediated in 
the context of personal factors such as age, obe-
sity, lifestyle, pain processing, and genetics [1]. 
In contrast to the inflammatory arthritides driven 
by pathologic autoimmune processes, the myriad 
biological mechanisms underlying OA are most 
strongly influenced by the mechanical microen-
vironment of the joint. In understanding the 

mechanics of the healthy and diseased joints 
resulting from acute structural damage due to 
traumatic injury, as well as attritional damage 
due to age-associated ‘wear and tear’, it may be 
possible to intervene surgically and/or pharmaco-
logically to preserve or restore joint health, in 
turn preventing the ultimate sequela of OA as 
total joint failure.

Given the frequency of knee injuries, coupled 
with the prevalence of knee OA, joint mechanics 
of the knee have arguably been better character-
ized than any other joint. Further elucidating the 
biomechanics of the knee and its relationship to 
OA will also likely hold insights for all synovial 
joints. To that end, it has long been recognized 
that joint instability resulting from injury or sur-
gery on knee structures, such as the anterior cru-
ciate ligament (ACL) and meniscus, can 
accelerate the onset and progression of OA [2–4]. 
Surgical interventions intended to restore native 
knee kinematics often fall short in completely 
achieving this goal, which at least partly explains 
the elevated risk for OA even when surgical 
repair or reconstruction of damaged knee struc-
tures is performed [5, 6]. Although the orthopae-
dic surgeon is principally interested in restoring 
native knee stability through reconstruction and/
or repair of the passive constraints of the knee, 
such as ligaments and menisci, there is growing 
appreciation that aberrant dynamic stability of 
the knee due to knee muscle weakness, neuro-
muscular coordination, and proprioception, also 
contributes to the increased risk for OA following 
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injury and/or surgery [7, 8]. Herein, the relation-
ship of knee instability, secondary to isolated or 
combined injury of knee structures, with OA is 
reviewed. The development of animal models, 
advancing imaging modalities, and biomarkers of 
OA progression, are also briefly highlighted, as 
these emerging technologies further our under-
standing of the causal relationships between knee 
instability and OA, which may, in turn, facilitate 
the creation of targeted interventions to prevent 
or reverse OA.

8.2  Injury Patterns 
and the Prevalence of OA

Traumatic injury to the knee and associated 
instability has been linked as a major contribu-
tor to OA.  Population studies estimate that 
approximately 12% of knee OA is attributable 
to traumatic injury, which includes injuries to 
the menisci, cruciate ligaments, collateral liga-
ments, or a combination of multiple knee stabi-
lizers [9]. As highlighted below, injury to these 
structures increases the risk of OA onset and 
progression, with surgical reconstruction and 
repair often mitigating, but not eliminating, the 
elevated risk.

8.2.1  Meniscus

The menisci of the knee are crescent-shaped 
fibrocartilaginous tissues interposed between the 
articular surfaces of the femur and tibia, which 
principally serve to distribute tibiofemoral con-
tact stresses. As early as 1948, Fairbank associ-
ated meniscal deficiency (following total 
meniscectomy) with radiographic joint space 
narrowing [10]. Subsequent studies confirmed 
that tibiofemoral contact stress increased after 
meniscectomy, thereby providing a mechanism 
by which the meniscus prevents joint degenera-
tion [11]. In particular, meniscal tears can 
increase cartilage strain, with supraphysiological 
deformation of the cartilage causing matrix 
catabolism [12]. Given the established function 
of the meniscus in preserving joint integrity, 

complete meniscus excision (i.e. total meniscec-
tomy) is now performed infrequently, with every 
effort made to preserve as much meniscal volume 
as possible [13]. That said, the meniscus is still 
the most commonly injured knee structure, and 
partial meniscectomy is the most commonly per-
formed orthopaedic procedure, with up to 
one million operations performed annually in the 
USA [14].

While partial meniscectomy seeks to preserve 
healthy meniscal tissue, biomechanical studies 
consistently demonstrate decreased contact area 
and increased stresses with the removal of even 
small volumes of tissue [15, 16]. Partial menis-
cectomy of an isolated meniscus tear results in a 
14-fold increase in long-term risk of developing 
severe OA [17], while partial meniscectomy 
concomitant with ACL reconstruction, an inde-
pendent risk factor for OA progression, further 
increases this risk 7- to 11-fold [18]. Given the 
importance of meniscal preservation, there has 
been an increased performance of meniscus 
repairs in the past decade [14]. Under particular 
indications, suture repair appears to be chondro-
protective. Following an isolated traumatic 
medial meniscal tear, 81 patients underwent 
either suture repair (n = 42) or partial meniscec-
tomy (n  =  39) [19]. At long-term follow-up 
(mean of 8.8  years post-operatively), osteoar-
thritic progression was detectable in 19% of 
patients after repair compared with 60% after 
meniscectomy [19]. As compared to subtotal/
total lateral meniscectomy, meniscal allograft 
transplantation was also found to be chondropro-
tective [20]. Nevertheless, the criteria for menis-
cal transplantation are stringent, and the 
indications for suture repair also remain rela-
tively narrow. Notably, repairs of tears located in 
the periphery of the meniscus exhibit an excel-
lent healing response, given their proximity to 
the vasculature [21], while failure rates approach-
ing 75% have been reported for repairs in the 
avascular inner region [22, 23]. Novel surgical 
techniques and suturing devices have been devel-
oped in an effort to improve the mechanical 
properties of the surgical repair, but in vivo and 
long-term data are lacking to support improved 
outcomes and OA prevention.
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Finally, there is an increasing understanding 
of the role of the menisci as secondary restraints 
to tibiofemoral translational and rotation, espe-
cially in the context of concomitant ACL injury 
[24]. The lateral meniscus, which is circular in 
morphology and more mobile than the medial 
meniscus, works synergistically with the ACL 
and the structures of the anterolateral complex 
(ALC, discussed below) of the knee to control 
rotatory knee stability, as commonly examined 
through the pivot shift test. A quantitative pivot 
shift test revealed that a concurrent lateral menis-
cus tear increases rotational laxity in ACL- 
deficient knees [25, 26]. Even absent ACL injury, 
partial lateral meniscectomy was found to affect 
knee translational and rotatory laxity, as mea-
sured with a robotic testing system [27]. Further 
work has confirmed that the lateral meniscus, 
anterolateral capsule, and iliotibial band (ITB), in 
concert with the morphology of the lateral tibial 
plateau (i.e. increased posterior tibial slope and 
small size) contribute to a high-grade pivot shift 
[28]. Given the interactive relationship of bony 
morphology and mechanical alignment with 
meniscal function, slope-altering osteotomies are 
often required when performing concomitant 
meniscal allograft transplantation so as to opti-
mize clinical success (Fig. 8.1).

The medial meniscus, possessing a C-shaped 
morphology and being relatively immobile as it 
possesses robust capsulomeniscal attachments 
and deepens the concave medial tibial plateau, is 
especially important as a secondary restraint for 
the ACL in resisting anterior tibial translation. 
Given this role, the medial meniscus is com-
monly torn following ACL injuries treated non- 
operatively, as the medial meniscus becomes the 
primary translational restraint absent a function-
ing ACL [29]. Even absent ACL injury, the 
medial meniscus plays an important role in knee 
stability. The creation of posterior medial menis-
cus tears in cadaveric specimens has been shown 
to increase anteroposterior instability, with asso-
ciated increases in peak tibiofemoral contact 
stresses [30]. Similar adverse effects on in vivo 
knee kinematics were seen in patients with iso-
lated medial meniscus root tears [31]. As could 
be expected, partial medial meniscectomy also 

disrupts knee kinematics, with increasing insta-
bility correlated with the volume of resected 
meniscal tissue [32, 33].

Persistent changes in kinematics appear to 
exist even following ACL reconstruction (ACLR) 
in the context of concomitant ACL and meniscal 
injury. Using dynamic stereo radiography to eval-
uate in  vivo knee kinematics during downhill 
running, a history of medial and/or lateral menis-
cal tears (treated with partial meniscectomy or 
repair) was associated with increased anterior 
tibial translation 24  months following ACLR 
[34]. As illustrated by these recent studies, the 
menisci are increasingly recognized for their cen-
tral function in knee stability, in combination 
with their established role in distributing tibio-
femoral contact stresses. Given the central role of 
the menisci in normal knee function, preservation 
of the menisci whenever possible should be per-
formed in an effort to restore knee stability and 
(hopefully) prevent early arthritic changes.

8.2.2  Anterior Cruciate Ligament 
(ACL)

The ACL is the primary restraint to anterior tibial 
translation and internal tibial rotation, especially 
at low knee flexion angles (i.e. closer to exten-
sion). As such, it is often injured during pivoting 
sports (e.g. football, basketball, rugby). Given 
the popularity of these sports, the ACL is one of 
the most commonly injured knee structures, with 
ACL tears accounting for over 20% of knee inju-
ries in athletic populations [35]. As affected 
patients are often young and sometimes promi-
nent public figures (i.e. elite athletes), ACL injury 
and treatment has been one of the most inten-
sively researched topics in orthopaedic surgery. It 
has been consistently reported that ACL rupture 
alters knee kinematics, which frequently persists 
over time especially if operative treatment is not 
performed, resulting in accelerated onset of 
OA.  However, the range of estimations for the 
development of post-traumatic OA (PTOA) fol-
lowing ACL injury has been highly variable, with 
the prevalence of OA reported anywhere between 
10 and 90% [2, 36]. This value decreases when 
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Fig. 8.1 Combined distal femoral osteotomy and lateral 
meniscus allograft transplantation (MAT). (a) Bilateral, 
weightbearing X-rays demonstrate early arthritic changes 
(osteophytes, tibial spine spiking) but relatively preserved 
joint space of affected (right) lateral compartment. (b) 
Standing limb-length X-ray showing bilateral valgus align-
ment (right 6° vs left 4°). (c) Pre-operative T1-weighted fat-

suppressed MRI demonstrating lateral meniscus extrusion, 
insufficiency (yellow arrow). (d) Immediate post-operative 
X-ray of lateral femoral opening wedge osteotomy and lat-
eral MAT. (e) T2-weighted fat-suppressed MRI at 6 months 
post-operation demonstrating intact, remodelling lateral 
meniscus allograft. (f) X-ray at 6  months post-operation 
demonstrating intact hardware and union of osteotomy site

a

c d

b
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focusing on isolated ACL injures, with values 
ranging from 0 to 13% [36, 37]. In one of the few 
prospective studies looking at long-term out-
comes after non-operative management for ACL 
injuries, the prevalence of OA was 16% at 15-year 
follow-up [38]. Other studies attempted to 
achieve a more homogeneous patient population 
by looking at injuries in select groups of athletes. 
A retrospective review of 219 male soccer play-
ers with an average of 14 years follow-up after an 
ACL injury found that 41% of patients demon-
strated radiographically apparent OA [39].

Variability in OA incidence following ACL 
injury may in part be attributable to differences in 
activity levels, whereby less active individuals, or 
those who voluntarily reduce activity following 
injury, mitigate the risk for further injury to sec-
ondary restraints, and in turn, OA risk. However, 

for those seeking a return to pre-injury activity 
levels (often including sport), ACL reconstruc-
tion has been the standard-of-care. While ACLR 
has been shown to improve knee laxity and facili-
tate return to sport, systematic reviews of past 
literature suggest an inconsistent reduction in OA 
risk [2, 6]. However, the majority of studies in 
past decades that examined OA prevalence fol-
lowing ACLR utilized a transtibial technique, 
which frequently fails to place the femoral and 
tibia tunnels within the anatomic ACL footprints 
[40, 41]. As compared to drilling the femoral and 
tibial tunnels independently with the explicit 
intention of achieving anatomic ACLR, transtib-
ial drilling is inferior in restoring normal joint 
kinematics [42–44]. Therefore, it has been 
hypothesized that anatomic ACLR, through inde-
pendent tunnel drilling, may better protect against 

e f

Fig. 8.1 (continued)
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PTOA. To that end, a small cohort study with less 
than 2-year follow-up found that non-anatomic 
graft placement through transtibial drilling led to 
a significant decrease in cartilage thickness as 
measured by magnetic resonance imaging (MRI), 
a phenomenon not seen with anatomic graft 
placement through independent tunnel drilling 
[45, 46]. As independent tunnel drilling and ana-
tomic ACLR have only gained popularity in the 
past 15 years, there are no long- term comparative 
studies evaluating OA prevalence following ana-
tomic vs non-anatomic ACLR. However, a recent 
systematic review of all studies with a minimum 
10-year follow-up found a pooled OA preva-
lence, as defined radiographically, of 23% fol-
lowing anatomic ACLR compared to 44% 

following non-anatomic ACLR, suggesting the 
importance of restoring knee stability to reduce 
OA risk (Fig. 8.2) [47].

The role of the ALC of the knee in rotatory 
knee stability, especially in the context of ACL 
injury, has also been the subject of recent debate 
[48]. Cadaveric biomechanical studies have 
shown combined ACLR and lateral extra- articular 
tenodesis (LET) may better restore joint kinemat-
ics compared to isolated ACLR in the presence of 
frank ALC injury [49]. On the other hand, LET 
has been reported to have no added benefit absent 
capsular injury [50] and may actually overcon-
strain knee motion [51], resulting in elevated con-
tact pressures in the lateral compartment and 
increased lateral patellar tilt if the tenodesis is 

a b

Fig. 8.2 Comparison of non-anatomic and anatomic 
ACLR on long-term OA prevalence. (a) Ten-year follow-
 up X-ray of non-anatomic ACLR performed by transtibial 
drilling demonstrating osteoarthritic changes, including 

joint space narrowing, osteophyte formation, and sub-
chondral bone sclerosis. (b) Ten-year follow-up X-ray of 
anatomic ACLR performed by independent tunnel drilling 
demonstrating minimal degeneration changes
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over-tensioned [52]. The in vivo effects of LET 
procedures remain less clear. A prospective ran-
domized study involving high-risk young athletes 
who underwent anatomic ACLR with or without 
LET found that the combined procedure reduced 
graft failure (4%) compared to isolated ACL 
reconstruction (11%) [53]. As ACLR was per-
formed exclusively with hamstring autografts, it 
is not clear if alternative grafts (e.g. bone-patellar 
tendon-bone and quadriceps tendon autografts) 
would yield such findings. Similar, this study only 
included 2-year follow-up. It is therefore unknown 
if the reported benefits of LET persist over time or 
if there is an increased risk of long- term OA. Given 
these uncertainties, the indications for LET are 
yet to be clearly defined [48, 54].

The bony morphology of the tibia and femur 
also contribute to knee stability and are impor-
tant considerations especially in the setting of 
revision ACLR.  A steep posterior tibial slope, 
deep posterior lateral femoral condyle, and varus 
malalignment are common findings in multiple 
ACL failures [55–58]. As shown through cadav-
eric biomechanical testing, increasing posterior 
tibial slope strongly correlates with increasing 
ACL graft forces [59]. Combined high tibial 
osteotomy (HTO) and ACLR can be employed to 
correct excessive angulation (i.e. posterior tibial 
slope, coronal alignment) and replace the defi-
cient ACL (Fig. 8.3) [58, 60]. A recent system-
atic review that included seven studies found that 
combined HTO and revision ACLR, most com-
monly performed for a posterior tibial slope 
≥12° with or without concomitant varus 
malalignment defined as a hip-knee-ankle angle 
>180°, produced good post-operative functional 
outcomes, low complication rates, and no 
reported re- ruptures [61]. However, the studies 
were limited by the small sample size and short-
term follow-up.

8.2.3  Posterior Cruciate Ligament 
(PCL)

Mirroring the ACL, the PCL is the primary con-
straint to posterior translation of the tibia. But in 
contrast to the ACL, significant, isolated, injury 

to the PCL is relatively rare and more often 
occurs in the context of multi-ligament knee inju-
ries [62]. Often injured during high-energy 
trauma (e.g. motor vehicle accidents), the inci-
dence of PCL injury has been reported at rates as 
high as 44% in a cohort of trauma patients with 
acute knee hemarthrosis [63]. However, isolated 
injuries to the PCL are quite rare, representing 
less than 1% of knee injuries [35]. In contrast to 
ACL injuries, isolated PCL injuries have histori-
cally been better tolerated, with good subjective 
outcomes and high rates of return to sport 
achieved with conservative treatment [64]. 
Nevertheless, knee kinematics remained altered 
with conservative management.

Numerous cadaveric and in vitro studies have 
demonstrated that PCL deficiency results in 
increased posterior translational of the tibia, with 
increased contact pressures in the medial and 
patellofemoral compartments [64, 65]. 
Examination of tibiofemoral motion by MRI dur-
ing a pseudo-static squat in PCL-deficient 
patients further revealed posterior subluxation of 
the medial tibial plateau through an arc of flexion 
from 0° to 90°, without a change in kinematics of 
the lateral compartment [66]. In a related study, it 
was found that PCL deficiency led to a more 
anterior and medial location of peak cartilage 
deformation on the medial tibial plateau between 
75° and 120° of knee flexion, with no alteration 
in the location of peak cartilage deformation seen 
on the lateral tibial plateau [67]. PCL deficiency 
was also found to increase patellar tilt and lateral 
patella shift with increasing knee flexion [68]. 
These kinematic changes, principally involving 
the medial and patellofemoral compartments, 
correlate with the increased incidence of arthritic 
changes in these compartments following PCL 
injury [64]. Even young athletes with asymptom-
atic PCL deficiency who successfully return to 
sport demonstrated unexpected increases in T1ρ 
values of knee cartilage on MRI, consistent with 
subclinical cartilage degeneration despite a well- 
functioning knee [69]. T1ρ is a quantitative com-
position imaging technique for which increasing 
values are inversely related to cartilage 
 proteoglycan concentration (i.e. increased 
T1ρ = increased proteoglycan loss).

8 Biomechanics of Instability and Its Relationship to OA



92

Due to the low overall incidence of isolated 
PCL injuries, current studies on long-term out-
comes are primarily limited to small case series, 
with few studies assessing long-term OA preva-
lence (≥10 years from injury). In a population- 
based retrospective study of 48 patients with an 
isolated PCL tear treated conservatively, patients 
were 6.2 times more likely to have symptomatic 

OA as compared to individuals without a PCL 
tear [62]. In a similar retrospective case series, 68 
patients with an isolated PCL tear treated non- 
operatively were followed for a mean of 
17.6  years [70]. Of the 44 patients who under-
went both objective and subjective evaluation (at 
a mean follow-up of 14.3  years), only five 
patients (11%) had radiographic evidence of 

Fig. 8.3 Combined HTO and ACLR for multiple ACL 
failures. (a, b) AP and sagittal X-rays of multiply revised 
ACL-reconstructed knee, again ACL deficient, with poste-
rior tibial slope of 12°. (c) A tibial tubercle osteotomy is 
performed to access the HTO site of the anterior tibial cor-
tex. (d, e) Intra-operative radiographs of slope-correcting 

HTO. (f) Photograph of secured anterior tibial plate 
(TomoFix®, DePuy Synthes) and insertion of ipsilateral 
quadriceps tendon autograft for arthroscopic revision 
ACLR. (g) Post-operative sagittal X-ray demonstrating 
corrected posterior tibial slope of 6°

a

d e

b c
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moderate to severe OA.  Furthermore, patients 
were found to largely have remained active, 
regained quadriceps strength and full ROM 
nearly equal to the contralateral (healthy) limb, 
and reported good subjective scores (as measured 
by International Knee Documentation Committee 
(IKDC) and Cincinnati Knee Rating System, 
CKRS) [70]. Across the literature, the rate of OA 
prevalence in the medial and patellofemoral com-
partments following PCL injury ranges from 11 
to 53% [64].

Given the persistent changes in knee kinemat-
ics, with an increased risk of subsequent OA fol-
lowing PCL injury, PCL reconstruction (PCLR) 
has been performed in an effort to restore knee 
stability and prevent future joint degeneration. As 
with ACL reconstruction, PCLR was historically 
performed with a single-bundle (SB) technique. 
As described primarily in case series, PCLR pro-

vides significant improvement in subjective out-
comes, often equal in magnitude regardless of 
whether the PCL injury is isolated or concomitant 
with damage to other knee structures [71–73]. 
Nevertheless, no study has directly compared out-
comes following PCLR vs conservative manage-
ment. Furthermore, while PLCR can improve the 
posterior drawer by an average of 1 grade, it has 
not reliably restored normal knee stability, nor has 
it been shown to prevent OA [74, 75]. Similar to 
the ACL, there has been a recent interest in ana-
tomic double-bundle (DB) PCLR, which has pro-
duced significant improvement in functional and 
objective outcome measures [76]. Whether DB 
PCLR yields better outcomes, including a reduc-
tion in OA prevalence, as compared to SB PCLR 
remains an open question, with at least one case 
series finding no difference between techniques at 
minimum 10 years follow- up [77].

f g

Fig. 8.3 (continued)
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8.2.4  Multi-ligament/Knee 
Dislocation

Multi-ligament knee injury is defined as an injury 
to two or more of the soft tissue stabilizers of the 
knee, including the cruciate ligaments, collateral 
ligaments, and posterior medial and lateral com-
plexes (i.e. PLC and PMC, respectively). Multi-
ligament knee injuries are also frequently referred 
to as knee dislocations, as the ligamentous disrup-
tion causes multidirectional instability that can 
result in dislocation and subluxation of the knee 
joint. These are extremely rare, often high-energy 
injuries, representing just 0.02% of orthopaedic 
injuries [78]. As a result, the available literature 
regarding surgical reconstruction and long-term 
outcomes is limited to small case series. One case 
series followed 26 patients who underwent surgi-
cal reconstruction after sustaining a multi-liga-
ment knee injury, finding 69% of patients 
demonstrated radiographically significant OA in 
the reconstructed knee when graded with the 
Kellgren–Lawrence (KL) classification at an aver-
age of 8-year follow- up [79]. A similar series of 44 
patients found a lower prevalence of OA using the 
KL classification, with 23% of knees demonstrat-
ing radiographic OA after 5-year follow-up [80].

8.2.5  Collateral Ligaments

The medial collateral ligament (MCL) and lateral 
collateral ligament (LCL) are the primary 
restraints to valgus and varus angulation of the 
knee, respectively. When included with addi-
tional structures comprising the posteromedial 
corner (PMC) or posterolateral corner (PLC), the 
structures provide additional rotatory support. 
Given their extra-capsular location, the collateral 
ligaments possess a superior innate healing 
capacity as compared to the cruciate ligaments. 
Furthermore, the collateral ligaments are often 
injured concurrent with a cruciate ligament and/
or meniscus, obscuring their isolated role in knee 
instability and OA pathogenesis. The indications 
for operative treatment of isolated and cruciate- 
combined collateral ligament injuries are debated 
[81, 82], with both a multi-centre cohort study 

[83] and prospective randomized study [84] dem-
onstrating equivalent short-term subjective and 
objective outcomes following ACLR with opera-
tive vs non-operative treatment of a concurrent 
MCL tear. That said, operative treatment of a 
combined ACL and PMC/PLC injury has been 
associated with poorer outcomes as compared to 
reconstruction of an isolated ACL tear [85–87]. 
As multi-ligament injury is often exclusion crite-
rion for studies examining the relationship 
between cruciate reconstruction and OA, the role 
of concomitant MCL/LCL/PMC/PLC injury as a 
risk factor to PTOA is not clearly defined [36]. 
Recognizing the inherent limitations in the study 
design, patients with a partial MCL tear treated 
conservatively demonstrated no signs of radio-
graphic OA at 10-year follow-up, compared to 
50% of patients with a combined ACL and com-
plete MCL rupture, both of which were treated 
operatively [88].

8.3  Limitations of Clinical 
Studies

Long-term outcomes after traumatic knee inju-
ries have been a heavily researched topic in the 
orthopaedic literature. However, studies continue 
to produce a broad range of clinical outcome data 
for similar injuries, making it a challenge to draw 
generalizable conclusions from the available 
information. This is likely attributable to many 
limitations in long-term studies, including diver-
sity in study populations, injury patterns, out-
come criteria, follow-up duration, and surgical 
management strategies.

8.3.1  Concomitant Injuries

While knee injuries are a common orthopaedic 
presentation, injury to a single stabilizing struc-
ture is relatively rare with most cases presenting 
with combined injuries to multiple structures. 
Population studies estimate that only 20% of all 
ACL tears represent isolated injuries, with the 
menisci and MCL tears representing the most 
commonly associated injuries [89]. This compli-
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cates outcome studies as concomitant injuries 
have been shown to have worse long-term mor-
bidity when compared to isolated injuries. In a 
systematic review of studies investigating OA 
following ACL injury, the prevelance of OA 
increased from 0 to 13% after isolated ACL inju-
ries compared to 21–48% in patients with con-
current ACL and meniscus injuries [90]. A 
prospective study by the same group found a 
similarly increased trend towards a higher 
prevelance of OA with combined injuries com-
pared to isolated ACL injuries (80% vs 62%) 
[37]. It is also thought that an isolated injury to a 
single knee structure can cause changes in the 
loading of the knee joint, which can lead to sub-
sequent injury and degeneration of other knee 
structures, compounding the risk for subsequent 
OA (such as a degenerative meniscal injury after 
sustaining an isolated injury to the ACL).

8.3.2  Host-Related Variables

Several patient-related factors, including age, 
gender, body mass index (BMI), and physical 
activity level have been proposed as potential risk 
factors for OA after traumatic knee injury. 
Obesity has been shown to be a risk factor for the 
development of OA in the general population, 
with a 5-unit increase in body mass index (BMI) 
corresponding to a 35% increased risk for the 
development of OA [91]. The longitudinal pro-
spective cohort study performed by the 
Multicenter Orthopaedic Outcomes Network 
(MOON) Research Group looked at these patient- 
related factors in 421 primary and revision ACL 
reconstructions with at least 2-year follow-up, 
finding a slight association between radiographi-
cally apparent OA and age (OR  =  1.06) and 
increasing BMI (OR = 1.05) [92]. A case-control 
series of 249 patients who underwent ACLR 
found greater elevations in risk for radiographic 
OA in overweight (BMI  >  25, OR  =  2.04) and 
obese patients (BMI  >  30, OR  =  3.24). [93] 
However, larger reviews have failed to find any 
consistent association between these variables in 
the broader literature [94]. While higher activity 
and return to sport is thought to be a risk factor 

due to the increased stress on the knee joint dur-
ing competitive athletics, this association has not 
been shown in the literature [94]. Similarly, a 
prospective cohort study of 56 patients who 
underwent ACLR found no association between 
radiographic OA (according to the KL classifica-
tion) and return to sport [95].

8.3.3  Operative vs. Non-operative 
Treatment

The association between surgical and conserva-
tive management of ACL injuries and long-term 
outcomes has been extensively discussed in the 
orthopaedic literature. The management strategy 
itself is a challenging variable to study objec-
tively, as the decision for aggressive or conserva-
tive management is heavily dependent on 
numerous patient- and surgeon-related factors. 
While individual studies have shown trends 
towards increased risk of OA with either opera-
tive or non-operative management [96, 97], sys-
tematic reviews have failed to demonstrate any 
statistically significant association in high- quality 
studies [37, 98, 99]. No association has also been 
shown between the timing of eventual surgical 
intervention and the development of OA [94].

8.3.4  Variation in Outcome Metrics

Numerous means of assessing the severity of OA 
in terms of both radiographic and clinical symp-
toms have been proposed in the literature, includ-
ing clinical questionnaires, radiographic metrics, 
and biomechanical markers. The oldest and most 
widely used radiographic assessment scale was 
first proposed by Kellgren and Lawrence in 1957, 
which classifies radiographs on a grading scale of 
0–4 with a score of 2 or greater corresponding to 
significant arthritis [100]. Several other classifi-
cation systems have been validated for use in the 
setting of traumatic knee injuries, including the 
International Knee Documentation Committee 
(IKDC) system, the Ahlbäck system, and the 
Osteoarthritis Radiographic Severity Index 
(OARSI) [101–103]. A review of long-term out-
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comes after ACL injury found over ten different 
classifications utilized across the reviewed stud-
ies [2]. Each system attempts to use these mea-
sures to categorize patients based on the severity 
of disease. However, differences in the content 
and relative weighting of different measures in 
the system can lead to alternative conclusions for 
the same patient population. These discrepancies 
can be further exaggerated by interobserver vari-
ability, which also varies depending on the 
employed scoring system. A study by the 
Multicenter ACL Revision Study (MARS) Group 
attempted to assess the reliability of the most 
common scoring systems by comparing the pre- 
operative radiographic assessment with intra- 
operative assessment of the articular cartilage at 
the time of arthroscopy, finding that the IKDC 
classification system with 45° weight-bearing 
radiographs had the highest correlation between 
the radiographic scoring classification and 
arthroscopic findings (r = 0.66) [104]. No scoring 
system had higher than moderate inter-observer 
reliability.

8.4  Future Perspectives

8.4.1  Animal Models

Even with narrow inclusion criteria, clinical 
studies with human patients inherently entail a 
modest level of heterogeneity in experimental 
parameters (e.g. patient demographics, concur-
rent injury, time to surgery, etc.) and a limited 
(typically non-invasive) number of outcome 
measures, often preventing inference of causal 
relationships between instability and 
OA.  Animal models overcome many of these 
limitations, at the obvious loss of some clinical 
validity. Nevertheless, animal models have been 
instrumental in elucidating the molecular mech-
anisms mediating OA in the context of knee 
instability [105]. Both invasive and non-invasive 
models have been developed, with ACL transec-
tion and medial meniscectomy being the most 
widely used and characterized model [106]. 
Model animals have spanned from mouse to 
non-human primates, with small animals 

enabling targeted modulation of putative molec-
ular mediators (e.g. genes, growth factors, cyto-
kines) while the larger animals share greater 
homology to humans with regards to anatomy 
and surgical approaches [105, 106].

In addition to their utility for elucidating the 
mechanistic underpinnings of instability-
induced OA, animal models have been com-
monly used to investigate novel surgical and 
biological therapies. For example, a non-surgi-
cal mouse model of ACL rupture was used to 
explore the efficacy of doxycycline, an inhibitor 
of matrix metalloproteinase 13 (MMP-13), in 
preventing the progression of OA, a process 
which is driven in part by MMP-13-induced 
chondrogenic hypertrophy [107]. In a dose-
dependent manner, doxycycline treatment 
reduced cartilage damage and synovitis [107]. 
As a second example, increased posterior tibial 
slope is a known risk factor for ACL injury and 
poorer post-operative outcomes in human 
patients [108, 109]. In many quadrupeds (e.g. 
dogs, cats), there is a large (>12°) posterior tib-
ial slope of the native knee, which is thought to 
contribute to the rapid onset and progression of 
OA following ACL tears in these animals [110, 
111]. To that end, joint-levelling osteotomy in 
these animals has shown promising results in 
slowing OA progression and improving joint 
function, even without concurrent ACLR [112, 
113]. Reducing posterior tibial slope has been 
shown to reduce the magnitude of the pivot shift 
in ACL- deficient cadaveric knees [114], but the 
indications for levelling osteotomy in human 
patients, and its effect on instability and ensuing 
OA progression, remain the subject of future 
research. As a final example, there has been 
renewed interest in primary ACL repair (as 
compared to standard- of-care ACL reconstruc-
tion), with recent clinical studies showing het-
erogeneous results, including reports of high 
failure rates [115–118]. Largely absent from the 
literature are long-term studies of ACL repair, 
which are needed to determine the rates of OA 
following ACL repair. On the other hand, recent 
work using a minipig model has found that car-
tilage damage is inversely proportion to the 
degree to which the anatomic and structural 
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properties of the native ACL are achieved fol-
lowing ACL repair [119, 120]. Therefore, ani-
mal models may be useful to further optimize 
ACL repair strategies and monitor OA progres-
sion (on an accelerated timescale) before these 
novel surgical approaches are broadly adopted 
in clinical practice.

8.4.2  In Vivo Kinematics

At present, the relationship between knee insta-
bility and OA is largely correlative, with cadav-
eric biomechanical studies demonstrating 
perturbations in joint kinematics following iat-
rogenic damage to knee structures offered as an 
indirect explanation for the increased rates of 
OA seen in patients sharing these injury pat-
terns. Historically, the ability to determine 
in vivo joint kinematics during dynamic move-
ment has been limited by technology, with the 
most common methodology for this task (video-
based motion capture) lacking the necessary 
precision and repeatability to detect small but 
clinically significant changes that distinguish 
the healthy from the diseased (or to-be-diseased) 
knee. Although relatively limited by expense, 
processing speed, and the necessity of expert 
personnel, stereo radiography through dynamic 
biplanar fluoroscopy has been a powerful tool to 
accurately measure in vivo kinematics [34, 121, 
122]. Advances in computing speed and power 
will only further increase the utility of these 
technologies. Similarly, video-based technolo-
gies continue to evolve, now capable of more 
accurately measuring joint kinematics without 
the use of skin markers, which are prone to 
motion artifact [123]. For example, the marker-
less Microsoft Kinect V2 system demonstrated 
excellent correlation with the conventional 
marker-based Vicon system when measuring 
knee kinematics during a drop vertical jump 
[124]. With continued improvement in technol-
ogies to measure dynamic joint kinematics, our 
understanding of the relationship between joint 
instability and OA will evolve from one of cor-
relation to causation.

8.4.3  Advanced Imaging 
and Biomarkers

Like the emerging tools for studying in vivo kine-
matics, both advanced imaging modalities and 
biomarkers will play an expanding role in under-
standing and predicting OA risk following injury 
and/or with chronic instability [125]. Already, 
conventional clinical MRI sequences (T1, T2) are 
being used to evaluate cartilage morphology 
within a few years of acute knee injury, as 
opposed to at least a decade for radiographic evi-
dence of OA on X-ray to appear [126, 127]. 
However, quantitative MRI sequences (e.g. T1ρ, 
UTE-T2*, dGEMRIC) will permit evaluation of 
the biochemical composition and integrity of 
joint tissues within weeks to months of injury 
[128–130]. Similarly, advances in gene/transcript 
sequencing and proteomic analyses will likely 
permit the identification of biochemical biomark-
ers that are both diagnostic and prognostic of the 
severity of the joint injury and the sequela likely 
to ensue, with or without intervention 
[131–133].

8.5  Conclusion

Joint instability is a known risk factor for OA, as 
richly demonstrated through clinical studies of 
outcomes following injury to knee structures, 
including menisci, cruciate ligaments, and collat-
eral ligaments. The literature supports a causative 
role of instability in promoting and accelerating 
OA, but the molecular mechanisms underlying 
instability-mediated joint degeneration must still 
be elucidated. There have also been equivocal 
results regarding the benefit of surgical recon-
struction or repair of injured knee structures in 
mitigating or preventing OA.  However, more 
recent results suggest that anatomic reconstruc-
tion, as exemplified in review of anatomic vs 
non-anatomic ACL reconstruction, may mitigate 
OA risk. Therefore, restoration of native joint 
kinematics, achieved either through operative or 
conservative treatment, should be pursued fol-
lowing injury. Emerging technologies will fur-
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ther our ability to investigate in vivo kinematics 
and the biological response to injury and repair, 
from which our improved understanding of the 
biomechanics of instability will facilitate the 
development of interventions to more success-
fully prevent or reverse OA.
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Early OA Following Synovial Joint 
Fracture

Don Anderson, James Martin, J. Lawrence Marsh, 
Jessica Goetz, Mitchell Coleman, Todd McKinley, 
and Joseph Buckwalter

9.1  Joint Fractures and Post- 
traumatic Osteoarthritis

Post-traumatic osteoarthritis (PTOA), the osteo-
arthritis (OA) that develops following joint 
injury, causes pain and disability for millions of 
people [1–4]. It often afflicts young adults who 
may not be optimal candidates for joint replace-
ments [1, 2, 4, 5]. A substantial fraction (approxi-
mately 12%) of the advanced OA in hips, knees, 
and ankles arises secondary to joint trauma [1, 6]. 

Acute joint injury and post-traumatic residual 
joint abnormalities, primarily instability and 
articular surface incongruity [7–10], lead to pro-
gressive loss of articular cartilage, bone remodel-
ing, and changes in the joint soft tissues, resulting 
in pain and loss of joint function, the clinical syn-
drome of OA [4, 11, 12]. A wide range of joint 
injuries including contusions, dislocations, liga-
ment, meniscal, and joint capsule tears can lead 
to PTOA [1, 3, 4, 13–15]. However, intra- articular 
fractures (IAFs), fractures that extend from the 
articular surface into the subchondral bone [16–
27], are the injuries that most predictably lead to 
PTOA [3, 14, 18, 19, 22, 24, 27–31], presumably 
because unlike other joint injuries, they subject 
the articular surface to loads sufficient to disrupt 
articular cartilage and fracture underlying bone 
[19]. Although IAFs occur less frequently than 
less severe joint injuries, they are the most com-
mon cause of combat-related disability in US 
military service personnel [32], and ankle frac-
tures are the most common cause of disabling 
ankle OA [2, 5]. Unfortunately, current treat-
ments of all types of joint injuries all too often 
fail to prevent OA.

Once OA is established by observable struc-
tural changes in the joint, PTOA and OA attrib-
uted to most other causes, or of unknown etiology, 
cannot be distinguished except by the history of 
joint injury in PTOA [11, 33–36]. The pain, loss 
of function, and physical changes in the joint are 
identical [4, 11, 12, 33, 35–39]. Because the OA 
that develops following IAF has a known initiat-
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ing event, it is possible to study the onset and 
 progression of the disease from a known point in 
time and to develop and test interventions that 
have the potential to prevent or decrease the 
severity of the disease. Unlike many other joint 
injuries that may not lead to symptomatic PTOA 
until decades after the injury, IAFs frequently 
lead to symptomatic disease within a few years, 
which makes it possible to test new treatments in 
a relatively short period of time [3, 37]. For these 
reasons, better understanding of how IAFs lead 
to PTOA and the testing of new treatments in 
patients with IAFs will provide valuable insights 
into synovial joint biology and the pathogenesis 
of all forms of OA.

Prior to the development of clinically useful 
radiography in 1895 by William Roentgen, phy-
sicians and bonesetters had little understanding 
of IAFs [40–42]. Like most patients with IAFs, 
patients with joint dislocations and peri-articular 
fractures also present with a history of injury and 
localized pain, swelling, and deformity, making 
distinguishing IAFs from these other injuries dif-
ficult if not impossible. In the past, all these inju-
ries were generally treated with manipulation or 
traction to correct deformity followed by immo-
bilization. The use of radiographs led to the 
understanding of IAFs as a distinct entity and the 
ability to distinguish them from other injuries. 
Relying on radiographic images, orthopedic sur-
geons developed systems of classifying these 
injuries based on the patterns of the fracture lines 
in the bones; systems that have been used to 
guide treatment [21, 43–45]. Modern anesthesia 
and sterile techniques made the surgical reduc-
tion of IAF feasible. Devices for fixation of IAFs 
made it possible to restore normal or near-normal 
joint alignment and congruity for many IAFs, 
and to minimize the length of joint immobiliza-
tion. The more recent availability of pre- operative 
CT scans has allowed surgeons to evaluate com-
plex IAFs and improve planning for reduction 
and stabilization. Taken together, these advances 
have dramatically improved the treatment of IAF.

However, even with current optimal treat-
ment, as many as one in four patients develop 

OA after fractures of the acetabulum [46, 47], 
between 23% and 44% of patients develop knee 
OA after intra-articular fractures of the knee 
[27, 48, 49], and more than 50% of patients 
with fractures of the distal tibial articular sur-
face develop OA [50–52]. Because it is not 
always possible to restore perfect joint congru-
ity following IAF, a substantial number of 
patients are left with residual joint incongruity 
and instability secondary to incongruity that 
also increases the risk for OA. The time from 
injury to the onset of OA following IAF varies. 
Following severe IAFs, that is higher- energy 
comminuted IAFs with disruption of the articu-
lar surface that cannot be restored to anatomic 
alignment, OA may develop in less than a year. 
Following less severe injuries, including lower-
energy IAFs and disruptions of the articular 
surface that can be restored to anatomic align-
ment, OA may not develop for many years, or 
may never develop [19, 22, 37, 47, 49, 52]. 
Despite the advances in joint imaging and sur-
gical treatment of IAFs, the risk of OA follow-
ing IAFs has not decreased substantially in 
50 years. It seems unlikely that further progress 
in joint imaging and surgical techniques will 
dramatically reduce the risk of OA following 
IAF [1, 3, 24].

For these reasons, there is a clear need to 
advance understanding of the biologic pathways 
that lead to PTOA and to develop better meth-
ods of assessing the risk of OA following IAF so 
that treatments can be individualized [3, 37]. 
That is, patients at low risk of PTOA can be 
appropriately treated with current methods, but 
new approaches will be needed for those patients 
who will otherwise rapidly develop disabling 
PTOA following IAF.

The following sections discuss innovations 
in the evaluation of OA risk following IAF, bio-
logic pathways responsible for OA following 
IAF, biologic strategies to minimize OA risk or 
severity following IAF, the importance of 
improved rehabilitation following IAF, and 
future advances that are needed to dramatically 
reduce PTOA risk.
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9.2  Evaluation of OA Risk 
Following Joint Fracture

Reliable methods of predicting who is at risk of a 
disease frequently lead to success in preventing 
or in decreasing the risk or severity of that dis-
ease. Identifying people at high risk makes it pos-
sible to test new treatments in those who are most 
likely to develop the disease. Specifically, the 
ability to predict the risk of PTOA following IAF 
will make it possible to conduct rigorous clinical 
trials of new treatments within a relatively short 
period of time and to devise individualized 
patient treatments. Prospective research on inter-
ventions to decrease the incidence and severity of 
PTOA requires that potentially confounding 
mechanical factors be assessed and quantified so 
the effect of the intervention can be identified. 
Two key confounding mechanical PTOA risk 
factors are the severity of the acute injury and 
ongoing chronic aberrant joint loading that arises 
from imperfect restoration of the articular sur-
face. Recent work has shown that it is possible to 
predict PTOA risk following IAF [4, 7–10, 24, 
53–56] by measuring the acute fracture energy 
and the elevated joint contact stresses caused by 
residual joint incongruity [3, 23, 28, 37, 55, 
57–62].

9.2.1  Acute IAF Severity (Fracture 
Energy)

The mechanisms of joint injuries range from sim-
ple falls and sports injuries to high-speed motor 
vehicle accidents, falls from heights, and battle-
field injuries [13, 15, 31, 32]. These various 
mechanisms produce a spectrum of injury that 
includes sprains, partially torn ligaments, and 
minimally displaced IAFs on the low end of the 
spectrum to devastating IAFs which explode the 
articular surface into multiple osseous-chondral 
fragments. It is no surprise that the risk, timing of 
onset, and severity of PTOA closely follow this 
spectrum of injury and that injury severity is a 
critical factor in determining the risk for PTOA 
after IAF.

Clinicians typically assess IAF injury severity 
using radiographs, CT, and MRI. These assess-
ments have been aided by fracture classifications 
that segregate IAFs in groups by apparent sever-
ity of injury [21, 43–45]. However, the scientific 
utility of these classifications has been hampered 
by the inherent subjective nature of the assess-
ments leading to poor inter-observer reliability of 
fracture classification. Recently, accurate and 
objective quantitative methods to measure the 
fracture energy, a quantitative measure of IAF 
severity, have been developed utilizing image 
analysis methods, and this computationally 
derived fracture energy predicts the risk and 
severity of PTOA following IAFs.

These computational image analysis methods 
[23, 28, 55, 57–63] have enabled objective met-
rics of IAF energy to be measured from standard- 
of- care CT scans (Fig. 9.1). These methods rely 
upon principles of fracture mechanics relating 
the energy involved in causing a fracture to the 
amount of liberated inter-fragmentary bone sur-
face area. Bone density, which can be deduced 
from CT scan data, also influences the fracture 
energy. Additionally, liberated bone surface area 
near the articular surface can be weighted more 
heavily to incorporate the understanding that 
injury localized to the articular surface can be 
especially harmful. Automated approaches now 
hold promise to allow routine measurement of 
IAF energy in clinical practice as an indicator of 
severity and therefore prognosis.

This objective IAF severity metric, obtained 
from analysis of pre-operative CT scans, was 
originally shown to reliably predict the risk and 
severity of PTOA in tibial pilon fractures [23, 28, 
55, 61, 62]. More recent work has involved com-
puting this fracture severity in over 400 IAFs of 
the calcaneus (subtalar joint), the tibial plateau 
(knee), the acetabulum (hip), and distal radius 
(wrist). These joints differ greatly in the amount 
of articular surface over which load transfer 
occurs, so perhaps not surprisingly, the raw frac-
ture energy does not directly predict PTOA risk 
across them all. Taking a tissue-level, rather than 
the whole organ-level, approach helps to explain 
this lack of predictive ability; when corrected for 
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the varied contact area across joints of different 
sizes, fracture energy predicts the PTOA risk in 
the subtalar, ankle, hip, and wrist joints (Fig. 9.2).

9.2.2  Chronic Overloading 
(Residual Joint Incongruity 
and Instability)

Imperfectly reduced IAFs alter the shape and 
congruity of the articular surface. Over time the 
resulting abnormal joint mechanics, including 
elevated peak contact stresses in some regions 
and instability or abnormal motion, increase the 
risk and accelerate time course to 
PTOA.  Cadaveric testing and in  vivo prepara-
tions have quantified joint-level changes in 
stresses due to incongruity [8, 9, 64], stress rates 
resulting from instability associated with incon-
gruity [9], and numerical correspondence 
between instability and PTOA in  vivo [10]. In 
current practice, the goal of surgical treatment of 
most IAFs is to, as much as possible, restore the 
articular surface to its pre-injury configuration 
[22]. Progress in the treatment of IAFs over 
recent decades has therefore focused on optimiz-

ing techniques of surgically reducing and fixing 
fractures. However, for severely displaced com-
minuted IAFs, perfect joint restoration remains 
elusive and further advances in reduction tech-
niques seem unlikely. Furthermore, measuring 
the accuracy of IAF reduction on radiographs is 
limited. CT scans provide more detail about 
residual fracture fragment displacement, but 
residual displacement is a poor surrogate for car-
tilage overloading from increased contact stress. 
For this reason, progress in computational mod-
eling was needed to more accurately predict del-
eterious joint loading following IAF.

Fortunately, modern computational stress 
analysis methods provide the capability to calcu-
late the articular surface contact stress in a spe-
cific joint during functional loading of the 
extremity. This means that a patient-specific 
modeling approach, working from post-operative 
CT imaging that allows determination of the 
incongruous joint surface, can capture the 
mechanical effect of a residual articular incon-
gruity. The insight provided by this modeling 
approach demonstrates how chronic elevation of 
contact stress compounds PTOA risk and severity 
[23, 53, 55, 57–59, 61, 65] (Fig. 9.3). Furthermore, 

Fig. 9.1 Plain radiographs of four tibial pilon intra- 
articular fractures. Acute intra-articular fracture severities 
span a wide spectrum. The principles of fracture mechan-
ics offer an objective basis for quantifying injury severity 

based on the amount of energy liberated, expressed in 
Joules, calculated from inter-fragmentary bone surface 
area measured on standard CT scans
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Fig. 9.2 Contact area-normalized intra-articular fracture 
energy. A contact area-normalized intra-articular fracture 
energy metric (J/cm2) was shown to be highly predictive 

of PTOA rates across subtalar, tibial pilon, knee, hip, and 
wrist joint fractures

Fig. 9.3 Tibial pilon intra-articular fracture chronic con-
tact stress exposure. Patient-specific computational stress 
analysis provides a metric of contact stress-time exposure 
that can discriminate between fractured ankles that did 
(KL ≥ 2) versus those that did not (KL = 0) later go on to 

develop PTOA. There appears to be a tolerance threshold 
(percent of exposed joint surface area above the damage 
threshold) above which elevated chronic contact stress 
times correlate with PTOA risk
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this approach can also guide the development of 
new interventions such as modifications of reha-
bilitation methods following surgical treatment 
of IAFs that might alleviate deleterious contact 
stresses during or after joint healing.

9.3  Biologic Mechanisms 
Responsible for PTOA 
Following Joint Fracture

A series of investigations focused on a variety of 
joint overloading and injury scenarios have 
revealed that extreme acute overloading of articu-
lar surfaces, like that seen in IAFs, triggers chon-
drocyte mitochondria to produce excessive 
reactive oxygen species (ROS). The resulting 
oxidative injury mediates chondrocyte dysfunc-
tion, death, and chondrocyte senescence associ-
ated with PTOA.

9.3.1  Mitochondrial-ROS Pathway

Extreme impacts cause abrupt and intense bursts 
in chondrocyte ROS production followed by 
chondrocyte death [66–70]. To confirm the role 
of the ROS in mechanically induced chondrocyte 
death, the antioxidant N-acetylcysteine (NAC), 
which has been shown to protect numerous other 
tissues from oxidative damage [71], was applied 
to cartilage explants after injury. Even when 
applied 4  h after impact, NAC treatment more 
than doubled cell survival and prevented loss of 
matrix proteoglycans [69]. Cyclic compressive 
overloads also caused articular cartilage chon-
drocyte death and dysfunction that could be pre-
vented with NAC [70, 72]. Protection of 
chondrocytes by NAC from both acute impact 
and repetitive overloading of the articular surface 
suggests that oxidative damage is a common 
pathological result of excess acute and repetitive 
mechanical stress applied to articular surfaces.

To study the distribution of cell injury and 
death following IAF in humans, fresh normal 
human ankle joints were subjected to impacts 
that caused tibial pilon IAFs in patients [73]. 

Superficial zone chondrocyte viability was mea-
sured over 48 h following IAF. Despite the sever-
ity of the injury, there was minimal cell death 
immediately after IAF.  In the region within 
500 μm of joint fracture lines, an average of only 
20% of the superficial zone cells died  immediately. 
At more than 500  μm from the fracture lines, 
only a few percent of the cells died, and there was 
no evidence of cell death deep to the superficial 
zone. However, over the next 48 h, the proportion 
of dead cells in the entire articular cartilage 
superficial zone nearly tripled. This finding, 
taken together with NAC’s in vitro efficacy up to 
4  h after impact, suggests that preservation of 
chondrocytes by joint treatments administered 
after IAF is possible.

Observations that preventing mitochondrial 
ROS production could prevent tissue damage fol-
lowing traumatic brain damage and myocardial 
infarctions [74–77] led to the hypothesis that 
chondrocyte mitochondria were the source of the 
ROS observed following mechanical injury. 
Inhibition of mitochondrial electron transport 
with rotenone, an inhibitor of mitochondrial elec-
tron transport, dramatically improved chondro-
cyte survival following impact injury in explants 
[68]. This observation supports the premise that 
chondrocyte mitochondria are the source of dam-
aging levels of ROS and provided more evidence 
that interrupting the mitochondrial-ROS pathway 
can minimize progressive articular chondrocyte 
death following injurious impacts.

To delineate the connections responsible for 
mechanically induced production of ROS and 
subsequent cell death, studies were initiated to 
determine if mechanical signals are transmitted 
from the articular surface through the matrix and 
then across the cell membrane to the mitochon-
dria. In one set of experiments, the adhesion 
between the chondrocytes and the extra-cellular 
matrix was disrupted [78]. Osteochondral 
explants were treated with focal adhesion kinase 
(FAK) and sarcoma (Src) kinase inhibitors 
(FAKi, Srci, respectively), molecules that disrupt 
cell binding to the extracellular matrix, and then 
subjected to an impact known to cause chondro-
cyte death. Chondrocyte viability was assessed 
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by confocal microscopy immediately as well as 
24 h post-impact. With no treatment, immediate 
post-impact cell viability was 59%. Treatment 
with 10 μM Srci, 10 or 100 μM FAKi improved 
viability to 80%, 77%, and 82%, respectively 
(p < 0.05). After 24 h viability declined to 34% in 
controls, 48% with 10 μM Srci, 45% with 10 μM 
FAKi, and 56% with 100  μM FAKi treatment 
(p  <  0.01). These results confirmed that acute 
chondrocyte mortality was FAK- and Src- 
dependent, and implicated integrin-cytoskeleton 
interactions in activating the mitochondrial-ROS 
pathway.

To further support the concept that the con-
nections between the cytoskeleton and the extra-
cellular matrix are a critical link in the mechanical 
stress-ROS pathway, the connections between 
mitochondria and the cytoskeleton were cut by 
depolymerizing the chondrocyte cytoskeletal 
f-actin. Depolymerizing the cytoskeleton pre-
vents the deformation of cellular contents after 
mechanical loading of the explant articular sur-
faces [79]. The articular surfaces were then sub-
jected to injurious impacts and intracellular 
oxidant levels and cell viability assessed. 
Disrupting the cytoskeleton decreased the per-
cent of superficial zone cells producing signifi-
cant amounts of ROS from more than 70% to less 
than 20%, the same percent as the control sam-
ples. It also increased the number of cells that 
remained viable from less than 40% to more than 
80%, the same percent as the control samples.

Together with previous findings, these data 
show that intense strains caused by impact loading 
of the articular surface induce chondrocyte death 
through a pathway whereby strain passing from 
the articular surface through the extracellular 
matrix, through cell adhesion receptors to the 
cytoskeleton, triggers mitochondrial ROS release. 
Disruption of this mitochondrial-ROS pathway, by 
administration of NAC and by cutting the connec-
tions between chondrocytes and the extracellular 
matrix and between the cytoskeleton and the mito-
chondria, markedly decreased impact- provoked 
ROS levels and cell death indicating that inhibi-
tion/disruption of this pathway might prevent 
injury-induced chondrocyte death in vivo.

9.3.2  Chondrocyte Senescence

The two universal risk factors for the develop-
ment of OA are increasing age and mechanical 
joint injury such as IAF [38, 80–84]. There is 
reason to believe that chondrocyte senescence 
has an important role in both age-related OA 
and PTOA [80, 83, 85–88]. Senescent cells 
accumulate with age throughout the body and 
exert deleterious effects on tissues through 
secretion of pro-inflammatory chemokines and 
cytokines, and matrix proteases [89, 90]. A 
study of human articular cartilage showed that 
chondrocyte telomere length decreases and 
senescent chondrocytes accumulate with 
increasing age [91]. Increasing chondrocyte 
senescence and telomere erosion were associ-
ated with a marked decline in chondrocyte ana-
bolic function [80, 86, 91]. Other studies have 
shown that the shortening of telomeres, the 
short sequences of DNA at the ends of chromo-
somes that protect the chromosomes from dam-
age, is closely associated with cell aging, 
dysfunction, and senescence [92], and with 
osteoarthritis [88, 93, 94]. Chondrocytes in frac-
tured joints are subject to brief but intense ROS 
exposure which causes irreversible mitochon-
drial damage and a senescence phenotype [53, 
68, 69, 72, 79, 95, 96]; and, oxidative damage 
accelerates chondrocyte senescence and telo-
mere erosion [83, 85, 87, 97–99]. Work with 
animal models provides additional support for 
an important role of chondrocyte senescence in 
PTOA [100, 101].

9.4  Minimizing the Risk of OA 
Following Joint Fracture

Based on the in vivo and in vitro studies show-
ing that the mitochondrial-ROS pathway and 
accumulation of senescent cells have roles in 
the pathogenesis of PTOA, it is reasonable to 
consider methods of interrupting the 
mitochondrial- ROS pathway and removing 
senescent cells to prevent or minimize OA fol-
lowing IAFs.
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9.4.1  Interruption 
of the Mitochondrial-ROS 
Pathway

Because the in vitro studies showed that interven-
tions that interrupted the mitochondrial-ROS 
pathway preserved chondrocytes following inju-
rious articular cartilage impact [3, 53, 67–70, 
79], it is reasonable to ask if these or similar 
interventions could preserve articular cartilage 
following mechanical insult in  vivo. To answer 
this question, the effects of NAC and amobarbital 
(a reversible mitochondrial electron transport 
inhibitor) treatments of two different types of 
in vivo injury were studied in animal models of 
PTOA.  NAC and amobarbital were selected 
because they interrupt the mitochondrial-ROS 
pathway at different points, and they are approved 
for human use for other indications. The first 
model was a sub-fracture impact to the articular 
surface of the rabbit medial femoral condyle 
[66]; the second was a closed IAF of the distal 
tibia in Yucatan mini-pigs [37, 54]. If untreated, 
both types of in vivo joint injury consistently lead 
to progressive articular cartilage degeneration.

In the rabbit studies [37, 66, 102], the medial 
femoral condyle was exposed through a posterior 
arthrotomy and the load-bearing femoral articu-
lar cartilage surface was subjected to a sub- 
fracture impact that causes progressive cartilage 
deterioration. The animals were then treated with 
intra-articular injections of NAC or amobarbital 
in a hydrogel carrier. Seven days after injury, 
absolute chondrocyte viability, chondrocyte ATP 
content, and serum TNF-α were measured. 
Compared with controls, NAC-treated joints had 
more viable chondrocytes, 7500  cells/mm3 ver-
sus 2000  cells/mm3, and the chondrocytes in 
treated joints had more ATP, 4.5 nmol/mg versus 
2.5  nmol/mg. Additionally, animals with NAC 
treated joints had lower serum TNF-α 5000 ng/
mg BUN, compared to 8000  ng/mg BUN in 
untreated animals. Amobarbital also significantly 
improved chondrocyte survival and ATP levels. 
The serum TNF-α changes indicate that the joint 
injury caused a systemic response and that treat-
ing the joint injury with NAC decreased this 
response [37].

Because the rabbit knee differs considerably 
in size and loading position from human joints, it 
was appropriate to determine whether NAC and 
amobarbital could prevent OA after IAF in a joint 
that more closely resembles the size and load 
transfer through human joints. The Yucatan mini- 
pig animal model of distal tibial hock (ankle) IAF 
has notable value for the study of IAF because it 
allows surgical treatment that parallels the surgi-
cal treatments received by humans with these 
injuries [54]. Furthermore, the joints are large 
enough to test doses of pharmacologic treatments 
and methods of drug delivery like those that 
could be used in humans; and, these joints pro-
vide ample tissue for detailed analysis using mul-
tiple different methodologies (imaging, 
biochemistry, cell function, morphology, and his-
tology) concurrently on a single specimen.

In the Yucatan mini-pig IAF model, IAF of the 
distal tibial is created intra-operatively using a 
closed-joint impact by a pendulum, and the frac-
ture is treated with open reduction and internal 
fixation using plates and screws [54]. At a rela-
tively early time point, 12 weeks after injury and 
treatment, histological cartilage degeneration 
begins to develop on the talus, even in joints fixed 
with anatomic reduction (p  =  0.27-lateral side 
and p = 0.55-medial side differences in Mankin 
scores between anatomically reduced IAF and 
uninjured joints). As would be expected, more 
severe cartilage erosion develops on the talus in 
joints fixed with an intentional 2-mm step-off 
(p  =  0.0001-lateral side and p  =  0.036-medial 
side for differences in Mankin scores between 
step-off reduction and uninjured joints). All ani-
mals demonstrating cartilage degeneration had 
achieved bony union.

To test NAC and amobarbital IAF treatments 
in this large animal model, distal tibial IAFs in 
Yucatan mini-pigs were anatomically reduced 
and stabilized with a plate and screws [103]. The 
IAFs in two experimental groups of animals were 
additionally treated with either NAC or amobar-
bital suspended in a hydrogel at the time of surgi-
cal fracture fixation and then again 1 week later. 
Six  months after injury the joints of animals 
treated only with surgical IAF reduction and fixa-
tion had extensive full-thickness cartilage ero-
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sions and synovitis. In contrast, joints treated 
with surgical IAF reduction and fixation plus 
NAC or amobarbital rarely had cartilage erosions 
and did not have synovial inflammation 6 months 
after injury [103]. NAC and amobarbital did not 
suppress acute joint inflammation caused by 
IAFs, thus it is unlikely that their preservation of 
injured joints was due to anti-inflammatory 
actions. The presence of synovitis in the joints 
that did not receive NAC or amobarbital 6 months 
after injury suggests that the degeneration of 
these joints may have stimulated an inflammatory 
response. Overall, these results confirmed an 
in vivo role of the mitochondrial-ROS pathway in 
cartilage degeneration following joint injuries 
that closely resemble human IAFs.

Intriguingly, sham surgery, that is arthrotomy 
and fixation of plates and screws to the distal tibia 
in the absence of joint fracture, caused degenera-
tive changes 1 year after surgery. This observa-
tion suggests that joint surgery alone causes 
deleterious biologic responses and that there is a 
need to find methods of minimizing or preventing 
the adverse effects of joint surgery.

9.4.2  Senolytics

Since senescent cells damage tissues through 
secretion of pro-inflammatory chemokines and 
cytokines, and matrix proteases [89, 90], use of 
senolytic agents, small molecules that selectively 
induce death, or lysis, of senescent cells [104, 
105], offers a novel approach to preventing or 
minimizing PTOA.  Senolytics may also have 
anti-inflammatory effects [101]. In one such 
experiment, a drug with senolytic and anti- 
inflammatory effects, decreased cartilage destruc-
tion, reduced subchondral bone plate thickness, 
and prevented synovitis in a mouse medial menis-
cus destabilization model [101]. Similar results 
were found in a study using a mouse anterior cru-
ciate ligament transection model [100]. After 
anterior cruciate ligament transection, senescent 
cells accumulated in the articular cartilage and 
synovium. Elimination of these cells decreased 
the severity of PTOA and reduced pain. In addi-
tion, removal of senescent cells from in vitro cul-

tures of chondrocytes harvested from the knees 
of human patients undergoing joint replacement 
surgery decreased expression of senescence and 
inflammatory markers and increased expression 
of cartilage extracellular matrix proteins. 
Encouraging results from studies of mice and cell 
cultures do not always translate into effective 
treatments in humans, but they do provide a ratio-
nale for more extensive in vivo studies in animals 
with joints that closely resemble human joints.

9.5  The Potential 
of Chondrocyte Progenitor 
Cells to Restore Articular 
Cartilage Following Joint 
Fracture

Although inhibiting the mitochondrial-ROS 
pathway and lysing senescent cells may lead to 
better outcomes of many IAFs, it is unlikely that 
these approaches will prevent or even signifi-
cantly decrease the risk of PTOA following 
severe IAFs. Despite the best surgical reconstruc-
tion of high-energy comminuted IAFs, there are 
gaps in the articular surface and extensive regions 
of chondrocyte death. However, new methods of 
promoting joint healing offer the possibility of 
restoring a functional articular surface in these 
severe IAFs. One promising approach is the use 
of chondrocyte progenitor (chondroprogenitor) 
cells [106–113].

A study of osteochondral explants subjected 
to high-intensity articular surface impacts caused 
chondrocyte death in the impacted regions, but 
cells that migrated from the surrounding cartilage 
across the articular surface repopulated the non-
viable areas within 7–14 days by [109]. In further 
studies to characterize this response of articular 
cartilage to injury, osteochondral explants were 
injured by blunt impact or scratching, resulting 
in localized chondrocyte death. Injured sites were 
then serially imaged by confocal microscopy, and 
proliferating migrating cells were evaluated for 
chondrogenic progenitor characteristics. 
Chemotaxis assays were used to measure the 
responses of these migrating cells to chemokines, 
injury-conditioned medium, dead cell debris, and 
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the alarmin high mobility group box chromo-
somal protein 1 (HMGB-1) (an endogenous mol-
ecule released from damaged tissue). The 
migrating cells were highly clonogenic and mul-
tipotent and expressed markers associated with 
chondrogenic progenitor cells. Compared with 
chondrocytes, these cells overexpressed genes 
involved in proliferation and migration and 
under-expressed cartilage matrix genes. They 
were more active than chondrocytes in chemo-
taxis assays and responded to cell lysates, condi-
tioned medium, and HMGB-1. Glycyrrhizin, a 
chelator of HMGB-1. A blocking antibody to the 
receptor for advanced glycation end products 
(RAGE), inhibited responses to cell debris and 
conditioned medium and reduced the numbers of 
migrating cells on injured explants. In summary, 
these experiments showed that injured or dying 
chondrocytes release molecules that trigger the 
emergence, proliferation, and homing of chon-
drogenic progenitor cells that invade and repopu-
late regions of injury-induced chondrocyte death 
[109, 111].

In an in vitro study of full-thickness, articular 
cartilage defects filled with a fibrin hyaluronic 
acid hydrogel containing stromal-derived growth 
factor (SDF-1), chondrocyte progenitor cells 
migrated into the defect, assumed the morphol-
ogy of chondrocytes and filled the defect with 
chondrocytic cells and an extracellular matrix 
containing type II college and proteoglycans 
[109, 111, 114]. This new matrix bonded to the 
surrounding normal articular cartilage. Other 
in  vitro work has confirmed that chondrogenic 
progenitor cells can produce extracellular matrix 
molecules [106]. Additionally, further study of 
chondrocyte progenitor cells showed that they 
phagocytized cell and matrix debris much more 
efficiently than chondrocytes, supporting the 
hypothesis that they play a macrophage-like role 
in injured cartilage [115].

These basic studies indicate that focal articu-
lar cartilage restoration using recruitment, migra-
tion, and matrix production by chondrocyte 
progenitor cells is feasible [110]. To determine if 
chondrogenic progenitor cells can restore articu-
lar cartilage in vivo, focal full-thickness chondral 
defects were made in weight-bearing and non- 

weight- bearing areas of goat knee joints. Defects 
were filled with a fibrin-hyaluronic acid hydrogel 
either with or without chemotactic and chondro-
genic factors. As Fig.  9.4 shows, chondrocyte 
progenitor cells restored articular cartilage in 
defects treated with the hydrogel containing the 
chemotactic and growth factors, and the new car-
tilage remained intact for at least 6  months. 
Defects treated with the hydrogel alone did not 
develop new cartilaginous tissue.

The use of chondrogenic progenitor cells to 
repopulate areas of chondrocyte death and to 
fill focal defects with cartilaginous tissue might 
be especially useful in the treatment of 
IAF.  This approach could be combined with 
optimal surgical reconstruction and biologic 
interventions to preserve as many chondrocytes 
as possible by inhibiting the mitochondrial-
ROS pathway. The use of mesenchymal stem 
cells is another potential approach to repairing 
articular cartilage damage in IAFs. But, since 
chondrocyte progenitor cells are the closest cell 
source to chondrocytes, they may have better 
potential to restore articular cartilage than other 
stem cells [107].

9.6  Rehabilitation Following IAF

Advances in biologic treatments of IAF have the 
potential to significantly improve IAF treatment, 
but to gain the maximum benefit of these treat-
ments it will be important to provide individual-
ized optimized rehabilitation. Ideally, a 
rehabilitation program will promote healing, 
decrease pain and swelling, and restore range of 
motion, strength, endurance, and proprioception 
[116]. Some IAFs, depending on the specific 
injury and treatment, may require immobiliza-
tion. However, experimental studies of the past 
several decades confirm the deleterious effects of 
prolonged immobilization and the beneficial 
effects of activity on the musculoskeletal tissues 
[117–120]. One of the most important advances 
in the promotion of musculoskeletal healing has 
come from understanding that treatment of inju-
ries with prolonged rest delays recovery and 
adversely affects normal tissues and that con-
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trolled early resumption of activity can promote 
restoration of function [117–119].

Prolonged immobilization of injured joints 
can lead to fibrosis within the joint and contrac-
tion of the joint capsule leading to restricted 
motion; and, prolonged immobilization adversely 
affects articular cartilage including loss of vol-
ume and decreased synthesis of matrix mole-
cules, especially proteoglycans [33, 117–119, 
121, 122]. Unfortunately, joint fibrosus can also 
occur following IAFs in joints that have not been 
subjected to prolonged immobilization. Post- 
injury joint fibrosus is associated with abnormal 
persistence of myofibroblasts that overproduce 

and contract collagen matrices, and in an animal 
model drugs that target myofibroblasts and col-
lagen production reduced post-joint injury fibro-
sus [123].

The effects of loading and motion on IAF 
healing and joint fibrosus have not been defined 
but studies of a spectrum of extremity bone and 
joint injuries show that well-designed individual-
ized rehabilitation programs can benefit patients 
by accelerating recovery and possibly lead to bet-
ter ultimate outcomes. For example, an integrated 
orthotic and rehabilitation initiative improved 
physical performance, pain, and patient-reported 
outcomes in patients with severe, traumatic lower 

Fig. 9.4 Chondrocyte progenitor cell based cartilage 
regeneration in vivo. Focal full-thickness chondral defects 
were made in a weight-bearing (WB) area and non-weight 
bearing (NWB) areas of goat knee joints. Defects were 
filled with fibrin/hyaluronic acid hydrogel without che-
motactic and chondrogenic factors (hydrogel only) or 
hydrogel with factors. The upper left panel shows the 
osteochondral defects at time zero and bottom left panel 
shows defects at 6 months following the creation of osteo-

chondral defects treated with hydrogels containing che-
motactic and chondrogenic factors. Safranin O histology 
of weight-bearing defects at 6 months following creation 
of the defects is shown in the two panels on the right. The 
defect in the upper right panel was treated with the hydro-
gel only. The defect in the lower right panel was treated 
with the hydrogel containing the chemotactic and chon-
drogenic factors
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extremity deficits, and these improvements were 
sustained for more than 2 years after injury [124]. 
New custom dynamic orthoses have the potential 
to improve function after severe ankle IAFs and 
possibly promote joint healing [125]. Regrettably, 
the optimal methods for facilitating the healing of 
IAFs and preventing joint fibrosus by use of con-
trolled loading and motion have not been defined. 
How long should loading of IAF be limited? How 
soon should the motion be started after IAF? 
What guided joint loading and motion regimens 
promote healing and restoration of function? Is it 
possible to identify joints at risk for fibrosus and 
intervene before joint contracture is established? 
Clearly, there is a need to pursue answers to these 
questions.

9.7  Future Advances Needed 
to Decrease the Risk of OA 
Following Joint Fracture

Advances in assessing the risk of PTOA follow-
ing IAFs, understanding of the biologic path-
ways responsible for PTOA, and developing 
therapies designed to treat IAFs have made it 
possible that PTOA risk and severity after IAF 
might be diminished in the near future. However, 
more research is needed to determine if safe, 
effective, and widely applicable treatments of 
IAF can be translated into routine clinical prac-
tice. Basic research is needed to clarify acute and 
chronic contributions of overloading to PTOA 
via the mitochondrial- ROS pathway as well as 
how this pathway interacts with other responses 
of joints to injury [3, 37, 53]. In addition, the 
safety of inhibition of the mitochondrial-ROS 
pathway must be tested in patients. Surgical 
treatment of IAF triggers a second deleterious 
biologic response that appears to contribute to 
the risk of PTOA [103]. Thus, finding ways to 
optimize joint health before surgery and mini-
mize the damaging effects of surgery are impor-
tant. Widely applicable methods of assessing 
PTOA risk will make possible rigorous clinical 
trials of new treatments of joint injuries. New 

measures of the early responses of injured joints 
to treatment will help guide treatment. 
Specifically, assessment of the responses of 
joints soon after treatment would help guide 
efforts to optimize interventions for specific 
patients and injuries. Basic and clinical research 
is needed to advance understanding of the effects 
of rehabilitation of IAFs with guided and con-
trolled regimens of joint loading and motion. 
Effective treatment of the spectrum of IAF will 
require individualized patient treatments based 
on the reliable assessment of the risk of PTOA. In 
addition to the assessment of the injury, risk 
assessment should also include specific patient 
variables that influence the response to injury 
and potential for healing including age and met-
abolic status. Patients with a low risk of PTOA 
may be effectively treated with current methods 
of surgical IAF treatment coupled with inhibi-
tion of the mitochondrial- ROS pathway. Patients 
with a higher PTOA risk may benefit from aug-
mentation of mitochondrial-ROS pathway inhi-
bition with other biologic interventions including 
lysis of senescent cells and restoration of articu-
lar cartilage with chondrocyte progenitor cells 
and new approaches to post-injury joint 
rehabilitation.
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Inflammation After Anterior 
Cruciate Ligament Injury

Emily R. Hunt, Julie P. Burland, 
Christian Lattermann, and Cale A. Jacobs

10.1  Biochemical Response 
to Injury

Partial or complete tearing of the anterior cruci-
ate ligament (ACL) causes acute pain, instability, 
and swelling [1]. ACL rupture, regardless of 
accompanying damage to nearby bone and/or 
cartilage, initiates a prolonged deleterious cas-
cade of inflammation and catabolic enzyme 
activity [2, 3]. Long-term consequences of ACL 
injury, include chronic pain, potential arthrofi-
brosis, recurrent instability, limited range of 
motion, and an increased risk of developing post- 
traumatic osteoarthritis (PTOA) [4–6]. More than 
50% of all patients with ACL rupture will develop 
radiographic PTOA within 5–15  years after 
injury [7–9].

There is an early onset of osteoarthritic bio-
marker profiles immediately after ACL injury as 
measured in synovial fluid. Cytokine concentra-
tions in the synovial fluid early after ACL injury 
have been associated with degenerative cartilage 
changes over the ensuing 3  years [10]. These 
degenerative changes are precursors to the devel-
opment of osteoarthritis (OA). OA is defined as a 
chronic, inflammatory condition with macro-
phages acting as mediators in the cycle of carti-
lage degradation [11, 12]. Synovial macrophages 
are activated by proinflammatory cytokines as a 
result of cartilage breakdown which then activate 
chondrocytes and production of matrix metallo-
proteinases (MMPs), creating a cyclical process 
of cartilage degradation [11].

Markers most closely associated with carti-
lage breakdown include cross-linked 
C-telopeptides of type II collagen (CTX-II), 
matrix metalloproteinase-3 (MMP 3), and carti-
lage oligomeric matrix protein (COMP) and all 
indicate a progressive breakdown of cartilage 
matrix and collagen over the first 5 weeks after 
ACL rupture. There is also a dramatic 250% 
increase in CTX II in the first 5 weeks after injury, 
while inflammatory markers in the interleukin 1 
family (IL 1α, IL 1ß, IL-1ra) show a decline over 
that time period. Several studies have reported 
synovial biomarker changes after ACL injury and 
reconstruction, [13] but unfortunately none of 
these studies have longitudinally reported the 
very early progression of biomarker profiles 
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 during the first 6 weeks after ACL rupture, before 
reconstruction. Studies including Wasilko et  al. 
[13] reported on synovial fluid markers as early 
as 10  weeks after ACL reconstruction and 
Struglics et al. [14] reported their first measure-
ments with a mean of 1.3 weeks after injury rang-
ing from 1 to 42  days. Catterall et  al., whose 
study included one of the earliest evaluated time 
points, reported on synovial fluid and serum 
markers an average of 15.2 days after ACL injury 
[3]. Recently some groups, such as Lattermann 
et  al. [15], have been able to provide synovial 
fluid biomarker levels as early as 5  days after 
ACL injury, but this time point is far less com-
mon. Together, these studies highlight the evi-
dence for early cartilage degenerative processes 
and its rapid progression, based on adverse joint 
tissue metabolism, after the initial ACL injury. 
The strict longitudinal design of these trials dem-
onstrates the early progression of inflammation 
and subsequent cartilage breakdown after injury 
and thus augments the long-term data reported in 
these earlier studies [13, 14].

Besides just categorizing the inflammatory 
response following ACL injury, recent literature 
reveals that early biochemical changes after ACL 
rupture are indicative of poorer physical and self- 
reported outcomes 2  years after surgical recon-
struction [16]. These data support the previously 
described cascade of increased IL-1α, which 
stimulates the production of MMPs, thereby 
reducing proteoglycan content and changing car-
tilage mechanical properties. Previous studies 
have established that ACL injury triggers a bio-
chemical process that worsens over the first 
4–6 weeks after injury [3, 17, 18]. Inflammation 
is initiated early on by the intra-articular hemar-
throsis and subsequent pathogenic processes, 
including the down-regulation of proteoglycan 
synthesis and upregulation of MMPs [19–21]. 
This is important because IL-1 and IL-1ra are 
critical in the regulation of the pathological pro-
cesses involved in joint tissue breakdown [22, 
23]. Synovial fluid IL-1 levels are increased in 
patients with ACL injury and correlate with 
severity of chondral damage [24]. Synovial fluid 
levels of the IL-1ra cytokine, which is chondro-
protective, decreases significantly after ACL 

injury, resulting in relatively unopposed increases 
in the activity of IL-1 [25]. Furthermore, levels of 
IL-1ra decrease as the severity of cartilage dam-
age is increased [24]. Additionally, the superficial 
cartilage layers have been shown to be more sus-
ceptible to IL-1 induced damage compared with 
deeper chondral layers in vitro [26] and porcine 
cartilage explants are more sensitive to the chon-
drodegenerative effects of IL-1α than IL-1β [27].

Initial biochemical changes after injury may 
also serve as prognostic indicators of the long- 
term consequences resulting from ACL injury 
that is not mitigated by surgical stabilization 
alone. Inflammatory cytokine and degradative 
enzyme concentrations on the day of ACL recon-
struction surgery have been shown to correlate 
with cartilage changes on magnetic resonance 
imaging 3 years after surgery, [10] demonstrating 
a connection between cytokine and degradative 
enzyme concentrations and the potential progres-
sion of post-traumatic OA. Further, cytokine and 
degradative enzyme concentrations have also 
been associated with worse patient-reported out-
come scores on the Knee Injury and Osteoarthritis 
Outcome Score (KOOS). For example, both 
IL-1α and MMP-9 concentrations on the day of 
ACL surgery were significantly higher for 
patients that did not post-operatively achieve a 
satisfactory patient acceptable symptom state 
(PASS) score on KOOS quality of life subscale 
compared to those with better self-reported clini-
cal outcomes [16]. In conjunction with increased 
IL-1α and MMP-9 concentrations, there were 
increased concentrations of biomarkers of bone 
and cartilage turnover (sf NTX-I and uCTX-II). 
This overall state of upregulated catabolic mark-
ers and inflammation may lead to recurrent effu-
sions and/or persistent synovitis which appears to 
potentially have long-term consequences for 
knee joint health.

Increases in inflammatory synovial fluid bio-
markers following ACL injury have been well 
established but inflammation following injury is 
a complicated process. An important response to 
joint injury includes activation of inflammatory 
pathways. However, it should be noted that pro-
longed activation of these pathways results in 
increased biomarkers associated with progressive 
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cartilage catabolism and matrix breakdown [28–
30]. A recent study by King et  al. [31] demon-
strated upregulation of the cytokine–cytokine 
receptor interaction pathway following acute 
ACL injury. This is likely because cytokines play 
a crucial role in both innate and adaptive inflam-
matory host defenses as well as development and 
repair processes aimed at restoring homeostasis. 
Although this pathway has been previously 
linked to diseases, including juvenile idiopathic 
arthritis, this suggests a role in cartilage degrada-
tion and not solely a response to acute injury 
[32]. Along with upregulations in inflammatory 
pathways, King et  al. also found significant 
increases in specific proteins related to the tumor 
necrosis factor (TNF) family and included TNF 
receptor superfamily members 3, (TNFRSF3), 4 
(TNFRSF4), 9 (TNFRSF9), and 25 (TNFRSF25). 
Interleukin 17 receptor A (IL17RA) was also 
upregulated and has been shown to be involved in 
the pathogenesis of inflammatory and autoim-
mune diseases including rheumatoid arthritis 
(RA) [32]. Genes in the TNF family have been 
previously associated with both RA and OA, [33, 
34] and this could be a potential therapeutic tar-
get. The changes observed [31] in markers asso-
ciated with cartilage degradation and OA were 
consistent with prior studies, namely increased 
synovial fluid aggrecan fragments, MMP-1, 
MMP-3, and ADAM12 following knee injuries 
and in early-stage OA [28, 35]. Notably, King 
et  al. [31] also found a number of RA-related 
markers that were upregulated following acute 
ACL injury. This suggests that the initial response 
to ACL injury may have specific biological path-
ways in common with RA.  Proteins increased 
acutely after ACL injury included apoliopopro-
tein E and isoform E3, vascular cell adhesion 
protein 1, IL-34, and cell surface glycoprotein 
CD200 receptor 1. This is potentially suggestive 
of cartilage breakdown driven by the inflamma-
tory process, which is similar to what is seen in 
the early stages of RA. Others have demonstrated 
the similarity in early stages of PTOA to the early 
stages of RA [36]. Both diseases are associated 
with synovial membrane inflammation including 
increases in inflammatory cytokines but exhibit 
no radiographic evidence of OA. These two dis-

eases differ, however, as in RA the initial inflam-
matory response ultimately leads to T and B cell 
proliferation in the synovium that is not present 
in OA.

Acute ACL injury initiates a cascade of activ-
ity including activation of synovial macrophages 
and increases in concentrations of TNF-alpha, 
IL-1, and other proinflammatory cytokines, 
which results in increased markers of type II col-
lagen turnover in the acute phase after injury [17, 
18, 37–41], that could potentially be attenuated 
with treatment.

10.2  Post-operative Response

The current standard of care in the United States 
is to surgically reconstruct the ACL (ACLR) after 
injury in order to restore biomechanical stability 
[42]. A patient’s ability to regain function after 
surgery can be difficult due in large part to the 
persistent quadriceps atrophy following 
ACLR. Patient-reported function is not different 
between patients treated non-operatively and 
patients treated with reconstruction suggesting 
that surgery is not necessary to be functional in 
all cases [43]. There is evidence to suggest that 
the severity of the injury may have a role in the 
development of quadriceps weakness but overall, 
those with a complete tear of the ACL had poor to 
fair muscular strength 8 years after injury [44]. 
Atrophy and weakness of the quadriceps muscle 
persists regardless of reconstruction, and patients 
who remain ACL deficient (ACLD) will likely 
continue to have quadriceps atrophy and joint 
dysfunction years following ACL injury. While 
non-operative treatment of ACL injury is less 
common, the question becomes whether patients 
that remain ACL deficient also undergo a similar 
inflammatory process after the initial injury and 
how that differs long term from patients who 
undergo ACLR surgery.

The ACL reconstructive surgery likely repre-
sents a “second hit” to the injured knee joint due 
to the disruption and loss of integrity of the joint 
capsule and other secondary insults to the joint 
structure [45]. There is a well-documented eleva-
tion in inflammatory and cartilage breakdown 
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markers in synovial fluid following ACL injury 
[3, 31, 37, 38, 46]. Despite pre-operative admin-
istration of intra-articular Triamcinolone aceton-
ide (corticosteroids), pro-inflammatory cytokines 
concentrations were increased in the synovial 
fluid following ACLR. Moreover, cytokine con-
centrations 1  week after surgery were greater 
than what was observed approximately 1  week 
after the initial insult of injury [15]. These find-
ings concur with previous findings of an increased 
inflammatory burden following ACLR [47].

Knee joint inflammation after ACLR increases 
after surgery, and while pro-inflammatory cyto-
kine concentrations begin to decrease about 
4  weeks after surgery, biomarker concentrations 
do not return to preoperative levels [48]. Larsson 
et al. found similar results, showing increases in 
synovial fluid pro-inflammatory cytokines up to 
5 years post ACLR in the KANON trial. Higher 
levels of inflammatory cytokines years after ACLR 
was also true when comparing patients who had 
surgery early after injury to patients who had 
delayed reconstruction [49]. Interestingly, the 
increase in cartilage breakdown markers does not 
increase until 4  weeks or longer after the ACL 
reconstruction surgery [15, 16]. These data sug-
gest a time-related response of chondral break-
down to the second “inflammatory hit.”

A state of increased and/or prolonged inflam-
mation following surgery likely contributes to the 
chondrodegenerative and bony changes observed 
during the first 2 years following ACLR, thereby 
potentially promoting the progression of 
PTOA. Chronic inflammatory synovitis [50, 51] 
and several pro-inflammatory cytokines, such as 
IL-1 and TNFα [52, 53], have been closely linked 
to the progression of idiopathic OA. Data from 
animal studies of OA further emphasizes the role 
of IL-1 and TNFα in the onset and progression of 
OA [54]. Similarly, pro-inflammatory stimula-
tion of meniscus cells in vivo increases cytokine 
and MMP activity [55].

10.3  Inflammatype

As the underlying mechanisms of PTOA are 
becoming clearer, a trend is emerging whereby 
there are certain groups of patients that have a 

different and more robust inflammatory response 
to injury. A recent study by Jacobs et  al. [56] 
demonstrates this and while the results of this 
study differ slightly from a previous paper by 
Amano et  al. [10], it is becoming increasingly 
apparent that there is a subset of patients with 
dysregulated inflammatory responses after acute 
injury. A subset of patients following ACL injury 
not only had a more robust pro-inflammatory 
response but the corresponding innate anti- 
inflammatory response was muted [56]. This 
coincides with Dr. Scott Dye’s theory that there 
may be phenotypical variations in the response to 
injury and potential genetic predisposition to 
dysregulation of molecular and/or cellular 
homeostasis [57]. In response to acute injury, 
whether ACL injury, polytrauma, or meniscus 
injury, there is a complex and dynamic interac-
tion of multiple pathways including the NF-κB, 
cytokine–cytokine receptor interaction, and 
osteoclast differentiation pathways, among oth-
ers [58–61]. Similar pathways are also implicated 
in the development and progression of knee 
osteoarthritis [62–64]. Because of the complex 
and variable nature of this individualized 
response, a better understanding of the dynamic 
interplay between multiple pathways may be 
necessary in order to improve both short- and 
long-outcomes in the future [65, 66].

When considering potential treatment paths in 
response to injury, it is pertinent to recognize that 
between 27 and 38% of patients who sustain a 
traumatic or ACL injury demonstrate dysregu-
lated inflammatory responses [56]. These data 
suggest that the biologic response to injury does 
not fully explain the development of early onset 
PTOA after ACL injury because on average 50% 
of patients develop PTOA within 15  years of 
injury. This means that there is a sizable portion 
of patients that do not exhibit dysregulated 
inflammatory responses but still progress on to 
develop PTOA. The progression of PTOA is mul-
tifaceted in nature. It is likely that the  combination 
of increased body mass and decreased activity 
seen in the years following ACLR [67] may con-
tribute to the progression of PTOA even in those 
patients who do not exhibit inflammatory dys-
regulation immediately after injury. There is also 
the possibility of reinjury that could account for 
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the additional incidental 25% of PTOA. The pro-
gression to PTOA is variable and multifactorial, 
further justifying the need to assess personalized 
inflammatory signatures after injury in order to 
help mitigate the deleterious path of this complex 
condition.

10.4  Treatment Considerations

There are many factors to consider when deter-
mining the appropriate treatment options for mit-
igating the progression of PTOA. This includes 
the consideration of the inflammatory response, 
attenuation of chondral breakdown, and how 
increased joint loading and resumption of physi-
cal activities and sports influences these factors. 
Proteomic analysis also revealed large post- 
injury increases in RA-associated markers, and 
upregulation of the cytokine-cytokine receptor 
interaction pathway that is closely associated 
with inflammation [31]. Furthermore, it is par-
ticularly noteworthy that four protein analytes in 
the TNF family were upregulated following acute 
ACL injury. Genes in the TNF family have been 
previously associated with both RA and OA, [33, 
34] highlighting its potential as a therapeutic 
target.

Intra-articular corticosteroid injections have 
already been used as treatment options in small 
randomized clinical trials [15, 48]. Corticosteroids 
have been demonstrated to reduce markers of 
type II collagen breakdown following acute ACL 
injury; [17] and it may be the underlying ability 
of corticosteroids to modulate macrophage func-
tion that is causing the reduction in collagen 
breakdown. Acute injury initiates a cascade of 
activity including activation of synovial macro-
phages and increased concentrations of TNF- 
alpha and other proinflammatory cytokines, 
which thereby results in increased markers of 
type II collagen turnover in the acute phase after 
injury [17, 18, 37–41]. Intra-articular corticoste-
roids have demonstrated the ability to disrupt this 
cycle by decreasing TNF and cytokine concentra-
tions in chronic arthritis [68], although this 
reduction is transient.

Additionally, there is evidence that biologic 
agents targeting the inflammatory process can 

reduce inflammation and can potentially attenu-
ate the early process of chondral breakdown. For 
example, IL-1ra can reduce chondral lesion size 
and improve outcomes in animal models and in 
an idiopathic OA population [69–71]. 
Furthermore, in a small randomized clinical trial 
IL-1ra has been shown to reduce effusions and 
pain after ACLR [72]. Other biologics such as 
platelet rich plasma (PRP) and even more so, 
bone marrow aspirate concentrate (BMAC) have 
been shown to contain an abundance of IL-ra and 
other anti-inflammatory cytokines and should be 
considered as potential treatment options follow-
ing ACL injury [73, 74]. Other possible interven-
tions that aim at reducing MMP and cytokine 
activity after acute knee injury may alter the pro-
gression of PTOA [75], suggesting that periop-
erative anti-inflammatory treatment may improve 
joint health following surgery.

An important consideration for biologic and 
injectable treatments is the timing of treatment. 
As was discussed earlier, ACL reconstruction 
surgery presents a second insult to the joint, reini-
tiating the inflammatory response. Previous stud-
ies looking at injecting corticosteroids [15, 48] 
before surgery mitigated the initial inflammatory 
response but that effect is likely washed out after 
surgery. Due to the “second hit” that surgery 
presents, biologic treatments are likely to be 
more effective when administered after surgery 
to combat the reignited and increased inflamma-
tory and cartilage breakdown processes. 
Furthermore, it should be noted that single-dose 
injections have not been tremendously successful 
and therefore a longer release biologic or multi-
ple injections may provide more consistent treat-
ment over time and has the potential to be more 
effective. This could also be true because based 
on proteomic analysis of synovial fluid PTOA 
[31], PTOA presents more like RA than 
OA. Extended-release treatments are commonly 
used to treat RA symptoms [76] and show good 
efficacy and may be a viable option in combating 
PTOA.

Another aspect to consider for treatment of 
PTOA is how return to physical activity and 
joint loading effects the inflammatory pro-
cesses and knee cartilage. After ACL injury, 
evidence reports both underloading (reduced 
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mechanical load) and overloading in walking 
[77, 78] running [79], squatting [80, 81], and 
jumping [82] across different phases of recov-
ery. These altered loading strategies have also 
been associated with degeneration of articular 
cartilage and bone. Mechanical loading may 
influence cartilage degradation in several ways. 
For example, OA patients with greater carti-
lage turnover in response to light exercise dem-
onstrated significantly greater cartilage 
thinning over 2  years [83]. Altered joint 
mechanics secondary to concomitant injuries 
treated with chondroplasty or partial meniscec-
tomy can also accelerate the development of 
idiopathic OA [84]. Furthermore, high impact 
loading has the potential to increase activation 
of the pro- inflammatory NFκβ pathway, 
whereas low- intensity loading can decrease 
NFκβ activity [85]. This is important when 
determining return to physical activity guide-
lines and how individuals who are resuming 
functional activities may be increasing their 
inflammatory burden, ultimately affecting their 
long-term joint health. The progression of 
PTOA begins with an increased inflammatory 
burden in the knee after ACL injury. Marked 
increases in inflammatory cytokines following 
injury and surgery create a sustained inflam-
matory response that may contribute to chon-
dral breakdown. There is the potential for 
biologic treatments to be efficacious but the 
timing of treatment and how increased loading 
in the period after surgery affects inflammation 
need to be considered.
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T Cells in Early Osteoarthritis
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11.1  Introduction

Historically, osteoarthritis (OA) was considered a 
wear and tear disease initiated and propagated by 
biomechanical processes resulting in degenera-
tion of articular cartilage. However, there is also 
strong evidence demonstrating the involvement 
of inflammation and the immune system in the 
pathogenesis of OA throughout the disease pro-
cess. Histological studies reveal that over 50% of 
patients with OA have a mononuclear cellular 
infiltrate in the synovial fluid and synovium that 
consists of lymphocytes, monocytes, and den-
dritic cells derived from peripheral blood [1, 2]. 
Acutely following joint injury, pro-inflammatory 
chemokines and cytokines are released from the 
cartilage and the synovium and attract a variety 
of immune cells to the joint, the majority of 
which are macrophages and T lymphocytes [3]. 
Through the release of cytokines and chemokines 
and cell-to-cell interactions, T cells modify the 
inflammatory joint environment and influence 
the progression of disease.

This chapter will focus on the role of T cells in 
early OA, because only in the early phases of OA 
can true disease intervention and disease preven-
tion occur. Herein, we will lay the foundation for 
how cytokines and chemokines released from 
chondrocytes and synoviocytes home T cells to 
the inflamed joint acutely following injury, and 
how the specific T cell subtypes can influence 
disease progression. We will discuss T cell 
behavior within the synovium, including activa-
tion and proliferation in antigen-dependent or 
independent manners, and why these events in 
early OA are critical for sustained T cell responses 
within the joint. We will explore the biology of 
different T cell subsets within the joint that can 
act to mitigate or propagate disease progression 
dependent upon their phenotype, and how the 
cytokine environment of the joint can recipro-
cally polarize T cell phenotype, potentially exac-
erbating the T cell inflammatory response. 
Finally, we will discuss how further exploration 
of the interplay between T cells and joint dys-
function will inform the development and utiliza-
tion of targeted immunotherapies early in disease 
to mitigate OA. Throughout this chapter, we will 
convey the need to further explore how T cell 
functions within the joint during early OA influ-
ence disease progression and can potentially be 
manipulated to mitigate OA to prevent joint 
destruction.
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11.2  Orchestration of the T Cell 
Response in OA

T cell infiltration into an inflamed joint is emerg-
ing as a hallmark of OA. This infiltration is con-
sidered abnormal because there are very few 
tissue-resident T cells within the synovium or 
synovial fluid of a healthy joint [4]. While a small 
population of T cells may reside in a healthy joint 
and play a role in maintaining joint homeostasis, 
an inflammatory event is needed to initiate infil-
tration of pathogenic T cells into the joint. T cell 
activation can occur in both an antigen-dependent 
and -independent manner. The presence of mono- 
and oligo-clonal populations of T cells within the 
synovium of OA patients points to an antigen- 
specific proliferation of T cells within the joint 
itself [2]. Additionally, T cells from the periph-
eral blood of some patients with OA activate and 
proliferate in response to chondrocyte and syn-
oviocyte membrane antigens, suggesting that 
self-specific T cells exist in the circulation of OA 
patients as well [5]. Moreover, T cells from 
patients with OA have been found to recognize 
specific amino acid sequences from aggrecan, 
which is a major constituent of normal articular 
cartilage but can also function as an auto-antigen 
within the joint [6]. Taken together, these data 
suggest that OA is characterized by aberrant sys-
temic and local joint T cells that are driven by 
joint-derived antigens.

T cells are part of the adaptive immune sys-
tem. They are derived from hematopoietic stem 
cells in the bone marrow that differentiate into 
lymphoid progenitor cells that migrate to the thy-
mus and commit to the T lymphocyte lineage. 
During development, diverse T cell receptors are 
generated through germline DNA rearrangement. 
These T cell receptors can recognize virtually 
any antigen. The process of negative selection 
largely deletes T cells that strongly recognize 
self-antigen, [7] but this process is not perfect, 
and some self-reactive T cells can develop [8]. 
While still in the thymus, T cells either mature 
into CD4+ helper T (Th) cells, which are the pre-
dominant cell type in an OA joint, or CD8+ cyto-
toxic T cells. These mature T cells that are still 
naïve to antigen then leave the thymus and travel 

to secondary lymphoid tissues where they can be 
activated by an antigen- presenting cell, typically 
a dendritic cell [9].

Three signals are required for the activation 
and proliferation of naïve T cells. First is the sig-
nal received when a T cell receptor recognizes its 
cognate antigen presented by an antigen- 
presenting cell in the context of major histocom-
patibility complex (MHC). Second is 
co-stimulatory signaling in which a co- 
stimulatory molecule on the T cell, like CD28, 
binds a member of the B7 receptor family on the 
antigen-presenting cell. Finally, the T cell must 
also encounter IL-2 for proliferation, and other 
cytokines that support activation and polariza-
tion. This three-step process creates a significant 
barrier for inappropriate T cell activation to 
occur, thus preventing the proliferation of T cells 
that might otherwise recognize auto-antigens. 
Moreover, if a T cell binds a specific antigen 
alone without receiving a co-stimulatory signal, 
it will become anergic and unable to respond to 
antigen in the future. Interestingly, T cells co- 
cultured with fibroblast-like synoviocytes that 
are able to present antigen-loaded MHC II adopt 
an anergic phenotype. This suggests that, 
although fibroblast-like synoviocytes are capable 
of presenting antigen to T cells, they are unable 
to activate naïve T cells because they lack co- 
stimulatory molecules [10].

Initial T cell priming in OA is likely to occur 
in a lymph node local to the joint. In this sce-
nario, dendritic cells in the joint carry antigen to 
the lymph node, or alternatively, dendritic cells in 
tissues proximal to the damaged joint pick up 
antigens that have drained out of the damaged 
joint and then migrate to the lymph node [11]. 
However, during ongoing disease, there may be 
other modes of antigen presentation and persis-
tent T cell activation. Lymphoid nodular aggre-
gates and lymphoid follicles containing 
macrophages, T cells, and B cells can be found in 
the synovium of patients in all stages of OA [12]. 
There is evidence in RA that auto-antigens are 
presented to T cells by antigen-presenting cells 
within the synovium [13]. A rabbit medial menis-
cectomy model suggests that this may also be 
true for OA. At weeks 2 and 4 post- meniscectomy, 
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large numbers of mature dendritic cells were 
present in lymphoid aggregates within the 
synovium [14]. A recent study in a mouse model 
of load-induced arthritis found that the total num-
ber of T cells in the inguinal lymph node was sig-
nificantly increased within 1–2 weeks of loading 
[15]. This suggests that while initial T cell activa-
tion by dendritic cells likely occurs in  local 
lymph nodes, it may then be perpetuated in the 
synovium [11].

Cytokines in the micro-environment during 
priming determine the fate of CD4+ T cells and 
polarize them to one of a number of functional 
subsets or fates [16]. These CD4+ T cell fates 
include Th1, Th2, Th17, and Regulatory (Treg) 
(Fig.  11.1). Th1 cells develop in response to 

IFN-γ and IL-12, which cause downstream acti-
vation of the T-bet transcription factor and induce 
Th1 cells to secrete IFN-γ and TNF-α. They acti-
vate phagocytic cells and are involved in the 
elimination of intracellular pathogens. IL-4 acti-
vates the transcription factor GATA3 and directs 
naïve cells to a Th2 fate. Th2 cells coordinate the 
immune response toward extracellular pathogens 
including helminths and predominantly secrete 
IL-4, IL-5, and IL-13. Th17 cells are responsible 
for immunity against extracellular bacteria and 
fungi through the secretion of IL-17A, IL-21, and 
IL-22. IL-1β, IL-6, and IL-23 activate the RORγt 
transcription factor, driving the emergence of the 
Th17 phenotype. Treg cells develop in one of two 
ways. Natural Tregs develop in the thymus and 

Fig. 11.1 CD4+ T cells fates are determined by cytokine 
environment during differentiation. Naïve T cells must 
receive three signals in order to activate and proliferate. 
This includes binding of the T cell receptor to the appro-
priate MHC class and cognate antigen for activation, co- 
receptor signaling to increase survival signal to the T cell, 

and finally T cells must bind IL-2 in order to proliferate. 
Subset-specifying cytokines released by mature antigen- 
presenting cells activate subset-specific master transcrip-
tion factors, determining T cell fate and effector 
functions

11 T Cells in Early Osteoarthritis
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Induced Tregs develop in the periphery under the 
influence of TGF-β and IL-2. Treg development 
and function is directed by the transcription fac-
tor Foxp3 that supports downstream secretion of 
IL-10 and TGF-β. Tregs are critical for tolerance 
to self- and foreign-antigen and resolution of 
inflammation [17]. Activation by antigen recog-
nition initiates T cell proliferation and differenti-
ation prior to homing to sites of inflammation, 
such as an OA joint, where they carry out their 
effector functions.

As T cells are activated and adopt specific 
fates (see Fig.  11.1) [17], these subsets also 
express specific chemokine receptors that medi-
ate the ability of T cells to respond to chemokines 
that direct immune cell migration to and within 
tissues. In the context of OA, chemokines pro-
duced from inflamed cartilage and synovium pro-
mote T cell homing to the joint. In addition, the 
vasculature of the inflamed synovium becomes 
highly positive for E-selectin, which promotes 
the extravasation of immune cells from the 
peripheral blood into the joint [2].

Recent studies have revealed that specific che-
mokines are key mediators responsible for 
immune cell homing in early OA, including 
CCL5, CCL17, CCL20, and CXCL12 [18, 19]. 
CCL5 is a potent T cell chemoattractant that 
binds to CCR1, CCR3, and CCR5, all of which 
can be expressed by T cells [20–22]. CCL5 
knockout mice are partially protected from carti-
lage injury as a result of destabilization of the 
medical meniscus-induced OA compared to 
wild-type mice [23]. CCL17 induces chemotaxis 
in T cells through interactions with CCR4, which 
is expressed only on specific CD4+ T cell sub-
types, including Th17 and Tregs [24]. CCL17 
blockade in mice with collagenase-induced 
arthritis resulted in reduced pain and OA [25]. 
Synoviocytes from OA patients secrete CCL20, 
which is strongly chemotactic for lymphocytes 
and binds to CCR6 [26]. CXCL12 is another 
potent chemokine for lymphocytes that are 
closely associated with the radiographic severity 
of OA [27]. Additionally, CXCL12 can enhance 
the effects of certain pro-inflammatory cytokines, 
including IL-17A, on fibroblast-like synovio-
cytes [28]. Because different T cell subsets 

exhibit specific receptors, the cytokines released 
by cartilage and synovium during early OA will 
affect which subtypes are homed to the joint, sub-
sequently playing a role in disease pathogenesis.

The aforementioned chemokines and cyto-
kines orchestrate priming and homing T cells to 
the joint where they elicit their effector functions 
through several mechanisms including secretion 
of cytokines and cell-to-cell interactions 
(Fig. 11.2). T cells can mediate the progression of 
OA by affecting both stromal and immune cells 
within the joint. These effector functions of T 
cells within the inflamed, early OA joint could be 
targeted therapeutically on a patient-to-patient 
basis to interrupt the course of disease before 
irreversible joint damage has occurred.

11.3  CD8+ Cytotoxic T Cells (CTL)

Cytotoxic T lymphocytes (CTL) express the CD8 
co-receptor and perform cell-mediated immunity. 
CTLs kill harmful cells, including cancer cells 
and cells carrying intracellular pathogens. CTLs 
recognizing self- and non-self-antigens presented 
by MHC class I, which is found on all nucleated 
cells. CTLs carry out their effector functions 
through two main actions. First is release of anti- 
viral and anti-tumor cytokines, primarily IFN-γ 
and TNF-α. Second is by directly killing cells, 
either through release of cytotoxic granules or by 
Fas/FasL interactions [29]. In the synovium of 
OA joints, CD8+ T cells are present, but at signifi-
cantly lower numbers than CD4+ T cells [30].

Interestingly, in OA, there is an increase in the 
CD4+:CD8+ ratio, and a decrease in the total 
number of CTLs in the patients’ peripheral blood 
[30]. In a mouse model of anterior cruciate liga-
ment transection, CD8+ T cells infiltrated syno-
vial fluid of afflicted joints within 30  days and 
persisted for 90 days. Additionally, CD8+ T cells 
expressed TIMP1, a regulator of matrix metallo-
proteinases and disintegrin-metalloproteinases, 
which helps to maintain extracellular matrix 
composition, and the number of CD8+ T cells 
expressing TIMP1 correlated positively with dis-
ease severity. Moreover, increased TIMP1, 
VEGF, and MMP13 in the synovium correlated 
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with CD8+ T cell activation [31]. CD8+ T cells 
therefore may contribute to imbalance of joint 
metabolism through dysregulation of both TIMP1 
and MMP13, and angiogenesis leading to syno-
vial inflammation.

Aside from these studies, CD8+ T cells in the 
OA joint have remained somewhat unexplored. 
In RA, CD8+ T cells are detected in synovium 
prior to clinical symptoms [32]. Within RA syno-
vial fluid, there is an accumulation of autoreac-
tive CD8+ T cells that are clonally related [33] 
and are associated with disease severity and 
breakdown of self-tolerance. Conversely, sup-
pressor CD8+ T cells in the joint may play a role 

in disease mitigation by inhibiting the functions 
of autoreactive CD4+ T cells [34]. Additional 
studies into CD8+ T cells will aid in understand-
ing their contribution to OA initiation and pro-
gression, and potentially reveal new therapeutic 
options for OA patients.

11.4  T Helper 1 Cells (Th1)

Th1 cells, driven by IL-12 and IFN-γ and con-
trolled by T-bet to produce IFN-γ, [17] are the 
most abundant T helper cell subset in the syno-
vial fluid and synovium of patients with OA [4]. 

Fig. 11.2 T cells alter joint homeostasis in a subset- 
specific manner. T cells are homed to the joint by inflam-
matory cytokines released by joint tissues, where they 
then carry out their effector functions and contribute to 
loss of joint homeostasis. Cytotoxic T lymphocytes are 
not abundant in the joint but contribute to increased vascu-
larization and matrix degradation. Th1 cells are the most 
abundant T cell subtype within the joint but appear to 
carry out their effector functions mainly thorough macro-

phage polarization and activation. Th2 cells are found 
sporadically and sparsely within the OA joint and do not 
appear to offer protection against cartilage breakdown. 
Th17 cells contribute significantly to matrix degradation 
as well as synovial inflammation while further contribut-
ing to immune cell homing to the joint. Tregs provide 
early immunosuppression but are unable to restore joint 
homeostasis and ultimately cannot sustain their effector 
functions in order to mitigate OA progression
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And although there are fewer Th1 cells in the 
synovium of patients with OA compared to RA, 
the Th1 cells present in both types of diseased 
tissue expressed similar transcript levels of IFN-γ 
when stimulated with phorbol 12-myristate 
13-acetate (PMA) and ionomycin [35]. Th1 cells 
in the synovial fluid of patients with OA also 
secrete higher concentrations of IFN-γ than cir-
culating Th1 cells in the peripheral blood upon 
PMA and ionomycin stimulation [36]. Within 
30 days of anterior cruciate ligament transection 
in a mouse model of OA, IFN-γ+ cell numbers 
increased in the synovium, and subsequently 
decreased by 90  days post-induction. This was 
associated with an increase in MIP-1γ and num-
ber of osteoclasts, while CD4 knockout mice had 
lower concentrations of MIP-1γ and slower carti-
lage degeneration [37].

Importantly, while Th1 cells are the most 
abundant CD4+ T cell subtype in the OA joint, 
they may not be the most inflammatory. In vitro, 
Th17 cells induce synthesis of IL-6, IL-8, MMP1, 
and MMP3 in synovial fibroblasts from patients 
with early RA, whereas Th1 and naïve CD4+ T 
cells do not [38]. It has also been reported that in 
patients with RA, Th1 cells and related cytokines 
are only significantly increased in peripheral 
blood in late-stage disease, while Th17 cells and 
their related cytokines are significantly elevated 
throughout disease progression [39].

While the role of Th1 cells in the progression 
of OA remains unclear, their orchestration of the 
effector functions of macrophages and mono-
cytes is likely partially responsible for continued 
inflammation within the joint. However, evidence 
from RA would suggest that the contribution of 
Th1 cells to rheumatic disease is more prominent 
during later disease stages and that other CD4+ T 
cell subtypes, including Th17 cells, are more 
important drivers of pathogenesis early in the dis-
ease process.

11.5  T Helper 2 Cells (Th2)

Th2 cells that respond to IL-4 and produce IL-4, 
IL-5, IL-9, and IL-13 under the control of GATA3 
are involved in mucosal immunity and the 

immune responses to extracellular pathogens and 
tissue repair, [40] but it is currently unclear 
whether or not Th2 cells are important contribu-
tors to the pathogenesis of OA. In the synovium 
of patients undergoing total knee replacement, 
neither IL-4 nor IL-5 mRNA transcripts were 
found in any of the 18 patients [35]. Moreover, 
synovial fluid cells from OA patients stimulated 
with PMA and ionomycin did not express levels 
of IL-4 that were detectable by RT-qPCR after 24 
or 72  h of stimulation [41]. Additional studies 
have failed to find Th2-related transcripts within 
the joints of OA patients [42]. However, using 
flow cytometry, low numbers of CD4+IL-4+ cells 
have been found in the synovial fluid of OA 
patients [36] and appear in similar frequencies 
within the synovium when compared to RA 
patients [43]. IL-4+ cells were also found in all 
three layers of the synovium using immunohisto-
chemistry, albeit at very low numbers when com-
pared to IFN-γ+ cells or CD4+ cells in total [4].

Therefore, Th2 infiltration into the joints of 
OA patients appears to be sparse and sporadic, 
but within these patient subsets, they may aid in 
disease mitigation through reprogramming of 
macrophages toward an anti-inflammatory and 
reparative phenotype, or by secretion of cyto-
kines that can protect tissues of the joints from 
pro-inflammatory and catabolic cytokines. 
Overall, further investigation is required to eluci-
date the role of Th2 cells in early OA.

11.6  T Helper 17 Cells (Th17)

Th17 cells secrete IL-17 family cytokines, IL-22, 
and GM-CSF in response to IL-1β, IL-6, and IL-23 
and under the control of RORγt, and are implicated 
in a variety of chronic inflammatory and autoim-
mune diseases, including rheumatoid arthritis (RA) 
and psoriatic arthritis (PsA) [44]. Th17 cells were 
discovered as a distinct T helper subset in 2005, 
and so have not been well scrutinized under the 
lens of OA, but in vitro and in vivo models of OA 
and RA indicate that they play a considerable role 
in OA initiation and progression [45].

In human patients with OA, IL-17A was sig-
nificantly increased in synovial fluid compared to 
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undetectable in unmatched, healthy controls [30]. 
Furthermore, an increase in IL-17A within the 
joint has been positively correlated with pain and 
severity of disease in patients with knee OA [46]. 
In OA patients with inflamed synovium, gene and 
protein expression of IL-17A and IL-22 were 
increased in inflamed regions compared to non- 
inflamed OA synovium, and correlated with the 
release of IL-6 and IL-23 [47]. This indicates that 
not only are Th17 cells present and active within 
the joint but that joint inflammation is associated 
with their maintenance. Additionally, in early 
joint trauma (ACL tear), the soluble form of 
IL-17 receptor A, which transduces IL-17 signal-
ing, was increased 128% in synovial fluid at a 
mean of 14 days post-injury compared to six days 
post-injury [48].

The presence of elevated IL-17A concentra-
tions in the joint is thought to contribute directly 
to joint inflammation, tissue remodeling, and loss 
of function. In vitro, IL-17A treatment of human 
cartilage explants or synoviocytes activated 
NF-κB and led to increased synthesis of MMP1, 
MMP13, [49] and collagenase-3, all of which 
contribute to matrix loss [50]. Importantly, in a 
co-culture system of T cells and synovial fibro-
blasts from early RA patients, Th1 cells did not 
elicit the same catabolic responses that Th17 
cells did, suggesting that Th17, not Th1, 
responses may be more responsible for joint 
destruction in OA [38]. In addition, IL-17A 
enhanced the expression of IL-6 and IL-8 from 
synovial fibroblasts, aiding in the maintenance of 
the Th17 phenotype and perpetuating immune 
cell homing to the inflamed joint [51]. Moreover, 
IL-17A further promoted T cell recruitment by 
upregulating the expression of CCL2 and CCL20 
expression in synovial fibroblasts [52]. These 
data suggest that Th17 cells, particularly through 
their ability to produce large amounts of IL-17, 
are important players in the loss of joint homeo-
stasis in OA.

Studies in murine models are consistent with 
these in vitro and ex vivo findings in humans. In 
murine models of collagen-induced arthritis, 
treatment with anti-IL-17A neutralizing antibody 
reduced, though did not eliminate, synovitis, and 
cartilage damage [53]. Furthermore, arthritis was 

considerably diminished in IL-17A-deficient 
mice compared to wildtype mice. Not only did 
fewer IL-17A-deficient mice develop arthritis, 
but those than did had lower arthritis scores [54]. 
Of note, other immune cell types, such as local 
synovial macrophages, participate in the orches-
tration of Th17 responses, where they promote 
differentiation and maintenance of Th17 cells 
within the synovium [55]. Mouse models have 
also shed light on the contribution of other Th17- 
derived factors, such as IL-22, to arthritic dis-
ease. For example, IL-22 mRNA and protein 
expression were increased during onset of 
antigen- induced arthritis in mice, while the use of 
an anti-IL-22 antibody and IL-22 deficiency in 
mice attenuated pain and reduced synovitis, sug-
gesting that targeting of multiple cytokines 
released by Th17 can reduce arthritis symptoms 
[56].

Taken together, data from human OA and RA 
patients, as well as in vitro and in vivo models, 
suggest that Th17 cells and cytokines play a role 
in the establishment and progression of 
OA.  IL-17A has been shown to have a direct 
inflammatory role on synoviocytes and chondro-
cytes by initiating and perpetuating catabolism 
and homing of additional immune cells to the 
inflamed joint. It will be critical to continue 
investigation of Th17 cells in early OA in order to 
find targets for which new therapeutics can be 
made, or for which existing therapeutics can be 
implemented to mitigate OA progression.

11.7  Regulatory T Cells (Tregs)

TGF-β and IL-2 induce activation of the Foxp3 
transcription factor in Regulatory T cells, which 
can occur in the thymus or periphery to give rise, 
respectively, to natural or induced Tregs. Tregs 
produce immunosuppressive cytokines such as 
IL-10 and TGF-β and dampen immune activation 
through cell-to-cell interactions and by acting as 
an IL-2 “sink” to prevent IL-2-associated activa-
tion of auto-reactive naïve T cells. Tregs are key 
players in a multitude of autoimmune and inflam-
matory diseases, with disease emergence and 
progression often associated with a lack of Tregs 
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at critical sites or a failure of Tregs to control or 
arrest ongoing T cell activation [57].

In patients with mild to severe OA, there is an 
increase in the percentage of cells in peripheral 
blood that exhibit a Treg phenotype. However, 
when stimulated with PMA and ionomycin, these 
cells were significantly inhibited in their ability 
to secrete IL-10 [58]. The inability of T cells to 
carry out their effector functions can be indica-
tive of overstimulation and subsequent exhaus-
tion. Within the context of OA, this could be a 
potential consequence of chronic inflammation in 
the joint. Evidence from RA patients would also 
suggest that peripheral Tregs have a reduced abil-
ity to suppress aberrant activation of effector 
CD4+ T cells through cell-to-cell interactions. 
This is due to defects in expression of the immune 
checkpoint molecule CTLA-4, which competi-
tively binds to B7 family members on antigen- 
presenting cells, blocking effector T cell 
activation [59].

Not only are Tregs enriched within the periph-
eral blood of OA patients, they are enriched within 
the synovium and synovial fluid. There is evidence 
that Tregs infiltrate the joint during the acute phase 
of inflammation and are highly active in this phase. 
Following acute ACL tear, IL-10 increased in 
synovial fluid, but waned as early as 3  months 
post-injury [60]. Tregs within the synovium of 
patients with chronic OA displayed an activated 
effector memory phenotype compared to periph-
eral blood Tregs, which displayed a resting central 
memory phenotype [61]. Moreover, IL-10 tran-
scripts were detected in the synovium of nearly all 
OA patients [35]. Taken together, these data indi-
cate that Tregs are present during initiation of 
inflammation, persist in the joint, and may actively 
attempt to suppress inflammation but are unable to 
return to joint homeostasis.

Animal models support the role of Tregs and 
IL-10 in chondroprotection. IL-10 knockout mice 
with collagen-induced arthritis developed more 
severe arthritis scores than wildtype mice, which 
was associated with an increase in production of 
Th1 and Th17 cytokines, and polarization of 
macrophages toward an M1 phenotype [62, 63]. 
In a rabbit model of OA, intra-articular injection 
of synoviocytes overexpressing IL-10 through 

retroviral gene transfer five days post-excision of 
the medial collateral ligament plus medial menis-
cectomy improved histological scores compared 
to controls [64]. While absence of IL-10 leads to 
more severe arthritis, presence and over- 
expression of IL-10 do not appear to mitigate dis-
ease progression in the long term, suggesting that 
Treg cytokines alone are not sufficient to resolve 
inflammation.

The continued progression of OA suggests 
that Treg secreted factors and Treg cell-to-cell 
contact-mediated suppressor functions are not 
sufficient to mitigate disease progression. This is 
in spite of early Treg migration to and activation 
within the inflamed joint. Furthermore, evidence 
suggests that Treg activity is dampened as dis-
ease progresses, rendering these cells unable to 
mount suppressive functions that could help con-
trol inflammation in the joint to promote repair, 
thus contributing to OA pathogenesis and failure 
of disease mitigation.

11.8  Th17: Treg Phenotype 
Plasticity

CD4+ T helper cell lineages were originally 
thought to be stable; however, plasticity between 
Th17 and Treg phenotypes has now been 
described in multiple contexts including uveitis 
and scleritis, as well as RA [65]. This instabil-
ity, within the context of normal physiological 
conditions, aids in overcoming infections, pre-
venting collateral tissue damage, and resolution 
of inflammation [66]. However, when plasticity 
becomes unregulated, it can lead to uncon-
trolled inflammatory T-cell responses. While 
transcription factors RORγt and Foxp3, respec-
tively, drive Th17 and Treg phenotype and func-
tion, the cytokine microenvironment can 
activate the reciprocal transcription factor, lead-
ing to phenotype plasticity (Fig. 11.3) [67, 68]. 
The result is that T cell function is altered 
through simultaneous activation of both tran-
scription factors, and cells are subsequently 
able to acquire the capabilities of both subsets; 
secreting Th17 cytokines while eliciting Treg 
suppressor functions [69].
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Evidence from diseases specifically affecting 
the joint, including RA and PsA, suggests this 
plasticity could be involved in the failure of OA 
resolution as well.

In chronic diseases, persistence of inflamma-
tory cytokines, including IL-1β, IL-6, and IL-23, 
can lead to destabilization of the Foxp3 transcrip-
tion factor in Tregs. These cytokines promote the 
expression of RORγt, yet the resultant Th17-like 
Tregs also maintain Foxp3 expression, though 
these cell do not always fully maintain the effec-
tor functions of true Tregs [69]. Evidence in mice 
supports a role for synoviocytes during the induc-
tion of Treg phenotype plasticity. For example, in 
a mouse model of collagen-induced arthritis, 
Foxp3+ T cells secrete IL-17 following incuba-
tion with rheumatoid fibroblast-like synovio-
cytes, indicating that fibroblast-like synoviocytes 
from the inflamed joint are sufficient to induce 
conversion of local Foxp3+CD4+ T cells to 
Foxp3+CD4+IL-17A+ cells, exacerbating early 
inflammation [70].

Increased Th17-like Treg cells can be found in 
the blood of RA patients and is positively corre-

lated with an increase in Th17 cells in the periph-
eral blood [71]. A parallel enrichment of Th17 
cells in the peripheral blood of OA patients sug-
gests that they also exhibit an increase in periph-
eral blood Th17-like Tregs [72]. Although these 
Th17-like Tregs begin to secrete IL-17A, they are 
still capable of suppressing effector T cell prolif-
eration ex  vivo. Conversely, Th17-like Tregs 
within the joint of RA patients do not maintain 
suppressor functions, and through secretion of 
IL-17A, likely contribute to disease progression. 
There is an upregulation of IL-1β and IL-6 in the 
synovial tissues following injury, and an upregu-
lation of IL-23  in the peripheral blood of OA 
patients, further suggesting that Treg phenotypic 
switching is involved in the pathogenesis of OA 
[73, 74].

While pro-inflammatory cytokines can lead to 
Treg phenotype switching, during the resolution 
phase of inflammation, anti-inflammatory cyto-
kines can induce Th17 cells to convert to a regu-
latory phenotype through upregulation of Foxp3. 
In a mouse model of colitis, during resolution of 
inflammation, high concentrations of TGF-β1 

Fig. 11.3 Th17:Treg plasticity may contribute to disease 
pathogenesis. Although T helper cell phenotypes were 
thought to be terminal and stable following naïve T cell 
differentiation, there can be plasticity between Th17 and 
Tregs. Cytokines within the OA joint can activate the 

reciprocal transcription factor, leading to an intermediate 
cell type that secretes Th17 cytokines and, in some con-
texts, is also capable of carrying out Treg suppressor func-
tions. Instability in Treg phenotype may play a role in loss 
of joint homeostasis and continued catabolism
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decreased RORγt activity in a dose-dependent 
manner and caused Th17 cells to transdifferenti-
ate into IL-17A+Foxp3+ cells, which simultane-
ously secrete IL-17A and IL-10 [75]. Furthermore, 
TGF-β1 and PGE2 secreted by mouse and human 
tumor cells induced Foxp3 expression and subse-
quent suppressor functions in Th17 cells [76]. 
Retinoic acid, a driver of Foxp3 activation in 
inducible Tregs, has also been implicated in sup-
pression of Th17 phenotype [77]. However, it is 
not clear how retinoic acid concentrations vary 
within the joint, and whether increased retinoic 
acid contributes more strongly to cartilage 
destruction or immunomodulation in OA [78]. 
Regardless, increased concentrations of TGF-β1 
and PGE2 observed in joints of OA patients sug-
gest that there is potential to drive infiltrating 
Th17 cells to express Foxp3 and limit the pro- 
inflammatory and pro-catabolic functions of 
Th17 cells [18, 79].

Observations made of IL-17A+Foxp3+ cells 
and Th17-like Tregs in other diseases suggest 
that phenotype plasticity between Th17 and Tregs 
may play a role in OA pathogenesis. Investigating 
plasticity in Th17 and Treg phenotype will poten-
tially increase our understanding of how T cells 
respond to the local joint environment in a 
context- dependent manner, which will be an 
important step toward developing and applying 
immunotherapies for early OA.

11.9  T Cell-Targeted 
Immunotherapies for OA

During progression of OA, homeostasis is lost in 
favor of a catabolic state, where catabolism is 
defined as progressive and irreversible joint 
destruction and pain. It is now accepted that dis-
ease modification must occur early before this 
destruction becomes irreversible [80, 81]. 
Immunotherapy is the use of treatment that tar-
gets the immune response, which can include 
stimulation or suppression, in order to modify 
disease progression. In the case of autoimmune 
disease, including RA, immunotherapies that 
suppress and block aberrant immune function 
have been successfully implemented for several 

decades to protect the patient from chronic pain 
and joint destruction [82]. While some of the key 
pathways in OA could similarly be targeted using 
existing immunotherapies, thus far, immunother-
apy has not been a mainstay of OA treatment due 
to inconsistent patient results. For example, use 
of the anti-TNF-α monoclonal antibody (mAb) 
therapy adalimumab failed to reduce pain and 
symptoms in patients with erosive hand OA but 
did improve joint stiffness and WOMAC pain in 
patients with knee OA [83]. Currently, there are 
therapies available and in use for other diseases 
that target several key areas of the T cell response, 
including T cell homing, T cell activation and 
maintenance, and T cell effector functions 
(Fig. 11.4). A number of these could be leveraged 
to treat various aspects of the inflammatory 
response in OA to limit or perhaps even reverse 
joint destruction. However, understanding more 
about T cells in the pathogenesis of OA will be 
important for the targeted use of immunothera-
pies in OA.

As stated previously, acutely following joint 
damage, chondrocytes and synoviocytes release a 
cascade of cytokines and chemokines that not 
only affect the local joint environment but also 
home immune cells, including T cells, to the 
damaged joint. One potential method to reduce T 
cell-induced inflammation within the joint is to 
stop T cell trafficking to the joint by either block-
ing chemokines or their receptors. In RA, treat-
ing patients with an antagonist against CCR1, 
which is expressed by T cells and binds CCL5, 
reduced the number of CD4+ and CD8+ T cells 
within the synovium after only 14 days of treat-
ment and significantly reduced the number of 
tender and swollen joints [84]. Although all 
patients in the study had firmly established dis-
ease, application of such a therapy to early OA 
may restore homeostasis and promote complete 
repair of damaged tissue. In a murine model of 
collagenase-induced OA, treatment with mAb 
therapy targeting the T cell chemoattractant 
CCL17 ameliorated the pain and significantly 
reduced histological score and osteophyte size 
[25]. Thus, blockade of T cell trafficking chemo-
kines and their receptors may present viable 
options for OA mitigation.
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Another approach to modifying disease pro-
gression in OA is to use therapies that target T 
cell activation. This can be achieved through sev-
eral pathways, including blockage of extracellu-
lar signaling, or stopping downstream 
transcription factor activation. One approach to 
limit T cell activation is to block co-stimulation. 
Used for the treatment of RA, abatacept is a 
fusion protein composed of the extracellular 
domain of the immune checkpoint molecule 
CTLA-4 and the Fc portion of IgG1. Abatacept 
shuts down T cell activation by antigen- presenting 
cells, and within the context of RA, helps to pre-

vent T cell recognition of self-antigen, a driving 
factor of the disease [85]. It is also possible to 
target T cell activation more directly. For exam-
ple, cyclosporin is an immunosuppressant used in 
the treatment of chronic diseases, such as RA and 
Crohn’s disease, that targets calcineurin, which is 
a signaling molecule critical for T cells to elicit 
effector functions [86]. Calcineurin activates 
nuclear factor of activated T cell cytoplasmic 
(NFATc), which upregulates downstream T cell 
responses. These therapies hold potential to miti-
gate and alleviate OA symptoms within the con-
text of aberrant T cell activation. However, 

Fig. 11.4 Immunotherapies 
that target different aspects of 
T cell response offer new 
intervention options for OA 
mitigation. There may be 
missed opportunities to 
rapidly translate existing 
immunotherapies for use in 
OA. Therapies that target 
antigen presentation to T 
cells, T cell trafficking, 
activation, phenotype 
plasticity, and effector 
cytokines are already 
available and approved for 
use in other T cell-mediated 
diseases and could be used to 
limit or mitigate progression 
of OA if applied at the right 
time during disease imitation
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considering previous failures and mixed results 
of immunotherapy in OA patients, it will be per-
tinent to target patients who actively present with 
T cell-driven OA or else intervention is likely to 
be ineffective.

A third approach is to target inflammatory 
cytokines that are secreted by activated T cells. 
For example, anti-IL-17A therapy has been met 
with success in the treatment of RA and PsA 
where, as with OA, IL-17A secreted by Th17 
cells is increased in the synovial fluid compared 
to healthy patients. In PsA patients, treatment 
with anti-IL- 17A therapy reduced radiographic 
disease progression, effectively inhibiting struc-
tural degeneration of the joint [87]. Furthermore, 
RA patients in some clinical trials who did not 
respond to anti-TNA-α antibody had reduced dis-
ease severity following treatment with anti-IL-
17A mAbs [88]. Although mAb therapy targeting 
the Th1 cytokine TFN-α has previously produced 
mixed results in OA patients, it is possible that 
this is because treatment was applied too late in 
the progression of OA [83]. While treatment of 
anti-TNF-α therapy did not appear to mitigate 
disease nor reduce clinical symptoms of several 
cohorts of patients with end-stage hand OA, it did 
yield promising results in patients with knee OA 
with a Kellgren–Lawrence grade of 2–3. Treated 
patients had significant improvements in 
WOMAC pain score, stiffness, and function [89].

A final approach is the targeting of cytokines 
that maintain T cell phenotype and/or promote 
plasticity toward a pro-inflammatory pheno-
type. Of note, anti-IL-23 and combination anti- 
IL- 12/23 antibodies that target the p40 region 
common to both cytokines have undergone 
phases II and III clinical trials in RA and PsA 
patients. IL-23 and IL-12 drive and maintain 
Th17 and Th1 phenotypes, respectively. In PsA 
patients, anti-IL-12/23 therapy inhibited radio-
graphic progression of joint damage. However, 
in patients with RA, while there was numeri-
cally higher improvement in tender and swollen 
joints following anti-IL-12/23 treatment, neither 
the aforementioned treatment nor anti-IL-23 
treatment significantly improved RA symptoms 
[90]. This may be partially explained by the 
findings that, in a murine model of collagen-

induced arthritis, IL-12-driven Th1 activity was 
not responsible for collagen-induced arthritis, 
but IL-23 was responsible for T cell-mediated 
flare- ups, indicating that timing of anti-IL-23 is 
critical for mitigation of inflammation driven by 
T cells [91].

Taken together, findings from use of immuno-
therapies in OA and related diseases warrant fur-
ther exploration of their application early in the 
OA disease process. This is before irreversible 
joint destruction has occurred when there is still 
the possibility of mitigating catabolism and 
returning the joint to homeostasis. However, the 
dynamic nature of OA also calls for a better 
understanding of T cell involvement during early 
stages and progression of disease, so that we are 
able to not only to identify targets for immuno-
therapies but also timing of when those therapies 
will be most effective at mitigating disease.

11.10  Conclusion

The immune response is one of a number of criti-
cal factors that contribute to disease pathogenesis 
of OA.  There is mounting evidence that T cell 
populations are altered not only in the synovium 
and synovial fluid of those afflicted with OA but 
also within the peripheral blood. Although a vari-
ety of CD8+ and CD4+ T cells infiltrate the joint 
acutely following injury, work in human patients 
and in animal models indicates that Th17 and 
Treg effector functions and phenotype plasticity 
within the joint environment play critical roles in 
the balance between catabolism and anabolism 
subsequent to joint damage.

Understanding how T cells contribute to OA 
initiation and progression presents the opportu-
nity to use immunotherapies that successfully 
modulate T cell activities as has been done in 
other inflammation-mediated diseases, including 
RA and PsA. To date, there have been mixed out-
comes of clinical trials using immunotherapies in 
OA patients, perhaps because the application of 
these therapies targeted the wrong T cell popula-
tion or because of T cell plasticity, or more sim-
ply, they were used too late in the disease process, 
when cartilage damage is complete and 
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 irreversible. Therefore, it is important that the 
role of T cells in early OA continues to be inves-
tigated to yield new insights into OA as an 
immune- mediated disease. This will be critical 
for identifying novel immunotherapies that can 
truly modify the course of OA and mitigate dis-
ease progression.
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Monocytes, Macrophages 
and Joint Inflammation 
in Osteoarthritis

Renee T. Ormsby and Julia F. Charles

12.1  Introduction

Osteoarthritis was originally described based on 
changes to the composition, structure and func-
tion of the articular cartilage [1]. However, osteo-
arthritis (OA) is now considered a ‘whole joint’ 
disease, characterized by subchondral bone 
remodelling, stiffness, pain and synovitis, as well 
as cartilage degeneration [2]. In particular, stud-
ies have identified overexpression of mononu-
clear cell infiltration, blood vessel formation and 
pro-inflammatory mediators in patients with OA 
in the early stages of the disease [2]. Low-grade 
inflammation is a key marker of early OA [3], 
and is detectable in the joint by evidence of syno-
vial hyperplasia and low-grade inflammatory 
infiltrates within the synovial lining. The early 
stages of osteoarthritis are often defined by an 
increase in inflammation, with increased pres-

ence of macrophages [2], evidence of subchon-
dral bone loss and early stages of cartilage 
degradation.

12.1.1  Joint Inflammation in OA: 
A Role for Monocytes 
and Macrophages

Inflammation plays an important role in the body; 
the immune system protects the body from infec-
tion and defends against foreign pathogens or 
molecules. The innate immune pathway is acti-
vated by tissue and cellular damage, which acti-
vates damage-associated molecular patterns 
(DAMPs) that signal to the immune system to 
recruit immune cells to the damaged tissue. Pro- 
inflammatory cytokines, produced by tissue- 
resident cells, as signals to immune cells such as 
monocytes and lymphocytes, targeting the site of 
inflammation. Under normal physiological con-
ditions, the immune cells promote normal tissue 
healing, reducing inflammation over time [4]; 
however, in OA, a low-level inflammatory state 
has been shown to persist [3]. This is likely due to 
unresolved cartilage damage, bone degradation 
and the on-going presence of synovitis in the 
synovial membrane.

The synovial membrane plays an important 
role in maintaining joint movement by the pro-
duction of synovial fluid, which reduces friction 
between the articular cartilage of joints. Synovitis 
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has been identified as an early marker of osteoar-
thritis, it involves inflammation of the synovial 
membrane which leads to joint swelling and effu-
sion [1]. The synovial membrane also contains a 
large amount of pro-inflammatory and catabolic 
products, including metalloproteinases and 
aggrecanases, which contribute to the articular 
matrix degradation [5]. Histological analysis of 
the synovium in OA patients shows an increase in 
immune cells, including leukocytes, monocytes, 
macrophages and t-cell lymphocytes [6], which 
are thought to increase in response to the produc-
tion of degraded cartilage fragments which are 
released into the synovial cavity, stimulating 
synovial inflammation [7].

Myeloid progenitor cells, monocytes and 
macrophages, play a key role in regulating 
inflammation. There are two types of macro-
phages present in the body, M1 and M2 macro-
phages, which play various roles during 
inflammation. M1 macrophages release pro- 
inflammatory cytokines and are activated in 
response to T helper cells, and M2 macrophages 
are important during repair and are anti- 
inflammatory. M1 and M2 macrophages have 
been identified in the patients with OA, with a 
larger number of inflammatory M1 macrophages 
present [8]. Furthermore, inflammatory markers 
have been detected in the surrounding tissue of 
OA joints, identifying tissue-resident macro-
phages which contribute to the early inflamma-
tory signals. Both bone marrow-derived 
macrophages and tissue-resident macrophages 
play important roles in inflammation and con-
tribute to the activation of bone resorption. In 
OA, the pro-inflammatory cytokines produced 
by macrophages have been identified as potential 
therapeutic targets, these include TNFα, IL-1 
and IL-6.

12.1.2  Osteoclasts in Bone Marrow 
Lesions and Subchondral 
Bone Loss in OA

As mentioned above, monocytes and macro-
phages have been detected in large amounts in 
osteoarthritic joints; these cells also play a key 

role in bone resorption. Activated macrophages 
produce inflammatory cytokines that stimulate 
the differentiation of macrophages into multi- 
nucleated bone-resorbing cells, called osteoclasts 
[9]. Osteoclasts are formed when mononuclear 
cells, macrophages, fuse into a multi-nucleated 
giant cell. These cells are then capable of produc-
ing enzymes that degrade the bone and are acti-
vated during bone remodelling. Osteoclast 
activity and differentiation is regulated by key 
factors, including the release of macrophage 
colony- stimulating factor (M-CSF) from macro-
phages, and the production of receptor activator 
of nuclear factor-kappa-Β ligand (RANKL) by 
osteoblasts and osteocytes, and by fibroblasts at 
lower levels [10]. Formation of osteoclasts is also 
regulated by the production of TNFα and IL-6, 
two pro-inflammatory cytokines expressed by 
monocytes and macrophages. Osteoclasts play a 
key role in regulating bone homeostasis and are 
coupled with the activity of osteoblasts, bone 
forming cells which balance resorption with bone 
formation. However, in early OA there appears to 
be an uncoupling between osteoclasts and osteo-
blasts, favouring bone resorption over formation, 
which leads to the destruction of the subchondral 
bone [11].

The activities of the myeloid cell lineage 
include the production of pro-inflammatory cyto-
kines by monocytes and macrophages, and the 
activation of osteoclastic resorption. Together, 
myeloid cells play a very important role in regu-
lating the immune response and bone remodel-
ling that occurs in the early stages OA and are 
therefore key therapeutic targets that could alle-
viate the symptoms of OA, with the possibility of 
preventing further progression of the disease.

12.2  What Can Animal Models 
of Osteoarthritis Teach Us 
About the Role of Myeloid 
Cells in OA

The development of early OA in humans often 
occurs with little surgical management, making 
biopsy samples unattainable, thus animal models 
have been investigated to identify the changes 
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that occur on the cellular level during the initial 
stages of the disease. Various animal models 
have been used to investigate the development of 
osteoarthritis, including both naturally occurring 
osteoarthritis that occurs spontaneously, and 
invasive and non-invasive induced 
OA.  Commonly, this has been investigated in 
mice, rats and guinea pigs, as well as larger ani-
mals including dogs and horses. These models 
have been used to investigate the changes in 
monocyte, macrophage and osteoclast activity, 
and the effects on inflammation and subchondral 
bone remodelling.

12.2.1  Naturally Occurring 
Osteoarthritis

In a process similar to humans, spontaneous 
occurring osteoarthritis develops in animals with 
aging. Spontaneous OA has been detected in 
small animals such as guinea pigs, rats and mice 
[12]. These animal models allow in-depth exami-
nation of the joint pathology that occurs with OA, 
including the degradation of the articular carti-
lage and subchondral bone remodelling, at a cel-
lular level which is near impossible to achieve in 
patients with early OA. These models also closely 
mimic the progression of the disease in humans, 
as identified by the histological and biochemical 
changes that occur with progression of the 
disease.

One such animal model is the Dunkin Hartley 
(DH) strain of guinea pigs, which develop OA at 
3 months of age [13]. This model closely simu-
lates the slow progressive changes observed in 
human OA, prior to the animal reaching skeletal 
maturity at 6 months. This model has been used 
to investigate the changes in cartilage composi-
tion and degradation with development of the 
disease. In particular, guinea pigs express high 
levels of IL-6 at 12  months of age, a pro- 
inflammatory cytokine produced by monocytes 
and macrophages [14]. In fact, serum levels of 
IL-6 positively correlated with the histological 
score of OA in guinea pigs [15], and similarly, in 
humans, circulating IL-6 was shown to be a pre-
dictive value in the development of knee OA as 

detected by radiography [16], indicating that this 
model may be a good representative of the human 
condition. IL-6 also plays an important role in 
regulating osteoclast differentiation and bone 
resorption. The guinea pigs also expressed high 
levels of other cytokines including IL-8, IL-17, 
MIP-1α and TNF-α [14], which have important 
roles in both the immune and resorptive responses 
in OA. TNF-α has also been detected at high lev-
els in patients with early OA [2].

Another animal model of spontaneous occur-
ring OA is the STR/ort mouse model [17]. 
These mice display human-like cartilage lesions 
after 12–20 weeks of age, where 8 weeks of age 
is considered an adult mouse. The mice com-
monly develop OA in the knee, ankle, elbow 
and temporomandibular joint. Knee pathology 
includes degeneration of the medial tibial carti-
lage at the insertion of the cruciate ligament, 
articular cartilage (AC) fibrillation, osteophyte 
development and subchondral bone sclerosis. 
Analysis of the joint profiles of these mice 
identified increased levels of MMPs [18], 
inflammatory cytokines including IL-1b, IL-4, 
IL-10 and interferon γ [17].

STR/ort mice have been shown to have an 
increased population of myeloid cells compared 
to C57BL6J mice of the same age, with a twofold 
increase of CD11+Gr1+ cells in the peripheral 
blood and spleen, and were also detected in the 
synovial tissue [19]. These mice also have a two-
fold increase in the number of inflammatory 
macrophages (CD11c+F4/80+CD11b+) within the 
synovial tissue of the diseased joint as well as 
increased TNF and MMP3 expression in synovial 
tissue [20]. Furthermore, these macrophages also 
express high levels of IL-1β, which have been 
shown to regulate the expression of the calcitonin 
receptor-like receptor (CLR). CLR is the receptor 
for calcitonin gene-related peptide (CGRP), 
which plays a role in modulating pain and neuro-
genic inflammation in OA, therefore activated 
macrophages in OA may play a role in regulating 
pain through the induction of cytokines [21].

The STR/ort murine model has also been used 
to identify changes in the extracellular expression 
of SOD, super oxide dismutase, which plays 
important roles in binding reactive oxygen 

12 Monocytes, Macrophages and Joint Inflammation in Osteoarthritis



150

 species (ROS). SOD has been shown to be 
decreased in the cartilage of humans with OA 
[22]. ROS and SOD also play important roles in 
osteoclastogenesis [23], ROS regulates both 
osteoclast differentiation and resorption. The 
binding of RANKL to the RANK receptor on 
osteoclasts produces ROS, which then acts as a 
secondary messenger, activating MAPK, NFκB, 
and Ca2+ mobilization pathways. These path-
ways stimulate the expression of NFATc1, a tran-
scription factor that in turn promotes the 
transcription of key osteoclastogenic genes, 
including tartrate- resistant acid phosphatase 
(TRAP), CTR, CTSK and pro-fusion genes [24]. 
ROS also plays a role in osteoclast resorption. 
Osteoclasts produce the protease, Cathepsin K to 
degrade the bone mineral in the bone compart-
ment, the degradation products are endocytosed 
by osteoclasts with cathepsin k into vesicles. The 
vesicles undergo transcytosis and are fused with 
TRAP-containing vesicles, co-localizing cathep-
sin k and TRAP. TRAP then undergoes proteo-
lytic digestion by cathepsin k and produces ROS 
to complete the mineral matrix degradation [25, 
26]. Mitochondrial ROS also plays a role in 
osteoclast differentiation through the mitochon-
dria-targeted antioxidant (MitoQ), which has 
been shown to suppress osteoclastogenesis 
in vitro [27]. Therefore, ROS may play an impor-
tant role in OA in regulating the subchondral 
bone loss evident in early OA.

Certain changes observed in the bone homeo-
stasis of STR/ort mice are, however, different 
compared to bone remodelling in human 
OA.  Female mice, in particular, have increased 
bone formation and impaired bone resorption, 
unlike humans [17]. However, the male mice do 
display a loss of femoral trabecular bone volume 
(BV/TV) at 10  weeks of age, which is then 
restored over time, consistent with the earlier ini-
tiation and progression of OA in humans. This 
suggests that only the male STR/ort mice are 
appropriate with regards to being informative for 
human OA. Furthermore, the STR/ort mice have 
been identified with an inherent endochondral 
ossification defect that likely influences the 
changes in bone formation and therefore the OA 
pathology observed [17].

Naturally occurring OA also occurs in larger 
animals including dogs and horses. The stifle 
joint in both dogs and horses is anatomically and 
histologically similar to the human knee [28]. 
The canine spontaneous OA model is caused by 
the significant activity levels of these animals, 
this leads to wear of the cartilage, similarly 
observed in active humans. This causes cracking 
joints, impaired mobility, stiffness and muscle 
wastage in the animals [29]. Dogs with spontane-
ous OA similarly have a loss of subchondral 
bone, followed by an increase in porosity and 
sclerotic bone formation at the subchondral plate 
[30]. One study observed increased levels of 
osteocalcin in the serum of canines with OA and 
was associated with age of the animal, increased 
detection of osteocalcin in the serum occurs with 
active bone resorption [31]. The canine model of 
spontaneous OA has predominantly been used to 
detect changes in the cartilage [32].

Horses also develop spontaneous OA due to 
the high levels of activity performed by these ani-
mals, OA is predominantly detected in the meta-
carpophalangeal (MCP) joint [33]. The disease in 
horses is characterized by synovial membrane 
inflammation and increased expression of metal-
loproteinases (MMPs), IL-1 and TNFα, similarly 
detected in the synovium of humans with OA 
[34]. Analysis of carpal bones from horses with 
post-traumatic OA showed a significant increase 
in the number of osteoclasts at the subchondral 
plate. Increased RANKL expression was 
observed in the cartilage of these animals and 
correlated with cartilage degeneration, osteoclast 
density and microcracks within the cartilage. 
This study suggests that RANKL in the cartilage 
plays a key role in stimulating both microcracks 
and subchondral bone resorption [35].

Studies comparing spontaneous occurring OA 
and the induction of OA through surgically 
induced damage have highlighted the changes 
that develop in the early stages with intentional 
joint injury. These changes include the develop-
ment of synovitis and articular cartilage degrada-
tion occurring earlier with injury than with 
spontaneous occurring OA in these animals [36]. 
Active bone resorption is also an important 
marker of OA and is observed in patients with 
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early knee OA. In particular, patients who showed 
progression of the disease also showed upregu-
lated markers of resorption [37]. This has been 
observed in animal models of induced OA with 
injury, in particular in the anterior cruciate liga-
ment injury model which shows early resorption 
of the subchondral bone and is subsequently fol-
lowed by increased bone formation [38].

12.2.2  Induced and Invasive Models 
of Osteoarthritis

A method of inducing non-invasive OA is the use 
of collagenase injections to stimulate degradation 
of the articular cartilage and subchondral bone. 
This model is often compared to the ACLT inva-
sive model of OA where the surgical injury shows 
sustained damage over time [39]. The collage-
nase model is more often used for studying other 
forms of arthritis rather than OA.

As mentioned, OA often develops after joint 
injury in both humans and animals. In humans, 
joint injury is caused by increased activity and 
loading in athletes and/or through damage to the 
bone, ligaments and cartilage in the joint. Animal 
models of invasive model of OA is performed by 
surgically inducing damage to the joint tissue, 
specifically the medial meniscus or the anterior 
cruciate ligament, which have been shown to 
stimulate joint degeneration and OA in humans.

Non-invasive induction of post-traumatic 
osteoarthritis has also been developed in order to 
simulate the injury that occurs in humans, such as 
anterior cruciate ligament tears. Non-invasive 
techniques use externally applied mechanical 
loads that do not break the skin or disrupt the 
joint capsule [40].

The anterior cruciate ligament (ACL) injury 
model is based on ACL tears that occur predomi-
nantly in young active adults; this injury often 
predisposes the patient to developing post- 
traumatic OA. The surgically induced model of 
OA involves transection of the anterior cruciate 
ligament, which induces mechanical instability 
and leads to OA developing in the knee joint. 
This model causes the animal to favour the 
healthy limb over the injured leg, changing the 

mechanical loading and stresses on the bone, 
similar to patients who undergo the same injury. 
ACLT injury has been shown to cause cartilage 
degeneration, subchondral bone remodelling and 
osteophyte formation in animal models. This 
model has been investigated in mice, rats, dogs, 
goats and sheep [33].

Bone resorption is observed in this model, a 
study by Zhu et al. using the murine ACLT sur-
gery at 2 months of age showed an increase in 
TRAP-positive osteoclasts after 1 and 2  weeks 
post-surgery [41]. Histological analysis of the 
ACLT damaged joints at 8  weeks post-surgery 
showed large bone marrow cavities visualized as 
fibrous lesions within the subchondral bone. The 
lesions were associated with an increase in tissue 
volume, as measured by μct. Pain is another key 
symptom associated with OA.  This study also 
showed that the subchondral bone remodelling 
that occurred in the early stage of the disease was 
associated with the production of nocireceptors, 
which are sensory neurons. The mice with ACLT 
surgery showed increased number and density of 
nociceptive neurons (identified by immunostain-
ing of CGRP, a neuropeptide) next to the sub-
chondral bone, compared to sham-operated mice. 
This study then showed specific knockdown of 
RANKL, a key osteoclast activity differentiation 
marker in a Dmp1-Ranklfl/fl mouse model pre-
vented the bone loss associated with ACLT sur-
gery and reduced the number of sensory neuron 
fibres. Furthermore, results from in vitro culture 
of neurons showed that Netrin-1, produced by 
osteoclasts, regulated the number and outgrowth 
of neuronal fibres. Inhibition of Netrin-1  in a 
Trap-Ntnfl/fl mouse model reduced the number of 
neuronal fibres and reduced pain. Therefore, this 
model provides evidence that osteoclasts may 
play an important role in regulating pain in OA, 
particularly in the early stages of the disease 
when subchondral bone remodelling occurs [41].

The ACLT OA model has also been used to 
identify changes in TGFβ, which has important 
roles in regulating bone formation and maintain-
ing articular cartilage. Mice with ACLT surgery 
showed elevated expression of TGFβ in the sub-
chondral bone [42], TGFβ has also been observed 
at increased levels in the synovial fluid of patients 
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with OA [43]. TGFβ has been identified as a cru-
cial factor that regulates the development of 
osteophytes, inhibition of endogenous TGF-β in 
a murine knee model prevented osteophyte for-
mation [44]. Furthermore, synovial macrophages 
have been shown to play a key role in the devel-
opment of osteophytes, removal of lining macro-
phages prevented the formation of osteophytes 
induced by TGFβ [45].

Induced ACL injury in mice has been shown 
imitate the human condition. C57BL/6J mice 
have been shown to be susceptible to the develop-
ment of OA after ACL rupture. These mice dis-
play subchondral bone loss, cartilage erosion, 
osteophyte formation and a significant increase 
in OARSI score 12 weeks post-injury compared 
to the contralateral control [46].

ACLT in mice has been shown to cause syno-
vitis, a study by Chen et al. showed a significant 
increase in synovitis score, as measure quantita-
tively [47], as well as increased cell infiltration 
and intra-articular synovial hyperplasia and 
abundant cell infiltration 8  weeks post-surgery 
[48]. Furthermore, these mice show a significant 
increase in pro-inflammatory cytokines, TNFα 
and IL-6, in the serum of the ACLT mice com-
pared to sham control.

Similar results were shown in a study by Wang 
et al., where ACLT injury increased both synovi-
tis score and OARSI score after 8  weeks post- 
surgery. Treatment with celecoxib, a non-steroidal 
anti-inflammatory drug, 10 mg/kg per day or an 
anti-inflammatory agent termed Tanshinone I (10 
and 30 mg/kg per day), significantly reduced the 
synovitis and OARSI scores in mice with ACLT 
surgery compared to sham control [49].

In a similar model of ACLT injury, after the 
mice underwent ACL or Sham surgery, they 
were made to run on a treadmill at a speed of 
16 m/min every day for 4 weeks. Analysis of the 
articular cartilage showed increased mRNA 
expression of inflammatory cytokines, including 
TNFα, IL-1β and IL-6, in these mice 4  weeks 
post-surgery. Increased protein expression of 
TNFα and IL-1β was also detected in the articu-
lar cartilage of these mice compared to sham 
control. Histological analysis of the joints 
showed extensive cartilage damage, disorga-

nized chondrocyte formation and eroded carti-
lage surfaces, as determined by the Mankin score 
for OA cartilage evaluation, as well as signifi-
cant inflammation and synovial hyperplasia [50]. 
This study replicates the damage that occurs 
with unrepaired ACL tears with joint loading, 
simulating the inflammation that would occur in 
humans pre-operatively.

Similarly, evidence of increased immunohis-
tochemical staining for inflammatory cytokines, 
IL-1α and IL-1β, has been shown in the articular 
cartilage of mice 4 weeks after ACLT surgery, as 
well as increased mRNA expression of both 
IL-1α and IL-1β, and IL-6. Histology images of 
the joint show significant cartilage destruction 
visible by Safranin O staining. This study also 
showed increased oxidative stress, DNA damage 
and cellular senescence in articular cartilage of 
mice who underwent ACLT surgery compared to 
sham control [51]. This suggests that inflamma-
tory markers are produced within the articular 
cartilage, potentially activating and recruiting 
macrophages to the site of injury.

In fact, in another model of ACLT surgery, the 
macrophage inflammatory protein 1γ (MIP-1γ) 
was increased in the synovium with an increased 
immune response in this model of OA. MIP-1γ 
plays an important role in recruiting inflamma-
tory cells to the injured tissue and plays a role in 
wound healing. Analysis of CD4−/− mice with 
OA showed a significant decrease in expression 
of MIP-1γ and slower cartilage degeneration as 
well as decreased TRAP staining [52], therefore 
CD4+ cells are involved in the progression of OA 
by regulation of MIP-1γ. MIP-1γ regulates 
monocyte chemotaxis and is a chemoattractant, 
but importantly MIP-1γ has been shown to regu-
late osteoclastogenesis. In a study by Chen et al. 
induced MIP-1γ gene silencing via lentiviral 
gene transfer in mice with ACLT injury-induced 
OA, both the lentiviral vector encoding MIP-1γ 
small hairpin RNA (shRNA) and control vector 
were injected into the intra-articular knee joint. 
Neutralization of MIP1γ reduced the infiltration 
of immune cells and macrophages, reduced IL-1 
cytokine expression. Importantly, there was a sig-
nificant reduction in osteoclast number and carti-
lage damage, suggesting that MIP-1γ plays an 
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important role in the early progression of OA and 
may be a potential therapeutic target [53].

Surgically induced OA animal models include 
the destabilization of the medial meniscus model 
(DMM), a surgical model of injury that causes 
osteoarthritis in mice and rats [54]. The medial 
menisco-tibial ligament is transected, affecting 
the mechanical stability of the knee joint, whilst 
inducing cartilage damage, as described in 
humans with progressive OA [55]. Importantly, 
this model causes osteoarthritis to occur slowly 
with associated inflammation of the joint and 
includes validated pain endpoints similarly expe-
rienced by humans [54]. This model allows the 
progression of the disease to be monitored over 
time, from early to advanced osteoarthritis. The 
DMM model also shows changes in the subchon-
dral bone, with an increase in sclerotic bone 
formation.

The DMM model has been used to analyse the 
early changes of articular cartilage and subchon-
dral bone that occur in OA; a study by Fang et al. 
observed changes at 2, 5 and 10  weeks in this 
model, with cartilage degeneration and bone 
mineral density which increased after 5  weeks. 
This study also showed no evidence of subchon-
dral bone resorption after 2  weeks, suggesting 
this occurs prior to this time point. Furthermore, 
TRAP staining in this model showed increased 
osteoclasts mainly within the osteophytes in the 
subchondral bone plate at 5 and 10 weeks post- 
surgery [54]. This suggests that osteoclasts may 
play an important role in the development of 
osteophytes, and in the later stages of OA 
progression.

The DMM model has been used to investi-
gate the role of cytokines in OA.  A study by 
Rowe et al. investigated the changes in macro-
phage migration inhibitory factor (MIF), a pro- 
inflammatory cytokine, which is elevated in 
patients with knee OA.  MIF is produced by 
innate cells and plays an important role in regu-
lating neutrophil migration and activating the 
innate immune pathway, as well as stimulating 
macrophage activation and phagocytosis. 
Knockdown of MIF in a mouse model protected 

aged mice from naturally developing OA, but 
this was not evident in young mice with surgi-
cally induced OA.  This suggests that while 
macrophages are evident in both classifications 
of OA, the differences between young and old 
patients may be important in determining thera-
peutic targets. Macrophages in young adults 
with OA may be more active and more profi-
cient at undergoing polarization from the M1 to 
M2 macrophage phenotype. Identification of 
the macrophage phenotype in OA has been 
determined in older patients, with a greater 
number of M1 to M2 macrophages in the syno-
vial fluid of patients with severe knee OA (aver-
age age 58) [8]. Therefore, age as well as 
severity of the disease, may play important 
roles in identifying therapeutic targets. M2 
macrophages and their role in repair are poten-
tially key to preventing progression of the 
disease.

The DMM model of OA has also been used to 
investigate the role of PAR-1 and PAR-2  in 
OA. PAR-2 has been shown to be upregulated in 
the synovium of patients with OA [56], and both 
PAR-1/2 are important for the development of 
synovial inflammation and pain [57]. In the 
mouse DMM model, mice with PAR-2 deletion 
showed a significant reduction in synovial mac-
rophage activation in the first-week post-surgery 
[58]. In a follow-up study, PAR-2 deletion 
reduced the development of osteophytes and 
osteosclerosis, and appeared to improve pain 
[59]. PAR-2 has also been shown to play a role in 
fracture healing, where deletion altered the callus 
morphology that occurs during fracture healing 
[60]. Therefore, PAR-2 may play an important 
role in regulating macrophage activity during the 
development of OA.

The DMM model, however, is not a perfect 
example of the development of OA as seen in 
humans. The loss of bone seen in early human 
OA has not been clarified in the DMM model, 
despite the observed changes in cartilage degra-
dation, though as mentioned above subchondral 
bone resorption may occur in the very early 
stages in this model and is quickly resolved.
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12.3  Human Osteoarthritis 
and Translational Research

Management of advanced OA often involves 
whole joint replacement surgery as a main ther-
apy in managing both pain and patient motility. 
Whereas in young adults and patients with early- 
onset OA there are few treatments, and the dis-
ease is often managed through the administration 
of anti-inflammatory medications [61, 62]. This 
does not combat the development of OA, which 
can often deteriorate with age. Therapies that tar-
get inflammation, and bone and cartilage degra-
dation have been investigated in order to reduce 
symptoms and potentially prevent disease pro-
gression. These include targeting pro- 
inflammatory cytokines that are produced by 
monocytes and macrophages, such as TNF and 
IL-1b, mentioned previously. These therapies 
have shown promise in reducing inflammation in 
humans and potentially preventing pain and 
structural degeneration [63]. Similarly, therapeu-
tic targets that block osteoclast activity have been 
developed in order to reduce the subchondral 
bone remodelling that leads to the destruction of 
the bone observed in early OA. These therapies 
include targeting RANKL, the osteoclastogenic 
activity marker, and Cathepsin K which is a pro-
tease produced by the osteoclast which degrades 
collagen fibrils. These targets have been used in 
other bone diseases, such as osteoporosis, and 
show improved bone mineral density and reduced 
risk of fracture. Therefore, targeting myeloid lin-
eage cells may provide potential effective treat-
ments that combat the debilitating features that 
occur in the early stages of OA.

12.3.1  Identification of Myeloid Cells 
in Human OA Biopsies

Myeloid cell populations have been investigated 
in patients with OA.  A study by Loukov et  al. 
analysed the levels and expression of monocytes 
in patients with knee OA, and observed an overall 
decrease in the number of monocytes in the 
peripheral blood of women with knee OA, com-
pared to the healthy patient control group [64]. 

This study also shows an increase in the expres-
sion of a key trafficking receptor, CCR2 in circu-
lating monocytes, CCR2 is critical for monocyte 
trafficking and promotes infiltration of the 
synovium. However, the patients with OA 
showed a greater percentage of activated mono-
cytes, with increased expression of CD16 which 
is associated with monocyte differentiation into 
osteoclasts, and increased expression of 
HLA-DR, an antigen-presenting molecule 
expressed by inflammatory monocytes to activate 
T cells. The activated circulating monocytes 
expressed increased levels of pro-inflammatory 
cytokines including TNFα and IL-1b compared 
to healthy controls [64], both cytokines play a 
key role in activating osteoclastogenesis. 
Furthermore, another study by Durand et  al. 
showed that the monocytes derived from OA 
patient blood compared to healthy patients 
showed increased osteoclastogenic potential, 
with increased resorptive activity and decreased 
osteoclast apoptosis [65]. This suggests that there 
is a strong recruitment of activated inflammatory 
monocytes to the synovium, and the monocytes 
in circulation have a strong potential to become 
osteoclasts. The synovial fluid obtained in this 
study was from female patients over the age of 
50, with age-matched controls. A study by 
Gómez-Aristizábal similarly showed an increased 
population of monocytes within the synovial 
fluid of patients with knee OA, with a high num-
ber of double-positive CD14+CD16+ pro- 
inflammatory monocytes [66]. The subsets of 
monocytes/macrophages, CD14+CD16+ and 
CD14+CD16neg, also correlated with patient- 
reported outcomes, including the Knee Injury 
and Osteoarthritis Injury Score (KOOS) ques-
tionnaire and the and Western Ontario and 
McMaster Universities Osteoarthritis Index 
(WOMAC) pain, stiffness and function question-
naire. Therefore, this study suggests that mono-
cyte populations in OA may be important as 
therapeutic targets and as potential biomarkers of 
symptomatic knee OA.

Another study showed a significantly larger 
population of CD14+ macrophages in the syno-
vial membrane of patients with knee OA com-
pared to patients with hip OA. Interestingly, the 
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number of activated macrophages in the synovial 
tissue of patients with knee OA correlated with 
the radiographic severity of the disease unlike the 
previous study, and also correlated with joint 
symptoms including pain, aching and stiffness 
[67]. This suggests that different sites of OA may 
play a role in targeting specific therapies.

Synovial macrophages have also been associ-
ated with the development of osteophytes, deple-
tion of synovial macrophages in a murine model 
of induced arthritis showed a reduction in osteo-
phyte formation, fibrosis and synovial activation. 
There was also a reduction in expression of key 
markers of bone formation TGFβ, BMP-2 and 
BMP-4 by synovial lining surface cells. This sug-
gests that synovial macrophages play an impor-
tant role in the excess bone formation that occurs 
in the later stages of OA [68]. This was confirmed 
in an animal model of OA by Van Lent et  al., 
where TGFβ injections into murine knee joints 
stimulated the formation of osteophytes, and 
removal of the synovial lining macrophages prior 
to injection reduced osteophyte formation [45].

Therefore, the monocyte–macrophage popula-
tion in OA play key roles in regulating inflamma-
tion as well as influencing pain and stiffness, 
inducing osteoclastogenesis, and potentially stim-
ulating the formation of osteophytes. Targeting 
this cell population as therapeutic targets may be 
important for improving function and quality of 
life for patients with OA, and potentially prevent-
ing progression of the disease.

12.4  Targeting Myeloid Cells 
to Treat OA

The prevalence of OA in both the aging popula-
tion and younger adults has led to the search of 
disease modifying OA drugs (DMOADs) that 
specifically inhibit both the symptomatic and 
structural changes that occur with the disease. 
Ongoing trials with potential therapeutics will 
optimistically improve joint function, prevent 
bone remodelling and provide pain relief for 
patients with OA, preferably at any stage of the 
disease.

OA therapies have been investigated in animal 
models and/or clinical trials which target path-
ways related to macrophages or osteoclasts, these 
are reviewed below.

12.4.1  Clinical Therapies Targeting 
Inflammatory Cytokines in OA

Inflammation involves the recruitment of immune 
cells to the targeted area, these cells include 
monocytes and macrophages, as described above. 
Both monocytes and macrophages produce 
inflammatory cytokines that stimulate the 
immune response, as well as activating osteoclas-
togenesis. Increased expression of specific cyto-
kines has been identified in the joints of patients 
with OA, including TNFα, IL-1, IL-6 and MIP-1, 
as well as many others. These have become pri-
mary targets of OA therapies in an effort to 
reduce the inflammation and pain that is preva-
lent with the disease, as well as potentially reduc-
ing cartilage degradation and the dysregulated 
bone remodelling. A brief description of the cur-
rent cytokine targeted therapies is summarized 
below.

12.4.1.1  Targeting Interleukin Pro- 
inflammatory Cytokines, IL-1 
and IL-6

Evidence of upregulated interleukin cytokines 
have been detected in the synovial fluid of 
patients with OA, these cytokines also correlated 
with radiographic evidence of OA. Both IL-1 and 
IL-6 play important roles in regulating bone 
homeostasis by inducing differentiation of osteo-
clast precursors, and stimulating bone resorption 
[69]. Therefore, these cytokines have been inves-
tigated as therapeutic targets for OA.

Analysis of biopsies from patients with OA 
provided clinical evidence of increased IL-1 
expression, including IL-1a and IL-1b, in the 
synovial fluid, synovial membrane as well as the 
cartilage and subchondral bone layer at elevated 
levels [70]. However, IL-1 antibodies  investigated 
in both animal models and in clinical trials have 
yielded disappointing results.
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The main IL-1 antibody was developed by 
Amgen in 1993 and is an IL-1 receptor antagonist 
(IL-1Ra), named Anakinra. Anakinra blocks the 
activity of both forms of IL-1 (IL-1α and IL-1β) 
and has been tested in vivo in animal models with 
promising results. In particular, the intra-articular 
injection of Anakinra in a canine ACLT model of 
OA reduced the presence of osteophytes and car-
tilage lesions, animals received either 2 or 4 mg 
injections for 4 weeks post-surgery [71].

Clinical testing of this antibody was pursued 
in a pilot study which presented improved func-
tion measurements and reduced pain with intra- 
articular injection [72]. However, the results of 
a larger multicentre randomized double-blinded 
placebo-controlled study investigating two 
doses of Anakinra were contrary, with no 
improvements compared to placebo treatment. 
The 12-week study included patients from a 
younger age group (34–82  years, mean 
age = 62); however, age groups were not sepa-
rated in the analysis of the results [73]. The dis-
appointing results from the larger study suggest 
this IL-1R antibody may not be a suitable target 
for the treatment of OA, despite showing some 
evidence of pain relief in patients treated with 
the higher dose.

Other IL-1 antibodies and inhibitors have 
been developed, including the human mAB 
AMG108. AMG108 is an IL-1 receptor-blocking 
antibody and has been tested in patients with 
rheumatoid arthritis, with similar effectiveness as 
Anakinra. AMG108 has been tested clinically in 
a double-blind, placebo-controlled study in 
patients with knee OA (NCT00110942) [74]. 
AMG108 was given subcutaneously to 80 ran-
domized patients (300 mg) and compared to 80 
patients who received the placebo control (aver-
age age = 60.1). The main study aim was to deter-
mine the clinical efficacy of AMG 108, by 
determining the change in WOMAC score (pain) 
from baseline, secondary aims were to determine 
the safety and pharmacokinetics of AMG 108. 
Unfortunately, in this study despite minor 
improvements in pain scores, the study outcomes 
were not statistically significant.

An IL-1β antibody therapy, Canakinumab, has 
shown promise of reducing OA-related adverse 

events and the incidence of total knee and total 
hip replacements in the Canakinumab Anti- 
inflammatory Thrombosis Outcomes Study 
(CANTOS) cohort study. In this trial, 10,061 par-
ticipants (average age  =  61) were given either 
placebo or canakinumab at either 50, 150 or 
300  mg subcutaneously every 3 months for 
approx. 3.7 years. Patients in this cohort showed 
high levels of the high-sensitivity C-reactive pro-
tein (hs-CRP) and a history of myocardial infarc-
tion. Exploratory data from this trial show 
canakinumab reduces both the incidence of total 
knee or hip replacement and shows a reduction in 
osteoarthritis adverse event [75]. Canakinumab 
also been shown to reduce cardiovascular event 
rates in participants who were administered 
either 150 or 300  mg [76]. This study shows 
promising preliminary data for the use of this 
antibody in the treatment of osteoarthritis; how-
ever, more in-depth analysis is required to deter-
mine dose, treatment length and adverse events 
associated with this drug therapy. In particular, 
the protection of bone microarchitecture and the 
prevention of cartilage degeneration would be 
key in supporting canakinumab as a key treat-
ment for both early and mature osteoarthritis.

Other IL antibodies investigated clinically 
include MABp1 (IL-1α), gevokizumab (IL-1β) 
and the fusion protein rilonacept (targeting IL-1a, 
IL-1b, and IL-1Ra), the majority of which have 
been shown to be ineffective therapies for treat-
ing patients with OA, or were not investigated 
further.

Another approach has been the development 
of a novel human dual variable domain immu-
noglobulin (DVD- Ig) which simultaneously 
binds and inhibits both IL-1a and IL-1b but does 
not interfere with the binding of the IL-1Ra or 
other IL-1 family members. Termed ABT-981, 
pre- clinical testing in the mouse DMM OA 
model showed ABT-981 inhibited the progres-
sion of OA induced in this model; however, the 
specific details of this are not mentioned in the 
published abstract. Testing of ABT-981 was per-
formed in a human cohort, in a randomized, 
double-blind, multi-dose, placebo-controlled 
phase 1 study in patients with OA of the knee. 
Four doses of subcutaneously injected ABT-981 
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were investigated in patients (40–70 years old, 
mean age = 60) with radiographic evidence of 
knee OA. Cohort 1–3 received 4 SC injections 
of ABT-981 (0.3, 1 or 3 mg/kg) or placebo every 
other week (EOW) on days 1, 15, 29 and 43. 
Cohort 4 received 3 SC injections of ABT-981 
(3 mg/kg) or placebo every 4 weeks (E4W) on 
days 1, 29 and 57. The primary outcomes of the 
study were to determine the safety, tolerability 
and pharmacokinetics of ABT-981. Secondary 
outcomes were the immunogenicity, pharmaco-
dynamics and patient- reported outcomes of the 
treatment. The outcomes of this trial were posi-
tive, ABT-981 was well tolerated and dose-
dependently reduced the serum expression of 
IL-1a, IL-1b, as well as levels of high-sensitiv-
ity C-reactive protein (CRP) and C1M, C3M, 
metabolites of type 1 and type 3 collagen, 
respectively [77]. Therefore, this provides evi-
dence that ABT-981 reduced both tissue turn-
over markers and inflammatory markers in 
patients with OA and is, therefore, a promising 
therapeutic for patients with OA.  Interesting, 
treatment with ABT-981 did not significantly 
reduce pain scores compared to placebo; how-
ever, the author makes note that longer studies 
with a larger population is needed as this study 
included low patient numbers with mild to mod-
erate OA, suggesting reduction in pain may be 
observed in patients with more severe OA.

Of note, a common adverse effect observed 
with all IL-1 treatments was infection; the ABT- 
981 injection was associated with a 13% inci-
dence of site erythema. Similarly, trials using 
canakinumab and anakinra both recorded higher 
infection rates compared to placebo control [77].

As mentioned above, the cytokine interleu-
kin- 6 was a predictive marker of early knee OA 
in humans, confirmed by radiography [16]; 
serum IL-6 levels correlated with decreased tib-
ial cartilage volume in patients 50–79 years of 
age with radiographic knee OA, measured over 
3 years [78]. Therefore, the development of an 
IL-6 antibody would potentially inhibit the pro-
gression of OA in patients. An IL-6 neutralizing 
antibody, MR16–1, was tested in the murine 
DMM model of OA. MR16–1 was given to mice 
(0.5  mg once a week) for 6  weeks and was 

shown to reduce cartilage lesions, osteophyte 
size and synovial inflammation. However, there 
was no effect on subchondral bone, with no 
change between surgical intervention or anti-
body treatment [79].

Another IL-6 receptor antagonist has been 
tested in a clinical trial that began in 2015, the 
trial tested the efficacy of Tocilizumab on 
patients with erosive hand OA in a double-
blind, randomized placebo-controlled trial 
(NCT02477059). Patients were recruited 
between 40 and 85  years of age and given 
Tocilizumab (8  mg/kg) or placebo control 
twice for 4 weeks, with assessment after 6, 8 
and 12  weeks. Primary outcomes were pain 
scales using the visual analogue scale (VAS), 
secondary outcomes were the assessment of 
painful, swollen joints, overall disability, stiff-
ness and function measured by Dreiser’s algo-
functional index and Functional Cochin hand 
index. (Ref clinical trial: https://clinicaltrials.
gov/ct2/show/NCT02477059).

Comparably, the IL-6 receptor antibody, 
MRA, has been tested for treatment of rheuma-
toid arthritis (RA) in a multicentre, double- 
blinded, placebo-controlled trial [80]. MRA is 
an anti-human IL-6R antibody that inhibits the 
binding of IL-6 to the receptor. Patients 
received either MRA (4 or 8  mg/kg body 
weight) or placebo intravenously every 4 weeks 
for 3  months. Patients treated with the anti-
body showed a reduction in inflammatory 
markers, including C-reactive protein levels 
and erythrocyte sedimentation rate. This sug-
gests that this antibody may also be a valid 
treatment for OA.

12.4.1.2  JAK Inhibitors
The Janus kinase/signal transducers and activa-
tors of transcription (JAK/STAT) pathway is a 
cytokine signalling pathway. This pathway is 
activated in patients with Rheumatoid arthritis 
and is associated with chronic inflammation. 
Therefore, JAK-selective small molecule inhibi-
tors (SMIs) were developed, such as tofacitinib 
(JAK3), and baricitinib (JAK1/2), which inhibit 
the specific JAK activity and inhibit the JAK/
STAT signaling pathway [81]. The JAK pathway 
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is likely activated in OA, as this pathway is regu-
lated by growth factors and cytokines including 
IL-6 which as mentioned above is upregulated in 
OA [70].

Tofacitinib, the JAK3 inhibitor was tested in a 
rat model of inflammatory arthritis (RA), the rats 
were given an oral dose of Tofacitinib (6.2 mg/
kg) every day. Treatment significant reduced 
edema, inflammatory cell infiltrates and numbers 
of osteoclasts within the medullary space of the 
distal tibia [65]. JAK inhibition also decreased 
the expression of IL-6 and IL-1 in the paw tissue. 
The inhibition of both inflammation and osteo-
clastogenesis in this model suggests JAK inhibi-
tors may be a suitable therapy for patients with 
early OA.

JAK inhibitors have been predominantly 
tested for patients with Rheumatoid arthritis; 
however, several studies have identified adverse 
effects associated with treatment including the 
development of herpes zoster (shingles). Both 
Tofacitinib and baricitinib are current therapies 
used to treat RA and have been tested in phase III 
clinical trials, both inhibitors improve activity, 
function and patient-reported outcomes [82].

12.4.1.3  Targeting TNF
The pro-inflammatory cytokine TNF-α has been 
recognized as an upregulated marker of inflam-
mation in patients with OA [70]. TNF-α is made 
in abundance by macrophages and has been 
detected in tissue-resident macrophages in the 
synovium of patients [83]. A human anti-TNF-a 
monoclonal antibody named Adalimumab has 
been developed as an anti-inflammation therapy 
due to the positive results from murine models of 
OA. For example, a surgically induced OA in a 
rat model treated with Adalimumab attenuated 
the subchondral bone loss that occurs with ACLT 
injury [84]. TNF antibodies have been investi-
gated in human clinical trials, with a range of 
doses and treatment times; however, the results 
are conflicting, with few showing a reduction in 
pain (OARSI score) in patients with moderate to 
severe cases of OA [85]. Two previous clinical 
trials investigated the effects of Adalimumab in 

an erosive hand OA study, a 12  month RCT 
(NCT00296894) and a knee OA study, a small 
Phases I/II study of 17 patients with knee OA 
(NCT00686439), where the drug was ineffective 
in treating the disease. Currently, a phase II 
double- blinded, randomized multicentre clinical 
trial is ongoing in Canada, which will evaluate 
the clinical efficacy and safety of adalimumab 
versus placebo in patients diagnosed with osteo-
arthritis of the knee, to investigate the efficacy of 
the antibody against pain (NCT02471118). 
Interestingly, changes in bone resorption with 
anti-TNF therapies in patients with OA have not 
been investigated despite the evidence in animal 
models as mentioned above, and additionally in 
patients with rheumatoid arthritis who showed 
reduced bone resorption with a-TNF treatment 
[86]. Other TNF antibodies have been investi-
gated as potential therapeutics for OA, such as 
infliximab which has mainly been studied as a 
therapy for erosive hand OA [87].

12.4.2  Osteoclast Targeted Therapies

Subchondral bone resorption occurs in the early 
development of OA, studies have shown that 
changes to the subchondral bone often precedes 
damage to the articular cartilage. Importantly, in 
early osteoarthritis, bone remodelling is 20-fold 
higher compared to normal bone with increased 
markers of osteoclast activity. Studies have 
shown evidence of activated osteoclastic remod-
elling occurs in women with progressive OA 
through the detection of markers of bone resorp-
tion, CTx and NTx. These markers were mea-
sured at three-time points over 2 years, in a cohort 
of postmenopausal women, aged from 45 to 62, 
and compared to patients with non-progressive 
OA [37]. Therefore, therapies that target the early 
bone resorption in OA may prevent the progres-
sion of the disease.

12.4.2.1  Bisphosphonates
Bisphosphonates were developed in the 1950s as 
a therapy to reduce the bone loss observed in 
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osteoporosis. The active compound in bisphos-
phonates are the phosphonate groups which have 
a high affinity to and bind to hydroxyapatite crys-
tals, in an action similar to inorganic pyrophos-
phate (PPi) produced by the body [88]. 
Bisphosphonates are preferentially incorporated 
into the bone mineral matrix at active sites of 
bone remodelling. Release of bisphosphonates 
by osteoclastic resorption inadvertently disrupts 
osteoclast adherence, preventing the release of 
protons that stimulate bone resorption [89].

Bisphosphonates have been trialled as a thera-
peutic to combat the development of OA in ani-
mal models, including the naturally occurring 
OA guinea pig model mentioned previously. The 
guinea pigs were treated with the bisphospho-
nate, Alendronate, which resulted in an accrual of 
both subchondral cancellous and cortical bone. 
However, changes to the articular cartilage were 
also observed, with increased articular cartilage 
degeneration in the Alendronate treated group 
[90]. Alternatively, the use of Alendronate in a rat 
anterior cruciate ligament transection (ACLT) 
model showed protective chondrogenic effects, 
as well as reduced subchondral bone remodelling 
[91]. The major difference in these models is the 
naturally occurring OA in the guinea pig model 
versus post-traumatic OA incurred from ACLT 
injury. As post-traumatic OA is more likely to 
cause early OA in young patients, this suggests 
the results from the rat ACLT injury model may 
be more indicative of the human disease.

Bisphosphonates have been tested clinically in 
patients with OA, a meta-analysis investigating 
the efficacy of bisphosphonates in knee OA 
described the ineffectiveness of this therapy on 
reducing pain, functional improvement or pre-
vention of radiographic progression of the dis-
ease [92]. The meta-analysis included seven 
randomized controlled trials, where patients had 
confirmed knee OA and were treated with either 
a bisphosphonate or placebo drug. The bisphos-
phonates included are risedronate, alendronate, 
zoledronic acid, clodronate and neridronate, at 
varying doses and treatment times.

The meta-analysis included results from the 
USA/Canada KOSTAR study, (Knee OA Structural 

ARthritis study), which was a 2-year multicentre 
double-blinded randomized study, including 1232 
patients from 42 study areas (mean age  =  60.5) 
[93]. The European KOSTAR study was also anal-
ysed, 1251 patients were recruited from 44 sites in 
Europe (average age = 63.6) [94]. The KOSTAR 
studies investigated the efficacy of risedronate with 
3 varying concentrations, taken either daily (5, 
15 mg) or weekly (35 or 50 mg). The primary out-
come for both trials included WOMAC pain, 
WOMAC function and the percentage of patients 
experiencing radiographic progression (defined as 
0.6 mm of joint space narrowing over 24 months). 
Data reported from both studies showed no change 
in radiographic progression with risedronate treat-
ment, despite evidence of reduced cartilage degra-
dation (reduced collagen degradation marker) [94].

Another clinical trial analysed in the meta- 
analysis includes the BRISK study (the British 
study of risedronate in structure and symptoms of 
knee OA), a 1-year prospective double-blinded 
study, which included 284 patients treated with 
risedronate (5 or 15 mg) or placebo for 12 months 
[95]. Patients were 40–80  years old (average 
age = 63.2), and patients had confirmed mild to 
moderate medial-compartment knee OA.  The 
primary outcomes of the study were to detect dif-
ferences in symptoms and function with risedro-
nate treatment, including pain scores (WOMAC 
pain), WOMAC function and the mean change in 
joint space width. This study also investigated 
any adverse events that occurred during the 
12-month study period. The results of this clini-
cal trial showed the higher dose of risedronate 
reduced markers of cartilage degradation and 
bone resorption, and improved WOMAC func-
tion. The other study outcomes of pain and joint 
space width trended positively but did not reach 
significance. Therefore, the outcomes of this 
smaller, shorter time course likely emulate the 
KOSTAR study, with little long-term benefits of 
this bisphosphonate on ameliorating the effects 
of OA.

An additional study included in this meta- 
analysis included a randomized, double-blinded, 
placebo-controlled trial in patients with mild to 
moderate knee OA, treated with Alendronate for 
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6 months. Patients were a younger cohort (aver-
age age = 47), with grades I or II of knee osteoar-
thritis on the Kellgren–Lawrence scale. Patients 
received 70 mg of Alendronate orally, or placebo 
pill, once a week for 24 weeks (n = 19/20 patients 
per group). The primary aims of the study were to 
detect changes in pain, stiffness, and function 
with Alendronate treatment, unfortunately no 
significant changes were detected, despite an 
improvement in the total WOMAC score at 
4 weeks [96].

A study conducted using Zoledronate was also 
included, the aim of this study was to determine 
the effect of a single dose of zoledronate on pain 
and bone marrow lesions (BML) (ACTRN 
12609000399291). Patients were determined to 
have clinical knee OA as defined by the American 
College of Rheumatology criteria and had sig-
nificant knee pain and a minimum of one 
BML.  Patients were aged between 50 and 
80 years and were given either zoledronate (5 mg 
in 100 mg of fluid) or placebo intravenous infu-
sion (average age = 64.2 and 60.4 years consecu-
tively). The primary outcomes were pain intensity 
and the maximal area of BML assessed by MRI 
at 6  months. Secondary outcomes of this study 
were further pain intensity analysis at both 3 and 
12  months, outcomes of the knee injury and 
osteoarthritis outcome score (KOOS) question-
naire at 3, 6 and 12  months, and BML size at 
12 months as well as safety outcomes. This study 
showed that a single infusion of zoledronate 
effectively reduced pain intensity and BML size 
after 6 months post-treatment; however, no fur-
ther improvements were observed at the 12 month 
time point [97]. This suggests that zoledronate, 
despite having good efficacy in the short term 
with a single dose may only have limited effects 
on improving OA in patients. Further dosages 
may be more beneficial in reducing BMLs in 
patients with OA.

A study included in the meta-analysis investi-
gated the use of Clodronate on patients with 
knee OA in a phase III trial (EUDRACT 2009-
012956- 26). Patients were between the ages of 
50 and 75 (average age  =  66, n  =  80), with a 
radiographic Kellgren–Lawrence score  >  2. 
Patients were given either 2 mg of clodronate or 

placebo by intra-articular injection every week 
for 4  weeks and outcomes were assessed after 
12  weeks. The primary outcomes of the trial 
were pain assessment by visual analogue scale 
(VAS) measured at week 8. Secondary outcomes 
were changes in WOMAC score for pain, stiff-
ness and function, changes in Lequesne index 
which measures pain, maximum distance walked 
and daily activities, acetaminophen consumption 
and patient assessed outcomes. This study 
showed clodronate treatment improved pain out-
comes as measured by VAS, improved Lequesne 
index and WOMAC pain subscale. Patients also 
showed a reduction in acetominaphen consump-
tion. This study shows clodronate may reduce 
symptoms of symptomatic OA over 12  weeks. 
Radiographic measurements were not included 
in this trial, and therefore changes of the joint 
were not measured [98].

The final study included in the meta-analysis 
was a trial for the clinical use of neridronate. 
Neridronate is an amino-bisphosphonate that has 
been shown as an effective treatment for other 
bone diseases such as osteogenesis imperfecta. 
Unlike other bisphosphonates, neridronate can be 
administered either intravenously or intramuscu-
larly. The study by Varenna et al. investigated the 
effects of neridronate on a cohort of patients 
50  years or older who had acute trauma to the 
knee, a radiographic Kellgren–Lawrence (KL) 
grading score greater than 2, continuous worsen-
ing of knee pain and a BML larger than 1  cm 
[99]. Patients (n = 68) were either given intrave-
nous injections of neridronate (100 mg/8 mL) or 
placebo for 2  months, treatment was adminis-
tered every third day starting from day 1 (first 
infusion) and ending on day 10 (fourth infusion). 
The average age of patients was 64 for the ner-
idronate treated group and 67 for the placebo 
group. The primary outcomes of the study was 
the change in pain intensity as measured by the 
visual analogue scale, the secondary outcomes 
were the WOMAC pain questionnaire, the McGill 
pain questionnaire, the 36-Item Short Form 
Health Survey and change in BMLS evaluated by 
the whole-organ MRI score. The outcomes of the 
study were positive, with neridronate treatment 
reducing pain intensity scores and reduction in 
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the size of BMLs in patients with acute painful 
OA [99]. The results from this study suggest ner-
idronate may be effective in reducing symptoms 
of OA, the change in BML lesion size suggests 
that this therapy may also be useful for patients 
with early OA by inhibiting subchondral bone 
resorption.

The results from the clinical trials discussed 
suggest that bisphosphonates have the potential 
to reduce pain and improve OA scores on the 
Kellgren–Lawrence scale, whilst reducing 
BMLs. However, not every trial measured the 
changes in joint space, or BML area, impacting 
the evidence that bisphosphonates improve the 
structural joint changes caused by OA.  The 
meta- analysis concludes that bisphosphonates 
may be beneficial to certain subsets of patients 
with OA, who display high rates of subchondral 
bone turnover. Therefore, due to the changes 
that occur in progression of OA, with rapid sub-
chondral bone resorption occurring in the initial 
stages of the disease, treatment with bisphos-
phonates is perhaps most effective in the early 
stage of OA, preventing the destruction of bone 
and potentially ameliorating cartilage 
degradation.

12.4.2.2  Cathepsin K Antibody
Cathepsin K is a protease actively made by osteo-
clasts during the resorptive phase in order to 
degrade the collagen fibrils in the bone mineral 
matrix. Cathepsin K is also made by chondro-
cytes where it cleaves components of the carti-
lage matrix, type II collagen and aggrecan [100]. 
A selection of Cathepsin K antibodies have been 
investigated as potential therapeutics for the 
treatment of OA.

A specific Cathepsin K antibody, L-006235, 
has been tested in rodent models of OA. In a rab-
bit ACLT model, L-006235 was given for 7 weeks 
post-surgery and significantly reduced collagen 
degradation products, which are markers for car-
tilage degradation and bone resorption [101]. In a 
collagen-induced arthritis model in mice, similar 
reduction of these markers was observed with 
prophylactic treatment [102]. Therefore, 
Cathepsin K showed promise as a potential target 
for OA therapeutics.

One such Cathepsin K antibody is Odanacatib 
developed by Merck & Co. Odanacatib was 
shown to selectively inhibit cathepsin K and 
inhibited bone resorption in both preclinical 
models of bone loss and phase I trials [101, 103, 
104]. However, this drug has now been discontin-
ued due to the severe adverse advents that 
occurred with administration during clinical tri-
als, including stroke.

Another Cathepsin K inhibitor, named MIV- 
711, has been associated with reduced expression 
of bone resorptive biomarkers and cartilage loss. 
This inhibitor was used to treat OA in two differ-
ent animal models, rabbits subjected to ACLT 
injury and dogs subjected to partial medial men-
iscectomy. In both animal models, treatment with 
MIV-711 reduced bone resorption biomarkers, 
subchondral bone loss and cartilage degradation, 
as measured by micro-CT and macroscopic scor-
ing for cartilage degeneration [105]. Therefore, 
this led to the investigation of MIV-711 in clini-
cal trials.

Results from a Phase IIa clinical trial using 
MIV-711  in patients with ACR Knee OA has 
recently been reported. In this trial, 164 patients 
received either 100 or 200 mg of MIV-711 daily 
for 28 days (n = 82/MIV-711 treatment, n = 80 
placebo control). Preliminary results showed 
reduced knee OA structural progression, but no 
significant change to pain scores was measured 
compared to placebo over 6 months. These results 
suggest cathepsin K inhibitors are a favourable 
treatment for preventing the progression of bone 
loss and cartilage degeneration in OA but may 
not combat joint pain. The results for the comple-
tion of this trial will be important in influencing 
the future of cathepsin k inhibitors as potential 
OA therapeutics.

12.4.2.3  Denosumab
Subchondral bone resorption is a key feature of 
early OA. Regulating bone remodelling may be 
an important factor in reducing the bone resorp-
tion that occurs in the early stages of osteoarthri-
tis, through targeting the activity and 
differentiation of osteoclasts. One such method is 
by inhibiting the key osteoclastogenic factor, 
RANKL.  A RANKL antibody has been devel-
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oped in order to target osteoclastic activity, called 
Denosumab. Denosumab is an IgG2a monoclo-
nal antibody that specifically binds RANKL, pre-
venting the activation of its receptor RANK, 
inhibiting osteoclastic resorption. Denosumab is 
approved as a treatment for osteoporosis and 
reduces bone turnover and fractures in post- 
menopausal women and patients with rheuma-
toid arthritis [106–108].

These results motivated at trial of Denosumab 
as a treatment in early osteoarthritis. A clinical 
study using Denosumab to treat patients with 
knee OA (aged 50 and older) is currently ongoing 
in the UK (ISRCTN96920058, Salford Royal 
Hospital and University of Manchester started 
2016). Patients will receive a subcutaneous injec-
tion of 60 mg of Denosumab once for 6 months, 
with calcium and vitamin D supplementation. 
Additionally, a clinical trial using Denosumab to 
treat erosive hand OA is also ongoing at Ghent 
University Hospital (NCT02771860, Ghent 
University Hospital, started 2016). Patients (aged 
30 or older) will be given a 60 mg subcutaneous 
injection of Denosumab every 12  weeks, with 
Calcium/vitamin D supplementation, for 
48 weeks.

12.4.2.4  Strontium Ranelate.
Strontium ranelate has been investigated as an 
OA treatment as it is a regulator of bone homeo-
stasis. Strontium ranelate induces bone forma-
tion and importantly, inhibits of bone resorption 
[81]. Various studies have investigated the 
effects of strontium ranelate in vitro on osteo-
blasts, osteoclast precursor cells and osteo-
clasts, providing evidence that strontium has 
strong inhibitory effects on bone resorption. 
This includes inhibiting monocyte differentia-
tion into osteoclasts, decreasing osteoclast 
activity, increasing osteoclast apoptosis and 
inhibiting the production of pro-osteoclasto-
genic markers by osteoblasts [82]. A rat model 
of surgically induced OA (medial meniscal tear 
model) treated with strontium ranelate showed 
similar results in vivo, with the drug attenuating 
the articular cartilage damage caused by the 
MMT injury and preventing subchondral bone 

resorption [83]. However, another study in a 
DMM model of OA in guinea pigs showed 
strontium ranelate may cause an increase in the 
prevalence of bone marrow lesions (BML) 
[109]. The 3-month-old animals were given 
strontium ranelate every day for 12  weeks 
(625 mg/kg), post-surgery analysis of the joints 
showed increased BMD and bone volume, but 
with an increased number of BMLs.

Improvement in bone mineral density and 
bone volume has led to clinical trials that 
assessed the effect of strontium ranelate on knee 
OA.  One such trial is the 3-year international 
double- blinded, randomized, placebo-controlled 
trial, named SEKOIA (ISRCTN41323372). This 
trial investigated the effects of two doses of 
strontium ranelate (1, 2 g per day, or placebo) on 
1683 patients with grade 2 or 3 knee OA as 
determined by the Kellgren Lawrence grading, 
the average age of patients between groups was 
62.4, 63.5, and 62.8 consecutively. The primary 
endpoint of the study was changes in joint space 
width determined by radiographical analysis. 
The study also assessed WOMAC pain and 
changes in CTX-II, and described a reduction in 
all three measures with strontium ranelate treat-
ment regardless of dose [110]. The extended 
report of this trial showed a reduction in BML 
score in patients who showed a presence of 
lesions at the start of the trial [111]. This sug-
gests a discrepancy between animal models of 
OA and humans, however, strontium ranelate 
treatment in patients with early OA may have an 
increased risk of developing BMLs, in compari-
son to patients with advanced OA that includes 
established lesions.

12.4.3  Additional Therapies with 
Actions on Myeloid Cells

12.4.3.1  Targeting NGF
Nerve growth factor (NGF) is a neurotrophin 
that regulates pain through the NGF-
tropomyosin- related kinase (NGF-TrkA) path-
way. NGF has been shown to be expressed by 
both monocytes and macrophages [112] and has 
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been shown to be involved in tissue healing in 
fracture healing models. A mouse fracture heal-
ing model with NGF transgenic mice showed 
increased levels of NGF within the callus and 
increased osteoclast formation [113]. Levels of 
NGF were found to be elevated in the blood and 
synovial fluid of patients with OA [114], leading 
to the development of anti-NGF therapies. NGF 
inhibitors have shown promise in combating 
both pain, cartilage degeneration and the sub-
chondral bone remodelling that occurs in 
OA. Various antibodies that bind NGF have been 
tested in patients with OA, resulting in a range of 
effects, including a serious side effect of rapid 
progressive OA [115]. A NGF inhibitor, Pentosan 
(Pentosan Polysulphate Sodium (PPS)) tested 
in  vitro showed inhibition of osteoclast tran-
scription factors NFATc1 and cFos, reductions in 
TRAP+ve osteoclast numbers and inhibition 
osteoclast activity markers, Cathepsin K and 
MMP-9 [116]. Similarly, in a rat model of 
inflammatory arthritis, treatment with PPS 
(20  μg/g) suppressed osteoclast marker genes 
Cathepsin K and TRAP in the synovial mem-
brane, and reduced expression of pro- 
inflammatory cytokines, IL-1b, and TNFα [117].

This has led to a single-centre, open-label 
clinical trial, testing the efficacy and activity of 
PPS in patients with OA, either grades 2 or 3 
using the Kellgren–Lawrence Grading System. 
Pentosan was given to 20 patients, who received 
6 weekly subcutaneous injections (2 mg/kg). The 
primary outcome of this trial was to assess the 
efficacy, safety and patient satisfaction of 
Pentosan treatment in patients with mild radio-
graphic knee OA. The results of this small study 
were positive, with reduced pain scores possibly 
associated with reduced inflammation and 
decreased markers of cartilage degradation [118]. 
Similar results were observed in a randomized, 
double-blind, placebo-controlled pilot study with 
114 patients treated with PPS (3 mg/kg) by injec-
tion into the gluteal muscle region of each patient 
each week for 4 weeks (PPS treated = 54, placebo 
control = 60; average age = 62.5 and 64.0 con-
secutively) [119]. Neither of these studies anal-
ysed the other markers of OA, including bone 
remodelling or inflammation.

Further studies have been performed using 
Tanezumab, a monoclonal antibody that binds 
and prevents NGF from activating TrkA recep-
tors on nociceptive neurons. Various trials have 
been conducted with Tanezumab and have been 
discussed in two separate meta-analysis reviews 
regarding this use of Tanezumab for patients with 
knee OA, published in 2016 and 2017 [120, 121]. 
Clinical trials have shown that tanezumab 
improves both pain and function scores, but seri-
ous adverse events have also been recorded 
including rapidly progressive osteoarthritis and 
osteonecrosis. Both meta-analysis reviews sug-
gest that Tanezumab requires further investiga-
tion on the long-term safety and efficacy of the 
drug. For example, a trial was conducted in Japan 
assessing the preliminary efficacy, safety and 
pharmacokinetic (PK) profile of tanezumab in 
patients with moderate to severe pain associated 
with knee OA (NCT00669409) [122]. Patients 
were recruited between 35 and 75 years of age 
(n = 83) with a clinical diagnosis of knee OA and 
radiographic confirmation (Kellgren–Lawrence 
score of 2 or higher). Patients received a single 
intravenous injection of Tanezumab (10, 25, 50, 
100, 200 mg/kg), or placebo and were followed 
for 92 or 120 days. Patient age ranged from 57 to 
60 years of age per treatment group. The primary 
outcomes of the trial were knee pain intensity 
based on the Western Ontario and McMaster 
Universities OA scale (WOMAC) and personal 
daily reports recorded by the patients. The sec-
ondary outcomes were the PK profile of 
Tanezumab and adverse events. The results from 
the study showed improved pain intensity and 
WOMAC scores with 25, 100 and 200 mg/kg of 
Tanezumab, however, doses 10 and 50  mg/kg 
showed no significant change compared to pla-
cebo. This variation may be due to the small 
number of participants per group (n = 6 ± 10 per 
group).

A clinical trial is currently ongoing in Australia 
using PPS to treat patients with knee OA and the 
presence of bone marrow lesions 
(ACTRN:12617001311347). The trial is at Phase 
IIB and shows promise for reducing pain and the 
formation of bone marrow lesions. The double- 
blinded trial includes subcutaneous injection of 
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PPS (100  mg/mL) twice weekly for 6  weeks. 
Patients recruited were between 40 and 75 years 
of age and presented with radiographic OA, with 
Kellgren–Lawrence grade 2 or higher. The pri-
mary outcome of this study is the change in the 
Knee Injury and Osteoarthritis Injury Score 
(KOOS) pain score from baseline to day 53. 
Secondary outcomes are KOOS function, KOOS 
symptom, KOOS quality of life score, changes in 
Bone marrow lesion volume as assessed by MRI, 
adverse events, blood cell counts and coagulation 
parameters (blood clotting time APTT and INR). 
Results from this study will hopefully provide 
positive advancement for PPS as a therapy for 
patients with OA.

12.4.3.2 Targeting MMPs
Matrix metalloproteinases (MMPs) play impor-
tant roles in degrading collagen, in both cartilage 
and bone. Production of MMPs is induced by 
proinflammatory cytokines TNFα and IL-1b, 
which are highly expressed in OA tissue, further-
more, MMP13 has been detected at high levels in 
patients with OA [123]. Inhibitors for MMPs 
have been investigated as potential therapeutics 
in order to prevent cartilage degradation and 
osteoclastic bone resorption. Knockdown of 
MMP13 in particular, in a murine model of surgi-
cally induced OA protected cartilage destruction, 
but did not show any effect on osteophyte devel-
opment [124]. Additionally, global deletion of 
MMP13 in mice also caused other abnormalities, 
including bony union in growth plates and 
metaphyseal flaring. Over expression of 
MMP13 in a murine model induced both articu-
lar cartilage degeneration and focal lesions asso-
ciated with OA [125].

MMP inhibitors have been trialled in patients 
with OA with disappointing results, a pan MMP 
inhibitor termed PG-116800 was tested in a ran-
domized, double-blind, placebo-controlled, mul-
ticentre, parallel-group clinical trial. PG-116800 
effectively inhibited MMPs including MMP13. 
Patients with mild to moderate knee OA were 
given an oral formation of PG-116800 (25  mg 
(n = 81), 50 mg (n = 80), 100 mg (n = 80), or 
200  mg (n  =  80)) or placebo twice daily for 
1 year. Patients were 40–80 years of age (average 

age  =  62). The primary outcomes of this trial 
were the progression of joint space narrowing 
and changes in pain and function scores 
(WOMAC). Unfortunately, treatment with 
PG-116800 at any dose did not improve any of 
the primary outcomes, and resulted in significant 
adverse effects in patients including arthralgia, 
decreased range of motion in the shoulder of 23% 
of patients, adverse hand events including 
oedema, palmar fibrosis, Dupuytren contracture, 
or persistent tendon thickness or nodules, 
increased shoulder stiffness and myalgia. 
Musculoskeletal toxicity, also ‘musculoskeletal 
syndrome’, has been reported to occur with a 
majority of MMP inhibitors, with similar adverse 
effects as described in this study. Therefore, this 
has led to a decline in the investigation of MMP 
inhibitors for treatment of musculoskeletal 
diseases.

However, the development of specific MMP 
inhibitors may prevent the myriad of adverse 
events associated with global MMP therapies. 
The positive results from animal models with 
selective MMP13 inhibitors show promise for 
improving the damage and pain that occurs with 
OA. One study investigated the use of a selective 
MMP13 inhibitor (ALS 1-0635), in a rat medial 
meniscal tear model of OA. This study showed 
positive results, with improved pain scores 
assessed by weightbearing by the animals, dose- 
dependent reductions in both cartilage and bone 
degradation scores with treatment and a reduc-
tion in osteophyte score [126], and no clinical 
signs or histologic changes characteristic of mus-
culoskeletal syndrome. Therefore, specific 
MMP13 inhibitors may be a potential therapy for 
the treatment of OA in reducing cartilage damage 
and reducing pain, however, no specific inhibi-
tors have been trialled thus far.

12.5  Conclusion

Synovitis is an increasingly recognized contribu-
tion to OA pathogenesis, and the role of mono-
cytes, macrophages in initiating and sustaining 
joint inflammation in OA is an area of active 
investigation. Increased understanding of the role 
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of these innate immune cells in OA pathogenesis 
has the potential to lead to mechanism-targeted 
therapies to prevent OA progression. Similarly, a 
better understanding how these cells and their 
cousins, osteoclasts, contribute to joint damage 
through the production of inflammatory cyto-
kines and degradative enzymes could identify 
additional targets for therapeutic intervention. 
While therapies targeting myeloid-derived cyto-
kines, MMPs and osteoclasts have already been 
tested with mixed results, an improved under-
standing of the pathogenic role of myeloid cells 
in OA is needed to inform target selection and 
timing of therapy.
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Mesenchymal Stromal Cells 
and Extracellular Vesicles

Michelle L. Delco and Nikita Srivastava

13.1  Introduction

13.1.1  Early Osteoarthritis 
Pathogenesis

Primary OA is considered to be associated with 
aging and heredity, whereas secondary or post- 
traumatic osteoarthritis (PTOA) is a consequence 
of articular injury [1, 2]. Regardless of classifica-
tion, the etiopathogenesis of osteoarthritis (OA) 
is complex and incompletely understood. 
However, both biological and mechanical pro-
cesses are known to be involved, and our under-
standing of the relative importance, contribution, 
and interplay of these factors has evolved over 
time [3, 4].

The highly ordered structure of the cartilage 
extracellular matrix (ECM) is critical to the 
mechanical and functional properties of the tis-
sue. The ECM is composed of type II collagen 
and proteoglycans, the most important being 
aggrecan. Chondrocytes, the sole cell type in 

articular cartilage, are primarily responsible for 
maintaining the integrity of the ECM through 
the synthesis of aggrecan and other ECM com-
ponents. OA was initially considered to be non-
inflammatory, and primarily the consequence of 
mechanical damage to articular cartilage [3]. 
However, advances in the field of molecular 
biology in the 1990s led to the recognition of 
ECM-degrading enzymes, including aggrecana-
ses such as metalloproteinases (MMP)-3 and 
ADAMTS-5 and collagenases including MMP-
13 in cartilage degeneration. Catabolic responses 
in chondrocytes were found to be mediated by 
soluble factors including cytokines and prosta-
glandins. Activation of alarmins and other innate 
immune signaling was implicated in a feed-for-
ward catabolic cycle involving pathology in, and 
interplay between all joint tissues [5]. For exam-
ple, activation of key transcription factors such 
as NFkB [6] results in the production of inflam-
matory mediators including TNFa, IL-1β, and 
IL-6 by cartilage, bone, and synovium [5, 7]. 
This leads to excessive reactive oxygen species 
generation and oxidative tissue damage, promot-
ing further inflammation and cell senescence [8, 
9]. Multiple studies have documented elevated 
cytokine levels [10] and complement compo-
nents [11] in OA tissues and synovial fluid, as 
well as overwhelming evidence of synovitis in 
OA patients [12] and have to the recognition of 
synovial inflammation as a crucial feature of 
early OA pathology [3, 4]. Thus, the understand-
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ing of OA pathogenesis has evolved from a 
degenerative, non-inflammatory condition, to a 
disease wherein both the innate and adaptive 
immune responses play a central role, and OA 
progression is characterized by chronic, low- 
grade inflammation [13].

Mechanotransduction pathways have been 
increasingly recognized at the crux of mechani-
cal and biological inputs into OA pathogenesis. 
Both physiologic and hyperphysiologic cartilage 
loading activates chondrocyte mechanorecep-
tors, including mechano-sensitive ion channels 
and integrins, leading to intracellular signaling 
cascades [14]. For example, TRPV4 and 
PIEZO1/2 channels on the chondrocyte plasma 
membrane generate electrical currents in 
response to mechanical forces [15]. TRPV4 is a 
Ca++ permeable, non-specific cation channel that 
is activated by physiologic (i.e., non-injurious) 
loading. TRPV4 initiates a mechano-osmotic 
transduction cascade to initiate anabolic 
responses in chondrocytes [16–18]. Conversely, 
injurious mechanical loading is transduced by 
PIEZO1 and PIEZO2 ion channels [17] which 
initiates catabolic signaling and downstream 
expression of cytokines, chemokines, and pros-
taglandins [19] including 1L-1β and TNFα [4, 
20] promote cartilage degeneration and perpetu-
ate local and inflammation via their action on 
chondrocytes, synoviocytes, and macrophages 
[19]. These findings call attention to early OA as 
a disease at the intersection of mechanics and 
biology, underscoring the importance of proac-
tive intervention to preserve the mechanical 
integrity of cartilage.

13.1.2  Regenerative Medicine 
Approach to Early 
Osteoarthritis

No therapeutics are available to prevent OA [21, 
22], and current treatment strategies are largely 
palliative, focused on managing pain, stiffness, 
and inflammation. Common approaches include 
anti-inflammatory drugs (NSAIDs), intra- 
articular (IA) corticosteroid injections, low- 
impact exercise, and physical therapy to improve 

quality of life and joint function. However, no 
pharmacologic or biologic treatments have been 
shown to protect articular cartilage or prevent 
OA progression [23–25]. Increasing evidence 
suggests that the earliest events in OA patho-
genesis must be targeted in order to make prog-
ress toward disease-modifying therapies. 
Furthermore, clinical interventions including 
regenerative therapies must be implemented 
early in the course of disease, arguably prior to 
the development of overt clinical symptoms. 
This approach requires the development of more 
sensitive diagnostics including reliable imaging, 
biochemical, and/or molecular markers of early 
disease to determine which patients are at risk 
of progressing to symptomatic OA and require 
proactive intervention.

A fundamental challenge is that articular car-
tilage has limited intrinsic healing capacity. 
Chondrocytes are difficult to target for pharma-
ceutical intervention because cartilage is avascu-
lar, and the dense and highly charged ECM can 
be difficult or impossible for therapeutics to pen-
etrate [3, 26–28]. Due to the lack of effective 
treatment strategies, MSCs and MSC-derived 
extracellular vesicle (EV)-based therapies have 
generated excitement in the field of regenerative 
orthobiologics.

Although MSC-based therapies have been 
used to treat joint injury and early OA for years, 
and multiple studies have provided evidence that 
MSCs can improve functional outcomes and pre-
serve articular cartilage, the overall results of 
clinical trials have been variable [29] (Pas, et al., 
BMJ 2017). Moreover, the quality of evidence 
provided by individual studies is inconsistent 
[30]. A recent meta-analysis concluded that few 
clinical studies provide satisfactory levels of evi-
dence, and the quality of data cannot be assessed 
according to The Journal of Bone and Joint 
Surgery’s (JBJS) levels of evidence rating scale, 
which helps inform clinical decision-making 
[31]. Therefore, an undeniable need exists for 
more high-quality pre-clinical and clinical stud-
ies to guide the development of new cell-based 
regenerative therapies. Nonetheless, MSC and 
EVs are increasingly emerging as strategies with 
high therapeutic potential. The following is a 
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review of current knowledge regarding MSCs 
and MSC-derived EVs, focusing on the biologi-
cal characteristics, likely mechanisms of action, 
and the therapeutic rationale for these emerging 
regenerative therapies in the context of early OA.

13.2  Mesenchymal Stromal Cells

13.2.1  Definition and Classification 
of MSCs

Mesenchymal stromal cells (MSCs) are charac-
terized by their ability to self-renew and differen-
tiate into multiple cell lineages including 
chondroblasts, osteoblasts, and adipocytes [32, 
33]. Lineage-committed progenitors are gener-
ated via symmetric and asymmetric division and 
can then differentiate into tissue-specific cells 
[34]. Debate exists over MSC nomenclature 
regarding usage of the term “stem” versus “stro-
mal.” The term mesenchymal stem cell was intro-
duced by Caplan et  al. in the 1990s after 
generating cartilage and bone from ex vivo cul-
ture of mesenchymal tissue [35]. The subsequent 
use of differing terminology in pre-clinical and 
clinical studies and associated assumptions have 
led to conflated descriptions of bone marrow- 
derived “stem” cells with “stromal” cells from 
different tissue sources [35, 36]. In order to stan-
dardize nomenclature, the International Society 
for Cell and Gene Therapy (ISCT) recommended 
defining “mesenchymal stem cells” as bone- 
marrow- derived, self-renewing cells with in vivo 
multipotency. This is distinct from “mesenchy-
mal stromal cells,” which are progenitors derived 
from various tissues and demonstrate multipo-
tency via in vitro differentiation assays [37]. The 
term “Medicinal Signaling Cells” has also been 
recently proposed to highlight the trophic and 
immunomodulatory effects of MSCs, without 
reference to their differentiation potential [36].

A major challenge in MSC biology has been 
the identification of markers that can be reliably 
used to differentiate a purified population of 
MSCs with unique functional properties. There is 
no evidence of a single cell surface marker for the 
identification of MSCs [26, 27]; however, the 

ISCT has identified the following four minimum 
criteria to define human MSCs: (1) adherence to 
plastic (i.e., cell culture plates) and fibroblast-like 
morphology, (2) expression of “positive” cell sur-
face markers including CD105, CD90, CD73, 
CD44 (≥95% expression), (3) non-expression of 
hematopoietic “negative” markers such as CD34, 
CD45, CD14 or CD11b, CD79a or CD19, and 
HLA-DR (≤2% expression), (4) trilineage poten-
tial, or the ability to differentiate into osteoblasts, 
adipocytes, and chondrocytes in  vitro [32, 
38–40].

Variation exists in the expression of cell sur-
face markers related to MSCs identification crite-
ria, and markers are classified into two broad 
categories: sole and stemness markers. Sole 
markers, including Stro-1, SSEA-4, CD271, and 
CD146 are directly linked to the potency, growth 
capacity, and quality of MSCs [41, 42]. Generally, 
these markers are highly expressed surface pro-
teins, indicative of plastic adherence, and are 
hence used to differentiate MSC-like cells from 
other cells in the in  vivo environment. On the 
other hand, stemness markers are moderately 
expressed and facilitate the identification of 
MSCs with abundant fibroblastic colony-forming 
units (CFU-Fs) and multipotency. Expression of 
these stemness markers by isolated MSCs varies 
depending on their tissue of origin. Notably, 
Stro-1 and CD271 are not universally expressed 
in MSCs from all tissues; CD271 is highly 
expressed in bone marrow- and adipose-derived 
MSCs, but low or no expression is present in 
MSCs from synovial membrane, umbilical cord, 
and peripheral blood [41]. This underscores that 
MSCs derived from different tissues are not 
equivalent, and extrapolating findings and com-
paring results between studies using MSCs from 
different sources can be problematic [43].

Although the ISCT guidelines were meant to 
promote uniformity, this system of defining 
MSCs has increasingly been called into question, 
as the criteria may not adequately reflect the phe-
notypic, biochemical, and functional diversity 
exhibited by MSCs of various lineages. One con-
cern is the ISCT criteria are based on characteris-
tics of MSCs expanded in vitro, and which may 
not reflect MSC populations in vivo. Further, the 

13 Mesenchymal Stromal Cells and Extracellular Vesicles



174

majority of markers were identified in bone 
marrow- derived cells, so the extent to which 
these markers are applicable to MSCs from other 
tissues is not clear [41]. These markers are also 
known to be sensitive to culture and processing 
techniques, a prominent example of which is the 
sensitivity of surface antigens to reagents used 
during cell passaging; the positive markers CD44, 
CD105, and CD73 are lost from the plasma mem-
brane within 30 min of lifting MSCs with trypsin 
(Tsuji et  al., cell transplant 2017). The lack of 
standardized protocols across basic, preclinical, 
and clinical MSC research is one obstacle to clin-
ical advancement. Finally, many in  vitro and 
in vivo studies have utilized MSCs which meet 
the tri-lineage differentiation and plastic- 
adherence criteria, but not cell surface marker 
criteria [33]. This inconsistency again limits the 
ability to interpret data and compare results 
across studies.

13.2.2  MSC Tissue Source

MSCs can be isolated from many tissues includ-
ing bone marrow, adipose tissue, synovium, 
peripheral blood, skeletal muscles, and dental 
pulp [26, 27, 31, 41] MSCs were first identified in 
bone marrow by Friedenstein et al. in 1966, and 
evidence of chondrogenic, osteogenic, and mus-
cular differentiation potential was demonstrated 
in 1970 [44]. The first successful clinical applica-
tion of MSCs was reported in 2001 using autolo-
gous bone-marrow MSCs to repair bone defects 
[45]. Tissue of origin can influence MSC charac-
teristics and function, therefore, tissue source is 
an important consideration when interpreting 
published literature, developing new MSC-based 
regenerative therapies, or selecting cell popula-
tions for clinical use. Tissue-specific differences 
include protein expression, cytokine profile, 
yield, and differentiation potential [46].

Bone-marrow-derived MSCs (BM-MSCs) 
have been the most widely utilized for preclinical 
and clinical studies, followed by adipose-tissue- 
derived MSCs (A-MSCs) [41, 43]. Although 
MSCs from both these tissues have been used to 

treat OA in animals and humans [47–49], there is 
conflicting evidence regarding the differences 
between BM- and A-MSCs with respect to cell 
yield, growth kinetics, and differentiation capac-
ity [50, 51]. BM-MSCs are often selected for 
therapeutic applications due to ease of acquisi-
tion, rapid proliferation in  vitro, low surface 
expression of MHC antigens, relatively high 
yields, and some evidence of longer-term persis-
tence in the recipient site [31]. Some studies sug-
gest BM-MSCs have higher chondrogenic 
potential than A-MSCs [52], and BM-MSCs can 
be readily expanded in culture and induced to 
varying levels of differentiation prior to treatment 
[53]. One limitation of BM-MSCs is the finding 
that increased donor age and extended in  vitro 
culture can decrease proliferation and differentia-
tion potential, and increase the proportion of 
senescent cells [54, 55]. Another drawback of 
BM-MSCs for clinical use is that the bone mar-
row aspiration harvest procedure of can be pain-
ful [43]. Therefore, alternative sources of MSCs 
have been pursued.

Adipose tissue-derived MSCs (A-MSCs) 
can differentiate into cartilage, bone, tendon, 
skeletal muscle, and fat and have several 
advantages for the purposes of therapeutic 
development [56, 57]. A-MSCs are abundant 
and can be harvested in a minimally invasive 
manner from lipoaspirates [51, 53]. In addi-
tion, the stromal vascular fraction of adipose 
may contain as much as a 500- fold higher yield 
of MSCs than the bone-marrow [58]. Some 
evidence suggests that the regenerative poten-
tial of A-MSCs may not be adversely affected 
by age [59, 60]. However, several comparative 
studies suggest A-MSCs have lower chondro-
genic potential, lower cartilage-specific ECM 
protein production including lower expression 
of collagen type II compared to BM-MSCs 
[61].

The synovial membrane represents another 
promising source of MSCs in the context of early 
OA, as synovial-derived MSCs (S-MSCs) can be 
harvested via minimally invasive arthroscopic 
surgery with few complications [62]. Some evi-
dence suggests S-MSCs have superior chondro-
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genic potential and higher cell yields compared 
to other tissue sources [62]. S-MSCs also possess 
lower osteogenic potential compared to BM- and 
periosteal-MSCs which, in theory could mini-
mize the risk of dystrophic calcification [63]. 
However, there is still limited clinical evidence 
for the efficacy of S-MSCs, with data being lim-
ited to preclinical studies [53].

Peripheral blood has also been identified a 
potential source of MSCs but as yet, limited evi-
dence supports this approach [64]. Peripheral 
blood-derived MSCs (PB-MSCs) hold the prom-
ise of the least invasive harvest technique [65]; 
however, isolation of PB-SCs from blood via 
apheresis is somewhat complicated, and patient 
stimulation is required to increase MSC yield 
[53, 64]. A further limitation is that PB-MSCs 
may display phenotypic MSC markers only in 
hypoxic conditions [66], making identification 
and study more difficult [67]. Recently, many 
niches with the skeletal system have been found 
to harbor distinct populations of progenitor cells 
[68], and these sources will undoubtedly con-
tinue to be pursued for their therapeutic 
potential.

13.2.3  Autologous Versus 
Allogeneic MSCs

Self-derived, or autologous MSCs have been 
most commonly been reported in the clinical and 
preclinical literature, and have proven safe in 
multiple clinical studies [69]. MSCs demon-
strate low immunogenicity, and the risk is even 
lower with autologous MSCs, since they are 
derived from the patients’ own tissue. However, 
there are disadvantages associated with using 
autologous sources, including the cost of indi-
vidual harvest, isolation, expansion, and banking 
of each patient’s cells [70]. Further, recent evi-
dence suggests that factors including genetics, 
age, and medical history of the MSC donor can 
significantly effect of the quality of MSCs [71]. 
For example, increasing patient age was associ-
ated with decreased yields of BM-MSC [72], 
and MSCs obtained from obese individuals had 

impaired differentiation and proliferation 
potential.

Although the status of MSCs as “non- 
immunogenic” has recently been challenged, the 
preponderance of evidence indicates low or no 
expression of MHC class II and low expression 
of MHC I surface antigens by MSCs, even after 
differentiation into chondrocytes, adipocytes, 
and osteocytes [73]. Furthermore, few studies 
have reported adverse immune responses in vitro 
and in vivo [74]. Allogeneic MSCs can be derived 
from various tissues, but are mostly placenta-
derived in the United States [72]. Advantages of 
allogeneic MSCs include decreased lag time (i.e., 
delay in administration) and cost, improved qual-
ity assurance, and potential for commercializa-
tion. Therefore, allo-MSCs can be considered a 
less invasive and logistically convenient alterna-
tive to autologous MSCs, and have been pursued 
as potential “off the shelf” products, which would 
allow a larger patient population access to regen-
erative therapy [70, 75]. However, there are con-
cerns regarding the safety, viability, and function 
of allo-MSC.  Risk of blood-borne pathogen 
transmission highlights the need for careful 
donor screening [72]. Despite low incidence of 
acute rejection, repeated allo-MSC injections can 
result in a memory immune response. Formation 
of donor-specific antibodies leads to accelerated 
MSC clearance and decreased efficacy [72, 76, 
77], even in the absence of an overt adverse 
immune response in the recipient. Recent in vivo 
evidence indicates that MHC crossmatching can 
prevent the recipient antibody-mediated clear-
ance of donor MSCs, suggesting this step is likely 
necessary for future therapeutic development of 
allogeneic MSC.

In summary, there remains a paucity of clini-
cal studies clearly establishing the efficacy of 
MSCs in early OA, let alone data comparing 
MSC sources. Therefore, no definitive recom-
mendations can be made regarding clinical use 
of one sub-type of MSC over another. Large-
scale, high quality trials are needed. However, 
there have been few reports of safety concerns 
when using either autologous and allogeneic 
MSCs [2, 78].
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13.2.4  Heterogeneity Within MSCs 
Populations

Increasing evidence suggests that, in addition to 
variability between MSCs populations, phenotypic 
and functional heterogeneity within MSC popula-
tions can impact the efficacy of MSC therapies, as 
well as patient outcomes ([33, 79]; McLeod, et al. 
ECM 2017). MSC cultures are comprised of dis-
tinct sub-populations with varying characteristics, 
including gene expression and lineage potential [33, 
80]. Even single cell- derived colonies of human 
BM-MSCs contain at least three morphologically 
different sub- populations with varying differentia-
tion potency: small, rapidly self-renewing cells, 
elongated spindle-shaped fibroblast cells, and slow- 
replicating large, cuboidal, or flattened cells [81, 
82]. In addition, the percentage of human bone- 
marrow CFU-Fs with osteogenic potential was 
shown to be higher than those adipogenic potential, 
in an in  vitro culture [83]. Therefore, increased 
research efforts have focused on methods to identify 
and select MSC sub-populations with specific func-
tional and therapeutic advantages, and this trend 
will likely continue.

13.3  MSC-Based Strategies 
for the Treatment of Early OA

Many in  vivo pre-clinical studies in both small 
and large animal models [84], and an ever- 
increasing number of clinical trials have explored 
MSC-based therapies for the treatment of early 
OA, with the goal of restoring joint homeostasis, 
preserving articular cartilage, and slowing or pre-
venting progression to a late-stage disease char-
acterized by chronic pain and joint dysfunction 
[69, 85, 86]. There are two main MSC-based 
strategies to treat early OA; Intra-articular injec-
tion and repair of focal chondral lesions.

13.3.1  Intra-articular Injection 
of MSCs

Intra-articular (IA) injection is a simple, mini-
mally invasive, and efficient delivery option for 

MSCs [78]. The first preclinical study of MSC 
treatment for OA employed IA delivery of autol-
ogous BM-MSCs 6 weeks after meniscectomy 
and ACL transection in a caprine model. 
Treatment resulted in meniscal repair and 
chondro- protection at 6 months, with no evidence 
of the injected MSCs in healing tissue [87] This 
work led, in part, to the hypothesis that MSCs 
promote repair through paracrine and trophic 
mechanisms rather than engraftment and differ-
entiation [88].

IA MSC therapy has been investigated in a 
limited number of clinical trials [89]. In one 
study, IA injection of AD-MSCs in knee OA 
patients led to improved function, decreased 
pain scores, and reduction in cartilage defects 
with evidence of hyaline-like articular carti-
lage regeneration [90]. Overall, however, the 
evidence supporting the regeneration of articu-
lar cartilage has been variable [70, 89]. 
Combining IA injection of MSCs with a bioac-
tive carrier such as platelet-rich plasma, fibrin 
gel, or hyaluronic acid scaffolds may reduce 
chondrocyte apoptosis and improve chondro-
genic differentiation [70, 84]. For example, the 
combination of platelet rich plasma (PRP) with 
BM-MSCs and AD-MSCs for OA treatment 
promoted cartilage matrix synthesis and 
improved the therapeutic benefit of MSCs [91, 
92]. Studies have demonstrated a dose-response 
effect with IA MSC injection, however, the 
appropriate number of cells for clinical use, as 
well as the optimal timing and frequency of 
treatment is unknown [90]. Although, IA injec-
tion of MSCs is likely most beneficial when 
applied as early as possible in the development 
of OA, to preserve cartilage and restore joint 
homeostasis [93, 94]. Although clinical evi-
dence remains limited and long-tern studies are 
needed, results of preclinical studies suggest 
that IA MSC treatment has a disease- modifying 
effect when applied early after joint injury. IA 
adipose-derived, α10 integrin-selected 
MSCs, administered 4 days after articular 
injury prevented early PTOA progression, 
including cartilage degeneration and subchon-
dral bone changes in a large animal talus 
impact model [95].

M. L. Delco and N. Srivastava



177

13.3.2  MSC-Based Repair of Focal 
Cartilage Lesions

In the procedure of autologous chondrocyte 
implantation (ACI), chondrocytes are extracted 
from the non-weight-bearing region of a patient’s 
joint, expanded in culture, and then transplanted 
into a focal cartilage lesion [96]. Although this 
procedure is often considered the gold standard 
cell therapy for OA [97], and some studies report 
good long-term function, overall results have 
been modest. Notably, structural outcomes are 
variable, with the presence of disorganized, fibro-
cartilaginous repair tissue and poor integration of 
the grafted defect with surrounding cartilage. 
Disadvantages of ACI include variable chondro-
cyte health and morbidity at the cartilage harvest 
site, poor chondrocyte proliferation, and low 
chondrogenic capacity after in  vitro expansion 
[68]. In an attempt to overcome these challenges, 
the procedure was modified, replacing chondro-
cytes with autologous BM-MSCs, due to their 
improved availability, minimal donor site mor-
bidity compared to surgical chondrocyte harvest, 
and rapid MSC proliferation in culture [28]. Pre-
clinical and clinical studies support the use of 
BM-MSCs in ACI- like and other similar proce-
dures, although with variable structural out-
comes, ranging from hyaline- like cartilage to 
fibrous repair tissue [23]. Many promising and 
innovative therapies are currently in develop-
ment, which combine MSCs and other biologic 
and tissue engineering approaches, such as bioac-
tive carriers, matrices, and 3D printed scaffolds 
are being developed, and are currently in preclin-
ical testing although limited clinical evidence 
exists at this time [68].

13.4  Proposed Therapeutic 
Mechanism of MSCs

Several clinical studies have provided convincing 
evidence that MSCs can improve OA symptoms 
and prevent cartilage degeneration; however, the 
exact mechanism(s) of action are still incom-
pletely understood. In vitro and ex vivo research 
suggests several broad therapeutic mechanisms 
of MSCS, including direct engraftment and dif-

ferentiation, immunomodulation via paracrine 
activity of the MSC secretome, and newer para-
digms such as the delivery of MSC-derived extra-
cellular vesicles, and intercellular mitochondrial 
transfer.

13.4.1  Direct Engraftment 
and Differentiation

It was initially presumed that the administration 
of MSCs would promote damaged tissue regen-
eration and repair directly: MSCs would home to 
sites of tissue damage, engraft, and differentiate 
into site-specific functional tissue. However, 
results from several early animal studies contra-
dicted this hypothesis. Despite evidence of tissue 
repair/regeneration after treatment, there was lit-
tle evidence of long-term engraftment of 
implanted cells [87, 98–101]. Many subsequent 
homing and engraftment studies have similarly 
shown minimal long-term engraftment [43], and 
one study in mice revealed less than 1% of MSCs 
persist for longer than a week after systemic 
administration [76, 100]. Nonetheless, limited 
evidence of MSCs incorporation into repair tis-
sue does exist. In one large animal model of OA, 
intra-articular injection of autologous MSCs 
resulted in apparent cartilage healing and MSC 
engraftment at sites of cartilage damage [102]. 
Therefore, although MSCs may contribute to 
repair tissue under certain circumstances, it is 
now generally accepted that the ability of exoge-
nous MSCs to engraft and differentiate is not 
required, nor is it the predominant mechanism by 
which MSCs provide therapeutic benefit. The 
preponderance of evidence implicates the MSC 
“secretome” whereby trophic factors and soluble 
mediators secreted by MSCs act in a paracrine 
fashion to modulate the immunologic environ-
ment and promote endogenous tissue repair.

13.4.2  The MSC Secretome

The MSC secretome is defined as the set of MSC- 
derived bioactive factors, including soluble pro-
teins, nucleic acids, lipids, and extracellular 
vesicles (Fig. 13.1), which have shown therapeu-
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tic benefits similar to those observed after MSC 
transplantation [26, 27]. The specific paracrine 
mechanism by which components of the MSC 
secretome promote repair and regeneration 
remain an area of active investigation [103], but 
the major effects include immunomodulation and 
recruitment of endogenous stem cells.

13.4.3  Immunomodulation

Many studies have documented the immuno-
modulatory (or anti-inflammatory) effects that 
MSCs can exert either via direct cell–cell con-
tact or by the paracrine activity of the MSC sec-
retome [43, 104, 105]. However, the underlying 
cellular and molecular mechanisms are not 
completely clear. One study revealed that MSCs 
increased expression of COL2A1 and ACAN in 
chondrocytes, and decreased the expression of 
MMP-13 and NF-κB [106]. MSCs can also sup-
press the activity of immune cells via the secre-

tion of anti- inflammatory prostaglandin E2 
(PGE2) and other bioactive factors like NO and 
IDO (Fig. 13.1) [84, 107].

Evidence suggest MSCs modulate the activity 
of macrophages by inhibiting the activity of inflam-
matory M1-type macrophages and promoting their 
conversion to anti-inflammatory M2-like pheno-
type. Intraarticular MSCs may suppress joint 
inflammation by blocking activation of inflamma-
tory CD4+ Th1 cells, and promote production of 
immunosuppressive CD4+ T regulatory cells 
(Tregs) [26, 27, 104]. Based on mixed lymphocyte 
reaction assays, several studies indicate MSC 
inhibit T cell proliferation and shift the ratio of T 
helper cells from a pro- inflammatory Th1 to an 
anti-inflammatory Th2 subtype. MSCs production 
of transforming growth factor-beta (TGFβ) and 
hepatocyte growth factor (HGF) may also drive dif-
ferentiation of naïve T cells into regulatory T cells 
that promote immune tolerance, with increased 
production of the anti-inflammatory cytokine IL-10 
and reduced TNFα and IL12 [104] (Fig. 13.1).

Fig. 13.1 Illustration of the MSC Secretome 
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In addition to the paracrine mechanism, direct 
cell–cell contact by MSCs can also regulate 
immune cell function. Proliferation of activated T 
cells was inhibited via the interaction between 
the molecule programmed death 1 (PD-1) on 
MSCs with ligands PD-L1 and PD-L2 on effector 
T cells [108]. Furthermore, MSCs can render T 
cells anergic [74] during their interaction due to 
their lack of surface expression of CD80 and 
CD86, important co-stimulatory molecules in T 
cell activation. MSCs can also inhibit the prolif-
eration of B cells by modifying the activation of 
extracellular signal-regulated kinases (ERK)1/2 
and the p38 mitogen-activated protein kinase 
(MAPK) pathways [109]. Besides regulating T 
cell, B cell, and macrophage activity, MSCs can 
also exert an inhibitory effect on other immune 
cells like dendritic cells (DCs) and natural killer 
(NK) cells. The migration and maturation of DCs 
is suppressed by MSCs [110], and mature DCs 
co-cultured with MSCs had decreased TNF-α 
and increased IL-10 secretion [111]. Similarly, 
after co-culture with MSCs, NK cells display 
inhibited cytotoxicity and cytokine production 
[105]. Surprisingly, evidence suggests that even 
apoptotic, metabolically inactivated, or frag-
mented MSCs can exert immunomodulatory 
effects [112–114]. This suggests non-viable cells 
or cellular components could replace live MSC 
therapies, avoiding certain safety concerns.

13.4.4  MSC Priming/Licensing

Cellular pre-conditioning by cytokine stimula-
tion or hypoxic priming is known to change to the 
composition of the MSC secretome [26, 27, 115]. 
Evidence suggests that in vivo, MSCs are found 
dormant as pericytes that are activated in response 
to tissue damaged in a phenomenon referred to as 
“licensing.” Licensed MSCs are then capable of 
modulating the local immune response [116]. 
Some evidence suggest inflammatory priming 
can improve the survival of MSC after implanta-
tion into inhospitable in vivo environments [117]. 
In OA-related studies, double TNFa/IFNg prim-
ing of MSCs results in a superior anti- 
inflammatory and immunomodulatory secretory 

profile [118, 119]. Another strategy, hypoxic 
priming decreases cellular stress and early senes-
cence of MSCs during culture expansion. 
However, optimal priming protocols for various 
MSCs populations and therapeutic applications 
are unknown [120]. Despite promising experi-
mental evidence, the clinical potential of MSCs 
priming has yet to be explored [118].

13.4.5  Mitochondrial Transfer

Recent work has revealed that mitochondrial 
(MT) dysfunction is one of the very earliest 
responses of chondrocytes to injury and may 
mediate downstream catabolic signaling cas-
cades that drive cartilage degeneration and OA 
[121–123]. Further, direct mitoprotective therapy 
prevents MT dysfunction, chondrocyte death, 
and cartilage matrix degeneration after articular 
cartilage injury [121, 123]. These findings pro-
vide support for pursuing new strategies to target 
MT function for the prevention and treatment of 
early OA.

Surprisingly, recent evidence suggests that 
injured and dysfunctional cells recruit help from 
MSCs in the form of whole-organelle donation 
[124]. Mitochondrial transfer by MSCs has been 
identified as a mechanism of damaged cell repair 
in cells with impaired mitochondrial function 
[125–127]. Although the specific mechanisms 
are still largely unknown, cells undergoing MT 
dysfunction can accept healthy mitochondria 
from MSCs.

Several potential mechanisms of intercellular 
mitochondrial transfer from MSCs have been 
identified, including tunneling nanotubes, gap 
junction-medicated micro-vesicle transfer, and 
cell–cell fusion [127, 128]. Moreover, mitochon-
drial transfer from MSCs has been found to 
restore recipient cell function, preserve viability, 
and improve healing in several tissues including 
myocardium, cortical neurons, renal tubular epi-
thelium, and lung epithelial cells [127–131]. 
Mitochondrial transfer has not previously been 
reported in cartilage. Very recent work (in sub-
mission) provides the first evidence that bone- 
marrow- derived MSCs donate MT to 
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chondrocytes undergoing MT dysfunction in sev-
eral in vitro and ex vivo models. The concepts of 
mitochondrial dysfunction and mitochondrial 
transfer represent novel paradigms in the field of 
regenerative medicine which have not been 
extensively explored but represent one of the 
many possible future directions in regenerative 
medicine to combat early OA.

13.5  Extracellular Vesicles

Initial research into the MSC secretome focused 
on cytokines, chemokines, and growth factors as 
key therapeutic factors of the secretome. 
However, increasing evidence implicates extra-
cellular vesicles, including micro-vesicles and 
exosomes as the active therapeutic component of 
the MSC secretome [28].

13.5.1  Biology of Extracellular 
Vesicles

Extracellular vesicles (EVs) are a class of cell- 
secreted, membrane-bound, nanoscale particles 
released by most or all cell types, that deliver 
molecular cargo to facilitate intercellular com-
munication and signaling. EVs represent a heter-
ogenous population of particles, made up of 
distinct sizes, cargo, membrane composition, 
biogenesis, and functions [132]. EV membrane 
composition and cargoes are highly dependent on 
their cell of origin [133, 134]. Three main sub-
groups of EVs have been classified: exosomes, 
microvesicles (sometimes referred to as mic-
roparticles or ectosomes), and apoptotic bodies 
(Fig. 13.2). These EV sub-groups are defined by 
their size, biogenesis, and expression of mem-
brane markers [135]. However, there remains a 
lack of universally accepted criteria to distin-
guish each sub-group [136, 137].

Exosomes are the smallest EVs in diameter, 
ranging from about 30 to 150 nm. They are gen-
erated by the fusion of endosomal multi- 
vesicular bodies with the plasma membrane 
through the process of exocytosis. Microvesicles 
are larger, generally having a diameter of 100–

1000 nm and are released from cells through the 
process of outward budding from the cell mem-
brane [138]. Apoptotic bodies range from 500 to 
5000  nm in diameter [139]. Apoptotic bodies 
are released as blebs from the plasma membrane 
during apoptosis [97]. Thus far, exosomes have 
attracted the most attention for possible thera-
peutic development and have been more widely 
studied than microvesicles and apoptotic bodies 
[140, 141].

EVs can interact with and elicit responses in 
target cells in several ways (Fig. 13.2). EV mem-
brane proteins, such as MHC I and II [142, 143], 
transferrin receptors [144], and integrins can par-
ticipate in receptor-ligand interactions and acti-
vate downstream signaling pathways, for 
example, via calcium signaling [145] or mitogen- 
activated protein kinase (MAPK) activation 
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[144], in the target cell. These interactions may 
or may not result in the internalization of the EV 
and delivery of its cargo to the target cell via the 
endocytic pathway. Alternatively, EVs can fuse 
with the recipient cell membrane to deliver car-
gos directly [141].

EVs cargos often include biologically active 
signaling molecules which can influence a wide 
array of cellular functions [97]. EVs have been 
referred to as the “snail mail” of intercellular 
communication due to their ability to transfer 
lipids, nucleic acids (DNA, mRNAs, and miR-
NAs), and proteins from the donor to the recipi-
ent cells. Past research efforts have largely 
explored the function of EVs in intercellular 
communication in the context of pathological 
processes such as cancer and autoimmune dis-
eases, the EV-mediated regulation of cell, and 
tissue homeostasis has been less well studied 
[146].

13.5.2  EVs and Immunomodulation

Depending on their membrane composition and 
cargoes, EVs can act on the innate immune sys-
tem as either pro- or anti-inflammatory media-
tors [146]. For example, microparticles released 
by neutrophils were shown to increase the 
release of TGFβ1, and down-regulate the activa-
tion of macrophages [147]. EVs also modulate 
the acquired immune response by acting as a 
source of antigens for antigen presenting cells 
(APCs). APCs, including dendritic cells, macro-
phages, and B cells, serve as a link between the 
innate and adaptive immune responses. Antigens 
are captured and processed by APCs, followed 
by presentation to T cells via MHC molecules 
and co-stimulatory signaling. EVs can modulate 
the immune responses by providing stimulatory 
or down- regulatory signals upon capture by 
APCs [146]. For example, exosomes were inter-
nalized and processed by immature dendritic 
cells for presentation to CD4 (+) T cells [148]. 
Moreover, EVs possessing MHC or co-stimula-
tory molecules on their lipid membrane can 
directly engage in antigen presentation or co-
stimulation [149–151].

13.5.3  EVs in OA Pathogenesis

In the context of OA, the mechanical degradation 
of articular cartilage is associated with changes 
in EVs populations with synovial fluid [152]. 
One hallmark of OA is an imbalance between the 
synthesis and degradation of the extracellular 
matrix (ECM), such that the loss of matrix struc-
tural integrity cannot be compensated by synthe-
sis [153]. Microvesicles have been identified as 
communication channels between chondrocytes 
and fibroblast-like synoviocytes (FLS), regulat-
ing the disease process of OA.  This was evi-
denced by a threefold increase in FLS MMP-13 
production when treated with EVs derived from 
IL-1β stimulated chondrocytes [152]. Exosomes 
derived from IL-1β stimulated FLS have also 
produced OA-like changes in in vitro and ex vivo 
models by upregulating MMP-13 and 
ADAMTS-5, and downregulating COL2A1 and 
ACAN expression in articular chondrocytes 
[154]. Furthermore, miRNA profiles of EVs 
derived from synovial fluid of OA patients 
revealed differential expression of miRNAs in a 
gender-specific manner. In particular, certain 
miRNAs such as the estrogen- responsive miR-
26a were downregulated in female patients. 
Moreover, a greater number of miRNAs were dif-
ferentially regulated for female OA group versus 
the male OA group. This may help to explain the 
higher incidence of OA in females than in males 
[138, 155]. EVs isolated from synovial fluid of 
patients with end-stage knee osteoarthrosis are 
capable of inciting a pro- inflammatory response 
via upregulation of IL-1β, IL-6 and IL-8, and 
MMP-3 [156].

Flow cytometric assessment of EVs has 
revealed that synovial fluid has a distinct EV sig-
nature [157]. Hence, the differences in the con-
tent of synovial fluid and plasma EVs could 
potentially be used as biomarkers for disease 
development and progression. For example, EV 
cargo profiling revealed a 2.5-fold increase in 
miR-200C in EVs isolated from OA patients. 
This miRNA has been associated with chondro-
protective mechanism and can IL6-mediated 
inflammation and increase synthesis of type II 
collagen [152].
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13.6  MSC-Derived Extracellular 
Vesicles

Stem-cell derived EVs are potent intercellular 
messengers that can participate in maintaining 
tissue homeostasis [146, 158] EVs derived from 
multiple cell types have been explored as regen-
erative therapies [159–161]; however, MSCs are 
the most commonly reported cell source. There is 
evidence that MSC-derived EVs (MSC-EVs) 
may possess the same anti-inflammatory and tro-
phic properties as their cells of origin [135, 158]. 
Similar to their parent MSCs, human MSC-EVs 
have been shown to exert anti-inflammatory and 
anti-catabolic effects when incorporated into OA 
chondrocytes, by downregulating the production 
of inflammatory cytokines including IL-1α, 
IL-1β, IL-6, IL-8, IL-17, and COX2, as well as 
promoting chondrocyte proliferation to regener-
ate cartilage in  vitro [162]. MSC-EVs promote 
angiogenesis, inhibit apoptosis, and promote cell 
proliferation [115, 158, 163–166]. In another 
study, treatment of IL-1β stimulated chondro-
cytes with human A-MSC derived EVs resulted 
in decreased production of TNFα, IL-6, MMPs, 
NO, and PGE2 secondary to inhibition of the 
transcription factors NFκB and activator protein-
 1. In addition, treatment increased the expression 
of IL-10 and type-II collagen [164, 167]. One 
study revealed MSC-derived exosomes were 
associated with bone and cartilage regeneration 
in vitro and in vivo by interacting with the bone 
microenvironment [139]. Various miRNA cargos, 
such as miR23b and miR-92a, carried by MSC- 
derived exosomes have been shown to promote 
cartilage regeneration [168, 169] in several OA 
models, including collagenase-induced and 
destabilization of medial meniscus models [170]. 
Taken together, these findings suggest MSC-EVs 
are not only chondroprotective but may in fact 
promote cartilage regeneration.

Therapeutic development of EVs in place of 
cell therapy is attractive because non-cellular 
therapies avoid some safety concerns associated 
with viable stem cells, such as possible tumori-
genesis, risk of emboli, and immune targeting 
resulting in low cell survival [171, 172]. Potential 
advantages of EVs include their small size, low 

immunogenicity allowing allogeneic therapy, and 
potential for manipulation to improve delivery 
and function [158, 173]. EVs would also avoid 
the time and cost of MSC collection and expan-
sion [159]. In the context of OA, signals from 
MSC-derived EVs should be more stable than 
MSCs, without the concern of adopting a pro- 
inflammatory phenotype or undergo senescence 
when placed into the pathological joint environ-
ment [158].

13.6.1  Bioengineered Vesicles

Extracellular vesicles, particularly exosomes, 
have been investigated as a delivery system for 
drugs, microRNAs, and proteins [171], and engi-
neered EVs are emerging as a promising cell-free 
therapeutic strategy, due to their biocompatibility 
and physicochemical stability [172, 174–176]. 
EVs are considered the ideal candidate for bioen-
gineering due to their ability to directly interact 
with target cells and avoiding risks of toxicity, 
rapid clearance, and side effects that are associ-
ated with other delivery formulations. Engineered 
biomaterials such as a hydrogels to encapsulate 
EVs or binding EVs to a scaffold could be used 
for targeted therapy and sustained delivery of 
EVs to the injured joint, in order to reduce the 
dose and frequency of administration [158, 171]. 
Future directions include exosomes being engi-
neered via nanoparticle-based technology to 
carry specific cargo (proteins or surface markers) 
to regulate intercellular communication in a tar-
geted manner. Technology and engineering 
approaches are necessary to scale technology for 
clinical feasibility [177, 178].

13.7  Challenges 
to the Development 
of MSC-EV Therapies

Despite the clear potential of EV-based therapy, 
there are many challenges on the path to transla-
tion of MSC-EVs for the treatment of early 
OA. The same caveats mentioned for MSC thera-
pies apply to MSC-EVs, except that the EV field 
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is even younger than cellular regenerative thera-
pies. The following issues represent the first set 
of hurdles in this burgeoning field.

13.7.1  EV Characterization

Certain proteins are considered pan-EV markers 
and are common to most EVs [146]. These 
include cytoskeletal, cytosolic, heat shock, 
plasma membrane proteins, and proteins involved 
in vesicle trafficking. Proteins often used as 
markers include tetraspanins including CD9, 
CD63, CD81 and CD82, 14-3-3 proteins, MHC 
molecules, cytosolic proteins, such as specific 
stress proteins (heat shock proteins; HSPs), 
Tsg101, the endosomal sorting complex required 
for transport (ESCRT-3), and the binding protein 
Alix [179, 180]. While different proteomic pro-
files are associated with EV subgroups, no single 
marker can uniquely identify EVs [146]. 
Furthermore, there is a lack of widely accepted 
markers to distinguish between the different EV 
subgroups. Finally, biodistribution of EVs after 
intra-articular delivery is unknown and may be 
subject to rapid clearance [97].

13.7.2  EV Isolation and Storage

Although guidelines have been established by 
the International Society for Extracellular 
Vesicles (ISEV), no consensus for standard 
methods of EV isolation currently exist [132]. 
There are considerable difficulties associated 
with EV isolation and purification methods such 
as low yield, contamination, and incomplete 
isolation of EV fractions, resulting in mixed 
populations of vesicles [158, 181]. The most 
common isolation technique for exosomes is 
based on differential centrifugation of MSC-
conditioned media to remove cells and debris, 
followed by ultracentrifugation on a sucrose 
density gradient to remove contamination in the 
EV pellet, such as protein aggregates [171]. 
Other methods of EV isolation include size 
exclusion, polymeric precipitation, and micro-
fluidic devices [180]. Sub-fractionations of EV 

subgroups can also be achieved by affinity chro-
matography techniques, employing antibodies 
against specific known or suspected EV surface 
markers [182, 183], or using ligands such as 
heparin, which are reactive with EV surfaces 
[184]. Other techniques for isolating EV sub-
types include differential ultracentrifugation, 
density gradient centrifugation (sucrose or 
iodixanol gradients), filtration [146], isoelectric 
focusing (charge separation) [185, 186], or sep-
aration according to size by field-flow fraction-
ation techniques [187]. However, different 
methods produce EVs and EV fractions with 
variable homogeneity, and also affect the pro-
teomic profiles, hence making it difficult to 
compare findings from different proteomic stud-
ies. The maintenance of various biological 
activities of EVs during preservation and stor-
age is largely unknown, and optimal techniques 
will need to be developed for EVs as biologic 
therapies as well as engineered EVs used as 
drug carriers (Jeyaram and Jay).

As with cell therapies, inconsistency between 
EVs study protocols results in difficulty compar-
ing data the few pre-clinical and clinical studies 
that are currently available. Therefore, consider-
able challenges must be overcome before EVs 
can be considered for use in therapeutic applica-
tions. The role of EVs in normal tissue mainte-
nance and repair, and how they may be involved 
in age-related degeneration of tissues leading to 
disease progression is still largely unexplored, 
and more research in this area will lead to the 
development of innovative therapeutic strategies 
in the future [138].

13.8  Summary and Conclusion

MSC therapy for early OA has proven safe, but 
limited evidence supports efficacy in reducing 
pain, improving patient function, preserving car-
tilage structure, and delaying end-stage disease. 
Conclusions that can be drawn from early posi-
tive clinical reports are limited due to method-
ological limitations and lack of standardization 
[188], which highlights the need for large, high- 
quality, long-term, clinical trials.
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The number of studies exploring MSC-derived 
EVs for the treatment of OA is still small [158]. 
Furthermore, significant work is required to stan-
dardize MSC and MSC-derived product manu-
facturing procedures, determine potency 
measures, optimize frequency and methods of 
delivery, identify specific populations of cells/
vesicles for different disease stages and sub- 
types, enable meaningful comparison of func-
tional outcomes from clinical studies, and 
validate efficacy, among others [97].

The path to clinical translation is fraught 
with many unanswered questions and chal-
lenges. However, given the dearth of effective 
treatment options, the field of regenerative 
medicine and specifically emerging MSCs and 
MSC-EVs therapies represent promising 
avenues to combat the unmet clinical needs 
of OA.
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14.1  Introduction

Injection therapy plays a major role in the treat-
ment strategies for osteoarthritis (OA). A wide 
spectrum of injective solutions is available for the 
local minimally invasive delivery of various sub-
stances such as corticosteroids, hyaluronic acid 
(HA), and platelet-rich plasma (PRP). Overall, 
these approaches showed the potential to posi-
tively affect joint homeostasis, reducing symp-
toms and improving joint function and quality of 
life, allowing to postpone the need for more sac-
rificing procedures [1]. This is particularly true 
for earlier degrees of degeneration, where the 
articular environment might better respond to the 
injection of a biologically active substance. In 
this light, there has been an increasing attention 
to identify patients affected by OA at the early 

stages. In particular, the definition of early knee 
OA sparked great interest among researchers in 
the last years, although no commonly accepted 
definition is available yet. In 2012, an European 
Society of Sports Traumatology, Knee Surgery 
and Arthroscopy (ESSKA) consensus [2] defined 
classification criteria of symptomatic early knee 
OA implying the combination of symptoms, 
signs, and structural changes. Accordingly, a 
patient can be classified as having early OA of 
the knee if three criteria are fulfilled: knee pain 
with at least two episodes for 10 days in the last 
year; standard radiographs Kellgren and 
Lawrence grade 0 or 1 or 2 (osteophytes only); 
arthroscopic findings of cartilage lesions and/or 
magnetic resonance imaging (MRI) findings 
demonstrating articular cartilage degeneration 
and/or meniscal degeneration, and/or subchon-
dral bone marrow lesions. Most recently, a fur-
ther ESSKA consensus definition proposal has 
been published, further detailing that early OA 
might be divided into a more diffuse, more ill-
defined OA affecting the whole joint, or a focal 
pattern, concentrating around a focal cartilage 
lesion and the involved compartment [2]. The 
idea to distinguish these two entities is to favor 
the adoption of the most suitable treatment in this 
crucial early OA period when it could be still 
possible to effectively influence the disease 
progression.

In fact, the definition of an early phase is para-
mount to address the disease progression more 
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effectively, possibly with disease-modifying effects 
before the joint reaches the point of no return of 
more severe OA.  A too advanced tissue damage 
might negatively influence the potential benefit 
since knee joint tissues and their biological 
response could be already compromised by ana-
tomical structural changes not addressable with 
simple injective procedures. In this light, it would 
be important to test each specific treatment in the 
subpopulation of early OA patients, to quantify the 
potential benefit in terms of clinical outcome and 
disease progression. Unfortunately, while the sci-
entific discussion is still running on the best way to 
identify and classify early OA, the literature on car-
tilage and OA treatments rarely adopt this focus 
when documenting the benefit of either conserva-
tive or surgical approaches [3, 4]. Thus, the evi-
dence on their potential in early OA cases can be 
derived only indirectly from the available literature 
on populations affected by different OA stages.

This is particularly important when dealing 
with injective treatments, where the proper tim-
ing could maximize their positive effects. In the 
initial stage of the disease, with no clear lesions 
or associated abnormalities requiring to be 
addressed surgically, local injective treatments 
might have a higher potential to positively influ-
ence joint microenvironment and lead to a clini-
cal improvement. In this light, specific studies are 
needed to properly investigate the benefits of 
intra-articular treatments of corticosteroids, HA, 
and PRP for early knee OA.  Keeping in mind 
these limits of the current literature, the follow-
ing paragraphs will summarize the evidence to 
explain the rationale, as well as the potential and 
limitations of the main injectable treatments, 
which can be used to address early knee OA.

14.2  Corticosteroids

Intra-articular corticosteroid injections represent 
one of the most common conservative therapies 
for OA. They were first introduced in the 1950s 
to take advantage of the anti-inflammatory prop-
erties of corticosteroids and guarantee a great 
local concentration and action, simultaneously 
avoiding the possible complications of their sys-

temic administration [5]. Indeed, the role of 
inflammation in OA development and progres-
sion is well demonstrated, and the use of cortico-
steroids has been recommended for the treatment 
of knee OA, especially in the presence of an 
inflammatory flare-up [6, 7]. Interestingly, early 
OA shows an enhanced inflammatory microenvi-
ronment: compared to late OA, increased con-
centrations of CD4+ and CD68+ proinflammatory 
cells secreting inflammatory molecules such as 
TNFα and IL1β, and an incremented new vessel 
formation [8]. Accordingly, corticosteroids may 
be useful to tackle the inflammatory process and, 
consequently, not only to reduce symptoms, but 
also to counteract the negative effects of inflam-
mation for the evolution of the disease.

Unfortunately, a literature specifically focused 
on early knee OA is still lacking, while several 
studies documented the effectiveness of cortico-
steroids in patients with all degrees of OA, under-
lying a partial and short-term symptom 
improvement [9, 10]. In particular, the respond-
ers’ rate at short-term follow-up is more than 
70%, being the presence of joint tenderness a 
predictor of response [11]. While different prod-
ucts have been proposed, none of the available 
corticosteroids used for intra-articular injections 
(i.e., triamcinolone, betamethasone, and methyl-
prednisolone) seems to be more effective than the 
others [12, 13]. It should be stressed that these 
positive results are not long-lasting: at the 
6-month follow-up, the advantages over placebo 
are not confirmed and the responders’ rate falls to 
20% [9, 11]. Thus, to guarantee a longer lasting 
benefit to OA patients, corticosteroid injections 
can be repeated, although not earlier than 
3  months from the previous injection. In fact, 
corticosteroids may cause dangerous changes in 
the joint, facilitating tissue atrophy, joint destruc-
tion, and cartilage degeneration [14]. The 
repeated injections have been correlated with car-
tilage loss, which could be particularly detrimen-
tal in early OA, without offering a significant 
long-term symptom improvement [15]. The del-
eterious consequences of repeated injections 
could be even enhanced in the subjects suffering 
from early OA due to their younger age and the 
consequent greater number of years they have to 
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cope with the disease. Moreover, corticosteroids 
have a documented direct immunosuppressive 
effect, and an increased risk of joint infections 
has been reported after repeated corticosteroid 
injections, especially in high-risk subjects, such 
as immunosuppressed subjects or patients requir-
ing prosthesis in the near future [16].

Accordingly, the real benefit of intra-articular 
corticosteroids is now considered limited, espe-
cially in light of the harmful consequences of 
long-term corticosteroid administration and the 
short-term benefits [17]. Even though intra- 
articular corticosteroids are still used by a large 
number of physicians, due to the low cost and 
availability, other options are now considered as 
intra-articular treatment for OA, aiming at 
achieving longer lasting results with a more 
favorable risk profile [7, 18].

14.3  Viscosupplementation

HA is a glycosaminoglycan, which plays an 
important role within the knee joint, where it pro-
vides joint lubrication and shock absorbency and 
acts as the backbone for the proteoglycans of the 
extracellular matrix. In normal adult knees, HA 
concentration ranges from 2.5 to 4.0 mg/mL, but, 
during the course of OA, the synovial fluid under-
goes degradation similarly to other tissues of the 
joint, with a decrease of average molecular 
weight (MW) and HA concentration by 33–50% 
[19]. Interestingly, these changes have been cor-
related with joint pain and functional impairment 
[20]. In this light, intra-articular delivery of HA 
into the joint (or viscosupplementation) has been 
proposed as a therapy for knee OA already in 
1960 and applied in the first human trial for OA 
treatment in 1974, with the aim to restore the 
natural protective functions of HA by increasing 
synovial fluid elasticity and viscosity [21].

Currently, there are more than 80 different 
HA preparations on the market [22]. They pres-
ent several different features, such as origin (nat-
ural or bacterial fermentation), sterilization 
process (heat or ultrafiltration), concentration 
(0.8–30  mg/mL), volume of injection (0.5–
6.0  mL), posology, molecular structure (linear, 

cross- linked, and a mix of both), and MW [22]. 
Some preparations also include additives, such 
as mannitol, sorbitol, or chondroitin sulfate [22]. 
All these factors could theoretically have an 
additional impact on the effect of the viscosup-
plementation treatment, but the paucity of litera-
ture on many of these aspects cannot allow clear 
conclusions about the superiority of one charac-
teristic over another. Published reports were 
mainly centered on origin, number of injections, 
and MW.  Regarding the HA origin, products 
derived from biological fermentation demon-
strated to provide a safer profile compared to 
avian-derived products, which reported injection 
site flare-ups due to avian-derived proteins [23], 
while a better efficacy between different prod-
ucts has not been proved [24]. The number of 
injections may vary from a single injection to a 
series of 5 weekly injections [25], but, once 
again, the superiority of one strategy over 
another remains controversial. A recent system-
atic review compared single- with multiple-
injection formulations of HA for the treatment of 
knee OA, but no consistent difference was found 
on patient-reported outcomes [26]. This finding 
is in contrast with a previous meta-analysis that 
showed a better pain relief with multiple injec-
tions and supports a recent clinical trend toward 
the adoption of less invasive solutions requiring 
a lower number of injections [25].

MW is the main studied aspect so far. 
According to MW, three different categories can 
be identified: low (500–800  kDa), intermediate 
(800–2000  kDa), and high (2000–6000  kDa) 
MW, this one including cross-linked formula-
tions of HA [22]. Preclinical studies suggest dif-
ferent properties according to MW.  More 
precisely, higher MW HAs could provide supe-
rior chondroprotective, proteoglycan/glycosami-
noglycan synthesis, anti-inflammatory, 
mechanical, and analgesic effects [20]. On the 
other hand, lower MW HA has been suggested to 
better penetrate the extracellular matrix of the 
synovium and cell membranes, thus maximizing 
its concentration and facilitating its influence on 
the synovial cells [27]. This interaction could 
represent the mechanism through which intra- 
articular HA may lead to its disease modifying 
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and long-lasting effects. The average residence 
time of intra-articular HA in the joint is only 
2–3  days, but prolonged effects lasting several 
weeks post-injection have been observed, sug-
gesting other mechanisms of action to be at work 
[28]. Intra-articular HA has been found to have 
positive effects on the endogenous synthesis of 
HA and extracellular matrix components by 
stimulating synovial fibroblasts; it is also respon-
sible for a chondroprotective effect by mitigating 
proteoglycan loss in cartilage and apoptosis of 
chondrocytes; nonetheless, it is also involved in 
the reduction of HA degradation by decreasing 
the production of proinflammatory cytokines. All 
these mechanisms could explain the observed 
clinical effects exceeding the mere intra-articular 
HA duration [20]. However, these findings have 
been shown only in preclinical studies. In this 
light, the current literature cannot provide clear 
conclusions on the real joint effects in  vivo, as 
well as on the different action and efficacy of low 
and high MW HA [29, 30]. In fact, even though 
some comparative studies and systematic reviews 
suggested greater therapeutic effect of high MW 
HA in the treatment of knee OA in comparison 
with other formulations, a real consensus on this 
issue has been not reached yet [23].

Despite these controversies, the recent litera-
ture focusing on intra-articular HA injections for 
knee OA supported beneficial effects on pain, 
function, and patient global assessment. An 
updated literature analysis recently focused on 17 
meta-analyses, finding an overall positive effect 
for the use of intra-articular HA versus placebo 
[28]: 13 of these were in favor of intra-articular 
HA treatment [28]. Interestingly, current litera-
ture has also demonstrated that intra-articular HA 
positive effects were shown in the earlier stages 
of knee OA [31]. Accordingly, another recent 
systematic review and meta-analysis demon-
strated a statistically significant pain relief only 
for patients with early-moderate knee OA of 
intra-articular HA when compared with saline, 
while no effects were shown in the late OA sub-
group [32]. Evidence supporting HA efficacy 
was proved once again when the latter was com-
pared with the administration of intra-articular 
corticosteroids. The literature showed a longer 

lasting benefit than intra-articular corticosteroids 
exerting residual detectable effects up to 6 months 
[33]. More precisely, corticosteroids showed bet-
ter clinical results at 1-month follow-up, where 
no differences could be pointed out at 3 months. 
On the contrary, HA was proved to be more effec-
tive than corticosteroids at 6  months [34]. 
Corticosteroids might still have a role, as differ-
ent injectable might have different indications. In 
fact, differently from corticosteroids, synovitis 
can impair the efficacy of HA. In fact, enzymes 
and oxidants (hyaluronidases and free radicals) 
can degrade HA chains, and effusion fluid can 
dilute HA concentration. In this light, viscosup-
plementation cannot be performed with severe 
effusion, and acute episodes should be treated 
before with either nonsteroidal anti-inflammatory 
drugs (NSAIDs) or corticosteroids [33], while 
HA should be postponed to a less inflammatory 
phase [33].

Overall, intra-articular HA remains a common 
intervention for knee OA, with a good safety pro-
file [35], and is often adopted in the clinical prac-
tice as safe alternative to oral NSAIDs and 
opioids for knee OA. In addition, intra-articular 
HA can be as safe as paracetamol itself, which is 
widely prescribed as a first-line therapy for OA 
even though its effect on pain is small and with 
no effect on physical function and stiffness in 
knee OA patients [36, 37]. Still, even though 
intra-articular HA seems to offer a good benefit/
risk balance among the various pharmacologic 
treatments to ameliorate knee OA patients’ symp-
toms [38–41], recommendations for this thera-
peutic strategy vary among national and 
international guidelines [42–47].

Whereas the Osteoarthritis Research Society 
International (OARSI) guidelines recommended 
intra-articular HA as potentially useful in patients 
with knee OA, the American Academy of 
Orthopaedic Surgeons (AAOS) clinical practice 
guidelines determined that the evidence was 
inconclusive, and a recommendation could not be 
made for or against the use of intra-articular 
HA.  Similarly, the American College of 
Rheumatology (ACR) recommendations do not 
advocate the use of intra-articular HA for the ini-
tial management of knee OA.  Still, despite the 
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lukewarm recommendations or even the 
 recommendations against, many rheumatolo-
gists, orthopedic surgeons, and other clinicians 
worldwide continue to offer this treatment to 
facilitate the control of symptoms and delay the 
need for surgical interventions [48, 49].

This contributed to boost research on this sub-
ject, with the latest evidence suggesting interest-
ing and promising results.

However, a better assessment of the utility of 
intra-articular HA and specifically designed 
high-level studies are needed to improve the 
understanding of the most suitable indications for 
this treatment option. As such, a proper selection 
of patients seems to be of paramount importance 
as shown in a recent cost analysis, where the use 
of intra-articular HA demonstrated cost- 
effectiveness superiority when compared to other 
treatments (oral NSAIDs, braces and orthosis, 
and physical therapy), especially in the earlier 
stages of knee OA, while the cost-effectiveness in 
patients with later stage was not shown [50]. In 
this light, patients presenting less articular dam-
age and a potentially higher biological response 
could represent the proper target for intra- 
articular HA, as in the early knee OA stages.

14.4  Platelet-Rich Plasma

Platelet-rich plasma (PRP) has been introduced 
in the musculoskeletal field less than 20  years 
ago. The opportunity to obtain a concentrate of 
growth factors directly from the patient blood 
made PRP a possible treatment solution for all 
the diseases in which the regeneration process 
might play a role. Among these, OA is probably 
the musculoskeletal disease, where more clinical 
trials on PRP have been performed. OA is charac-
terized by a degenerative microenvironment 
affecting the cartilage and the influence of growth 
factors on cartilage regeneration is well estab-
lished [51]. Platelets’ alpha granules constitute a 
reservoir of critical growth factors, as well as 
cytokines, chemokines, and many other proteins, 
which showed to take part in the homeostasis of 
articular cartilage, being involved in both healing 
process and immunoregulation. These biologi-

cally active proteins seem to be able to influence 
and promote a favorable joint environment, 
favoring the restoration of a homeostatic balance 
in degenerative joints [52]. In vitro studies sug-
gested that PRP can theoretically influence mes-
enchymal stromal cells, chondrocytes, synovial 
cells, meniscal cells, and newly attracted cells to 
act synergistically toward an anti-inflammatory 
and tissue healing profile [53, 54]. This positive 
influence may result in an improvement of carti-
lage quality and decrease of synovial tissue 
inflammation, as suggested by studies using 
qualitative MRI.

PRP can be obtained by centrifugation or fil-
tration of the whole blood to concentrate or iso-
late platelets to a level higher than normal plasma 
levels [55]. Several preparation methods of PRP 
can yield products with different composition 
and characteristics in terms of platelet and leuko-
cyte concentrations, volume of whole blood har-
vested, final volume, storage procedures, platelet 
activation method, and formation of a fibrin 
matrix [56] (Fig. 14.1).

This heterogeneity makes it very difficult to 
compare clinical results of different studies and 
to gain a full understanding of the potential and 
limitations of the different PRPs for the treatment 
of knee OA.  Thus, the overall benefits of PRP 
reported in meta-analyses, although substantial, 
are a result of a simplification of the field, and 
further studies are needed to clarify which for-
mulation provides the best results for early knee 
OA [57]. Among other factors, leukocyte concen-
tration is one of the most relevant and controlla-
ble factors and some authors advocated better 
results for leukocyte-poor PRP.  However, these 
results are based only on an indirect comparison 
of groups from different studies and a study 
directly comparing PRP with or without leuko-
cytes actually documented similar clinical results 
up to 12 months of follow-up, although patients 
who received a leukocyte-rich PRP were more 
likely to experience pain and swelling (self- 
limiting) after the injections [58]. The number of 
injections could also influence the effectiveness 
of PRP. There is no consensus on the most effec-
tive approach regarding the posology of PRP 
injections for OA, although there are preliminary 
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data suggesting the benefit of a three-injection 
scheme for early OA [59]. These clinical findings 
have been recently confirmed by an in vivo study 
demonstrating that three intra-articular PRP 
injections provided better inflammation reduc-
tion of the synovium and more durable results 
than a single PRP injection [60]. Due to the pau-
city of the evidence, specific data on the different 
platelet concentrates for early stage OA are still 
lacking, and no clear conclusions regarding the 
posology can be drawn besides an overall 
benefit.

Despite the controversies regarding the best 
formulation and administration regimen, intra- 
articular PRP injections are gaining a large use in 
the clinical practice, thanks to the safety, low 
cost, and the simple preparation technique to 
exploit blood biological potential [61]. Starting 
from the first clinical studies on PRP injections 
for knee OA, suggesting promising results in 
terms of safety and symptoms improvement [62, 
63], several studies supported this injective strat-
egy, providing a significant reduction of pain and 
functional improvement up to 12  months [64–
67]. In addition, some evidence suggested that 
the clinical improvement provided by PRP can be 
perceived by some patients also beyond 
24 months, with a subsequent gradual reduction 
over time [68]. Nevertheless, the effectiveness of 
PRP was questioned since a high influence of the 
placebo effect was reported [69, 70]. However, 
the results of several meta-analyses converge in 
indicating that intra-articular PRP injections may 

have more benefit in terms of pain relief and 
functional improvement than a mere placebo, 
without increasing the risk of adverse events [57, 
66, 71–73]. Moreover, a recent meta-analysis 
showed that, according to the existing literature, 
PRP overcomes not only the placebo effect but 
also other treatment options, such as steroids and 
HA, with results exceeding the minimal clini-
cally important difference [57]. PRP advantages 
compared with viscosupplementation increase 
over time and are clinically significant after 
12 months [57].

PRP documented benefits could be even 
higher in early OA, where the degenerative 
process is still at its early phases with the 
inflammatory microenvironment playing an 
important role [8, 69]. In fact, the evidence on 
the effectiveness of PRP in the management of 
early OA is growing with clinical trials show-
ing positive results [74, 75]. Remarkably, the 
advantages of PRP over HA and placebo seem 
to be more pronounced in the patients with an 
early stage disease [59]. However, despite the 
large number of clinical trials on the intra-
articular use of PRP, this product is not yet rec-
ommended by international societies. The last 
AAOS and ACR guidelines on intra-articular 
treatment of knee OA still opposed the use of 
PRP [18] due to the low level of the evidence 
supporting this approach, while OARSI did. 
However, the evidence on this topic is growing 
rapidly, and the effectiveness of PRP, taking 
into account the limitations due to the 

Fig. 14.1 Platelet-rich plasma (PRP) preparation process
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 differences among its formulations, seems to 
be confirmed [57]. The studies specifically 
focused on the earlier stages of the disease are 
still limited, but current results support PRP as 
a promising solution to address early OA and 
postpone more invasive solutions.

14.5  Take Home Message

Intra-articular injections are performed daily by 
physicians, but their real benefit in knee OA is 
often questioned. The theoretical benefit on the 
inflammatory and degenerative microenviron-
ment, which found a support in the preclinical 
studies, is not always confirmed in the high-level 
clinical trials. A possible explanation of this 
apparent contradiction may be due to the poor 
ability to identify the correct target for these 
treatment options and to the attempt to address 
too advanced OA stages. In this light, the defini-
tion of early OA as a pathological target may 
help musculoskeletal specialists to identify a 
subset of patients that could benefit the most 
from intra-articular injections. In particular, as 
suggested by preliminary evidence, corticoste-
roids can provide short- term benefit reducing 
joint inflammation, while viscosupplementation 
and PRP may be suitable options for the conser-
vative management of early OA.

References

 1. Altman R, Lim S, Steen RG, Dasa V.  Correction: 
hyaluronic acid injections are associated with delay 
of total knee replacement surgery in patients with 
knee osteoarthritis: evidence from a large U.S. Health 
Claims Database. PLoS One. 2016;11(1):e0148591.

 2. Madry H, Kon E, Condello V, Peretti GM, 
Steinwachs M, Seil R, et  al. Early osteoarthritis of 
the knee. Knee Surgery Sports Traumatol Arthrosc. 
2016;24(6):1753–62.

 3. Condello V, Filardo G, Madonna V, Andriolo L, 
Screpis D, Bonomo M, et  al. Use of a biomi-
metic scaffold for the treatment of osteochondral 
lesions in early osteoarthritis. Biomed Res Int. 
2018;2018:7937089.

 4. Di Martino A, Kon E, Perdisa F, Sessa A, Filardo G, 
Neri MP, et al. Surgical treatment of early knee osteo-
arthritis with a cell-free osteochondral scaffold: results 

at 24 months of follow-up. Injury. 2015;46(Suppl 
8):S33–8.

 5. Hollander JL, Brown EM Jr, Jessar RA, Brown 
CY.  Hydrocortisone and cortisone injected into 
arthritic joints; comparative effects of and use of 
hydrocortisone as a local antiarthritic agent. J Am 
Med Assoc. 1951;147(17):1629–35.

 6. Abramson SB.  Inflammation in osteoarthritis. J 
Rheumatol Suppl. 2004;70:70–6.

 7. Bruyère O, Honvo G, Veronese N, Arden NK, Branco 
J, Curtis EM, et  al. An updated algorithm recom-
mendation for the management of knee osteoarthritis 
from the European society for clinical and economic 
aspects of osteoporosis, osteoarthritis and musculo-
skeletal diseases (ESCEO). Semin Arthritis Rheum. 
2019;49(3):337–50.

 8. Benito MJ, Veale DJ, FitzGerald O, van den Berg 
WB, Bresnihan B.  Synovial tissue inflammation 
in early and late osteoarthritis. Ann Rheum Dis. 
2005;64(9):1263–7.

 9. Jüni P, Hari R, Rutjes AW, Fischer R, Silletta MG, 
Reichenbach S, et  al. Intra-articular corticosteroid 
for knee osteoarthritis. Cochrane Database Syst Rev. 
2015;(10):CD005328.

 10. Zhong HM, Zhao GF, Lin T, Zhang XX, Li XY, Lin 
JF, et  al. Intra-articular steroid injection for patients 
with hip osteoarthritis: a systematic review and meta- 
analysis. Biomed Res Int. 2020;2020:6320154.

 11. Maricar N, Parkes MJ, Callaghan MJ, Felson DT, 
O’Neill TW.  Do clinical correlates of knee osteoar-
thritis predict outcome of intraarticular steroid injec-
tions? J Rheumatol. 2020;47(3):431–40.

 12. Schaffer M, Schaffer M, Schaffer T, Haugh A, 
Shelesky G. In patients with knee osteoarthritis under-
going intraarticular corticosteroid injection, does the 
type of steroid affect outcomes? Evid Based Pract. 
2019;22(10):19–21.

 13. Garg N, Perry L, Deodhar A. Intra-articular and soft 
tissue injections, a systematic review of relative effi-
cacy of various corticosteroids. Clin Rheumatol. 
2014;33(12):1695–706.

 14. Wernecke C, Braun HJ, Dragoo JL.  The effect of 
intra-articular corticosteroids on articular carti-
lage: a systematic review. Orthop J Sports Med. 
2015;3(5):2325967115581163.

 15. McAlindon TE, LaValley MP, Harvey WF, Price LL, 
Driban JB, Zhang M, et  al. Effect of intra-articular 
triamcinolone vs saline on knee cartilage volume and 
pain in patients with knee osteoarthritis: a randomized 
clinical trial. JAMA. 2017;317(19):1967–75.

 16. McGarry JG, Daruwalla ZJ.  The efficacy, accuracy 
and complications of corticosteroid injections of the 
knee joint. Knee Surg Sports Traumatol Arthrosc. 
2011;19(10):1649–54.

 17. Bliddal H, Henriksen M.  Osteoarthritis: time to put 
steroid injections behind us? Nat Rev Rheumatol. 
2017;13(9):519–20.

 18. Bannuru RR, Osani MC, Vaysbrot EE, Arden NK, 
Bennell K, Bierma-Zeinstra SMA, et  al. OARSI 
guidelines for the non-surgical management of knee, 

14 Role of Injection Therapy in Early Osteoarthritis: Cortisone, Viscosupplement, PRP?



204

hip, and polyarticular osteoarthritis. Osteoarthr Cartil. 
2019;27(11):1578–89.

 19. Kon E, Filardo G, Drobnic M, Madry H, Jelic M, van 
Dijk N, et al. Non-surgical management of early knee 
osteoarthritis. Knee Surg Sports Traumatol Arthrosc. 
2012;20(3):436–49.

 20. Altman RD, Manjoo A, Fierlinger A, Niazi F, Nicholls 
M. The mechanism of action for hyaluronic acid treat-
ment in the osteoarthritic knee: a systematic review. 
BMC Musculoskelet Disord. 2015;16:321.

 21. Peyron JG, Balazs EA.  Preliminary clinical assess-
ment of Na-hyaluronate injection into human arthritic 
joints. Pathol Biol. 1974;22(8):731–6.

 22. Cooper C, Rannou F, Richette P, Bruyère O, Al-Daghri 
N, Altman RD, et al. Use of intraarticular hyaluronic 
acid in the management of knee osteoarthritis in clini-
cal practice. Arthritis Care Res. 2017;69(9):1287–96.

 23. Altman RD, Bedi A, Karlsson J, Sancheti P, 
Schemitsch E.  Product differences in intra-articular 
hyaluronic acids for osteoarthritis of the knee. Am J 
Sports Med. 2016;44(8):2158–65.

 24. Colen S, van den Bekerom MP, Mulier M, Haverkamp 
D.  Hyaluronic acid in the treatment of knee osteo-
arthritis: a systematic review and meta-analysis 
with emphasis on the efficacy of different products. 
BioDrugs. 2012;26(4):257–68.

 25. Concoff A, Sancheti P, Niazi F, Shaw P, Rosen J. The 
efficacy of multiple versus single hyaluronic acid 
injections: a systematic review and meta-analysis. 
BMC Musculoskelet Disord. 2017;18(1):542.

 26. McElheny K, Toresdahl B, Ling D, Mages K, Asif 
I.  Comparative effectiveness of alternative dos-
ing regimens of hyaluronic acid injections for knee 
osteoarthritis: a systematic review. Sports Health. 
2019;11(5):461–6.

 27. Ghosh P, Guidolin D. Potential mechanism of action 
of intra-articular hyaluronan therapy in osteoarthritis: 
are the effects molecular weight dependent? Semin 
Arthritis Rheum. 2002;32(1):10–37.

 28. Sacks D, Baxter B, Campbell BCV, Carpenter JS, 
Cognard C, Dippel D, et  al. Multisociety consensus 
quality improvement revised consensus statement for 
endovascular therapy of acute ischemic stroke. Int J 
Stroke. 2018;13(6):612–32.

 29. Rutjes AW, Jüni P, da Costa BR, Trelle S, Nüesch 
E, Reichenbach S.  Viscosupplementation for osteo-
arthritis of the knee: a systematic review and meta- 
analysis. Ann Intern Med. 2012;157(3):180–91.

 30. Lee PB, Kim YC, Lim YJ, Lee CJ, Sim WS, Ha CW, 
et  al. Comparison between high and low molecular 
weight hyaluronates in knee osteoarthritis patients: 
open-label, randomized, multicentre clinical trial. J 
Int Med Res. 2006;34(1):77–87.

 31. Altman RD, Farrokhyar F, Fierlinger A, Niazi F, 
Rosen J. Analysis for prognostic factors from a data-
base for the intra-articular hyaluronic acid (Euflexxa) 
treatment for osteoarthritis of the knee. Cartilage. 
2016;7(3):229–37.

 32. Nicholls M, Shaw P, Niazi F, Bhandari M, Bedi 
A.  The impact of excluding patients with end-stage 

knee disease in intra-articular hyaluronic acid trials: 
a systematic review and meta-analysis. Adv Ther. 
2019;36(1):147–61.

 33. Legré-Boyer V.  Viscosupplementation: techniques, 
indications, results. Orthop Traumatol Surg Res. 
2015;101(1 Suppl):S101–8.

 34. He WW, Kuang MJ, Zhao J, Sun L, Lu B, Wang Y, 
et al. Efficacy and safety of intraarticular hyaluronic 
acid and corticosteroid for knee osteoarthritis: a meta- 
analysis. Int J Surg. 2017;39:95–103.

 35. Bannuru RR, Osani M, Vaysbrot EE, McAlindon 
TE.  Comparative safety profile of hyaluronic acid 
products for knee osteoarthritis: a systematic review 
and network meta-analysis. Osteoarthr Cartil. 
2016;24(12):2022–41.

 36. Zhang W, Moskowitz RW, Nuki G, Abramson S, 
Altman RD, Arden N, et  al. OARSI recommenda-
tions for the management of hip and knee osteoarthri-
tis, part II: OARSI evidence-based, expert consensus 
guidelines. Osteoarthr Cartil. 2008;16(2):137–62.

 37. Machado GC, Maher CG, Ferreira PH, Pinheiro 
MB, Lin CW, Day RO, et al. Efficacy and safety of 
paracetamol for spinal pain and osteoarthritis: sys-
tematic review and meta-analysis of randomised pla-
cebo controlled trials. BMJ. 2015;350:h1225.

 38. Bannuru RR, Schmid CH, Kent DM, Vaysbrot EE, 
Wong JB, McAlindon TE. Comparative effectiveness 
of pharmacologic interventions for knee osteoarthri-
tis: a systematic review and network meta-analysis. 
Ann Intern Med. 2015;162(1):46–54.

 39. Henrotin Y, Raman R, Richette P, Bard H, Jerosch 
J, Conrozier T, et al. Consensus statement on visco-
supplementation with hyaluronic acid for the man-
agement of osteoarthritis. Semin Arthritis Rheum. 
2015;45(2):140–9.

 40. Maheu E, Rannou F, Reginster JY. Efficacy and safety 
of hyaluronic acid in the management of osteoarthri-
tis: evidence from real-life setting trials and surveys. 
Semin Arthritis Rheum. 2016;45(4 Suppl):S28–33.

 41. Trojian TH, Concoff AL, Joy SM, Hatzenbuehler JR, 
Saulsberry WJ, Coleman CI. AMSSM scientific state-
ment concerning viscosupplementation injections for 
knee osteoarthritis: importance for individual patient 
outcomes. Clin J Sport Med. 2016;26(1):1–11.

 42. Jordan KM, Arden NK, Doherty M, Bannwarth B, 
Bijlsma JW, Dieppe P, et  al. EULAR recommenda-
tions 2003: an evidence based approach to the man-
agement of knee osteoarthritis: report of a Task Force 
of the Standing Committee for International Clinical 
Studies Including Therapeutic Trials (ESCISIT). Ann 
Rheum Dis. 2003;62(12):1145–55.

 43. Hochberg MC, Altman RD, April KT, Benkhalti M, 
Guyatt G, McGowan J, et  al. American College of 
Rheumatology 2012 recommendations for the use 
of nonpharmacologic and pharmacologic therapies 
in osteoarthritis of the hand, hip, and knee. Arthritis 
Care Res. 2012;64(4):465–74.

 44. Jevsevar DS. Treatment of osteoarthritis of the knee: 
evidence-based guideline, 2nd edition. J Am Acad 
Orthop Surg. 2013;21(9):571–6.

G. Filardo et al.



205

 45. McAlindon TE, Bannuru RR, Sullivan MC, Arden 
NK, Berenbaum F, Bierma-Zeinstra SM, et  al. 
OARSI guidelines for the non-surgical manage-
ment of knee osteoarthritis. Osteoarthr Cartil. 
2014;22(3):363–88.

 46. Bruyère O, Cooper C, Pelletier JP, Branco J, Luisa 
Brandi M, Guillemin F, et al. An algorithm recommen-
dation for the management of knee osteoarthritis in 
Europe and internationally: a report from a task force 
of the European Society for Clinical and Economic 
Aspects of Osteoporosis and Osteoarthritis (ESCEO). 
Semin Arthritis Rheum. 2014;44(3):253–63.

 47. Altman RD, Schemitsch E, Bedi A. Assessment of clin-
ical practice guideline methodology for the treatment 
of knee osteoarthritis with intra-articular hyaluronic 
acid. Semin Arthritis Rheum. 2015;45(2):132–9.

 48. Roman-Blas JA, Bizzi E, Largo R, Migliore A, 
Herrero-Beaumont G. An update on the up and coming 
therapies to treat osteoarthritis, a multifaceted disease. 
Expert Opin Pharmacother. 2016;17(13):1745–56.

 49. Altman R, Lim S, Steen RG, Dasa V.  Hyaluronic 
acid injections are associated with delay of total knee 
replacement surgery in patients with knee osteoar-
thritis: evidence from a large U.S.  Health Claims 
Database. PLoS One. 2015;10(12):e0145776.

 50. Rosen J, Niazi F, Dysart S. Cost-effectiveness of treat-
ing early to moderate stage knee osteoarthritis with 
intra-articular hyaluronic acid compared to conserva-
tive interventions. Adv Ther. 2020;37(1):344–52.

 51. Fortier LA, Barker JU, Strauss EJ, McCarrel TM, 
Cole BJ. The role of growth factors in cartilage repair. 
Clin Orthop Relat Res. 2011;469(10):2706–15.

 52. Filardo G, Kon E, Roffi A, Di Matteo B, Merli ML, 
Marcacci M. Platelet-rich plasma: why intra-articular? 
A systematic review of preclinical studies and clinical 
evidence on PRP for joint degeneration. Knee Surg 
Sports Traumatol Arthrosc. 2015;23(9):2459–74.

 53. Park SI, Lee HR, Kim S, Ahn MW, Do SH.  Time- 
sequential modulation in expression of growth factors 
from platelet-rich plasma (PRP) on the chondrocyte 
cultures. Mol Cell Biochem. 2012;361(1–2):9–17.

 54. Assirelli E, Filardo G, Mariani E, Kon E, Roffi A, 
Vaccaro F, et al. Effect of two different preparations 
of platelet-rich plasma on synoviocytes. Knee Surg 
Sports Traumatol Arthrosc. 2015;23(9):2690–703.

 55. Hall MP, Band PA, Meislin RJ, Jazrawi LM, Cardone 
DA. Platelet-rich plasma: current concepts and appli-
cation in sports medicine. J Am Acad Orthop Surg. 
2009;17(10):602–8.

 56. Arnoczky SP, Sheibani-Rad S. The basic science of 
platelet-rich plasma (PRP): what clinicians need to 
know. Sports Med Arthrosc Rev. 2013;21(4):180–5.

 57. Filardo G, Previtali D, Napoli F, Candrian C, Zaffagnini 
S, Grassi A. PRP injections for the treatment of knee 
osteoarthritis: a meta-analysis of randomized con-
trolled trials. Cartilage. 2020:1947603520931170.

 58. Filardo G, Kon E, Pereira Ruiz MT, Vaccaro F, 
Guitaldi R, Di Martino A, et al. Platelet-rich plasma 
intra-articular injections for cartilage degeneration 
and osteoarthritis: single- versus double-spinning 

approach. Knee Surg Sports Traumatol Arthrosc. 
2012;20(10):2082–91.

 59. Görmeli G, Görmeli CA, Ataoglu B, Çolak C, 
Aslantürk O, Ertem K.  Multiple PRP injections are 
more effective than single injections and hyaluronic 
acid in knees with early osteoarthritis: a randomized, 
double-blind, placebo-controlled trial. Knee Surg 
Sports Traumatol Arthrosc. 2017;25(3):958–65.

 60. Chouhan DK, Dhillon MS, Patel S, Bansal T, Bhatia 
A, Kanwat H. Multiple platelet-rich plasma injections 
versus single platelet-rich plasma injection in early 
osteoarthritis of the knee: an experimental study in a 
Guinea pig model of early knee osteoarthritis. Am J 
Sports Med. 2019;47(10):2300–7.

 61. Ayhan E, Kesmezacar H, Akgun I. Intraarticular injec-
tions (corticosteroid, hyaluronic acid, platelet rich 
plasma) for the knee osteoarthritis. World J Orthop. 
2014;5(3):351–61.

 62. Kon E, Buda R, Filardo G, Di Martino A, Timoncini 
A, Cenacchi A, et  al. Platelet-rich plasma: intra- 
articular knee injections produced favorable results 
on degenerative cartilage lesions. Knee Surg Sports 
Traumatol Arthrosc. 2010;18(4):472–9.

 63. Filardo G, Kon E, Buda R, Timoncini A, Di Martino 
A, Cenacchi A, et  al. Platelet-rich plasma intra- 
articular knee injections for the treatment of degen-
erative cartilage lesions and osteoarthritis. Knee Surg 
Sports Traumatol Arthrosc. 2011;19(4):528–35.

 64. Southworth TM, Naveen NB, Tauro TM, Leong 
NL, Cole BJ.  The use of platelet-rich plasma in 
symptomatic knee osteoarthritis. J Knee Surg. 
2019;32(1):37–45.

 65. Chang KV, Hung CY, Aliwarga F, Wang TG, 
Han DS, Chen WS.  Comparative effectiveness of 
platelet- rich plasma injections for treating knee 
joint cartilage degenerative pathology: a systematic 
review and meta-analysis. Arch Phys Med Rehabil. 
2014;95(3):562–75.

 66. Dai WL, Zhou AG, Zhang H, Zhang J.  Efficacy of 
platelet-rich plasma in the treatment of knee osteoar-
thritis: a meta-analysis of randomized controlled tri-
als. Arthroscopy. 2017;33(3):659–70.e1.

 67. Altamura SA, Di Martino A, Andriolo L, Boffa A, 
Zaffagnini S, Cenacchi A, et al. Platelet-rich plasma for 
sport-active patients with knee osteoarthritis: limited 
return to sport. Biomed Res Int. 2020;2020:8243865.

 68. Di Martino A, Di Matteo B, Papio T, Tentoni F, 
Selleri F, Cenacchi A, et  al. Platelet-rich plasma 
versus hyaluronic acid injections for the treatment 
of knee osteoarthritis: results at 5 years of a double- 
blind, randomized controlled trial. Am J Sports Med. 
2019;47(2):347–54.

 69. Filardo G, Kon E. PRP: product rich in placebo? Knee 
Surg Sports Traumatol Arthrosc. 2016;24(12):3702–3.

 70. Previtali D, Merli G, Di Laura Frattura G, Candrian 
C, Zaffagnini S, Filardo G.  The long-lasting effects 
of “placebo injections” in knee osteoarthritis: a meta- 
analysis. Cartilage. 2020:1947603520906597.

 71. Xu Z, Luo J, Huang X, Wang B, Zhang J, Zhou 
A.  Efficacy of platelet-rich plasma in pain and 

14 Role of Injection Therapy in Early Osteoarthritis: Cortisone, Viscosupplement, PRP?



206

self-report function in knee osteoarthritis: a best- 
evidence synthesis. Am J Phys Med Rehabil. 
2017;96(11):793–800.

 72. Kanchanatawan W, Arirachakaran A, Chaijenkij K, 
Prasathaporn N, Boonard M, Piyapittayanun P, et al. 
Short-term outcomes of platelet-rich plasma injection 
for treatment of osteoarthritis of the knee. Knee Surg 
Sports Traumatol Arthrosc. 2016;24(5):1665–77.

 73. Shen L, Yuan T, Chen S, Xie X, Zhang C. The tem-
poral effect of platelet-rich plasma on pain and physi-
cal function in the treatment of knee osteoarthritis: 

systematic review and meta-analysis of randomized 
controlled trials. J Orthop Surg Res. 2017;12(1):16.

 74. Gobbi A, Lad D, Karnatzikos G.  The effects of 
repeated intra-articular PRP injections on clinical out-
comes of early osteoarthritis of the knee. Knee Surg 
Sports Traumatol Arthrosc. 2015;23(8):2170–7.

 75. Huang G, Hua S, Yang T, Ma J, Yu W, Chen X. Platelet- 
rich plasma shows beneficial effects for patients with 
knee osteoarthritis by suppressing inflammatory fac-
tors. Exp Ther Med. 2018;15(3):3096–102.

G. Filardo et al.



207© ISAKOS 2022 
C. Lattermann et al. (eds.), Early Osteoarthritis, https://doi.org/10.1007/978-3-030-79485-9_15

The Current Role of Stem Cell 
Therapy and iPS Cells

George Jacob, Kazunori Shimomura, 
David A. Hart, and Norimasa Nakamura

15.1  Introduction

Over the last decade, there has been a great deal of 
interest in mesenchymal stem cells (MSCs) and 
their potential role to play in the treatment of 
osteoarthritis (OA). The burden of OA has seen an 
exponential increase, with the World Health 
Organization reporting 10% of men and 18% of 
women over the age of 60 years suffering from 
symptoms of OA [1]. This burden is expected to 
increase with the universal rising geriatric popula-
tion [2–4]. The exact aetiology of OA remains 
uncertain, but literature has revealed age, obesity, 
trauma, genetics, infection and primary orthopae-
dic pathologies, together have a multifactorial 
role in contributing to the biochemical and biome-
chanical alterations in joint homeostasis to initiate 
or progress to OA [5, 6]. In the past, OA treatment 

strategies consisted of pain alleviation with drugs 
or interventions such as platelet-rich plasma [7], 
corticosteroid injections, viscosupplementation 
[8] and finally surgical interventions such as 
microfracture [9, 10], osteotomies [11] and finally 
arthroplasty [12, 13]. Recently, with further clar-
ity on the pathophysiology of OA, research has 
shown numerous cytokines and free radicals hav-
ing a significant role in increasing pro- 
inflammatory pathways leading to matrix 
degradation and onset of OA [14]. This has 
resulted in a keen interest in biological approaches 
for treatments using stem cells such as mesenchy-
mal stem cells (MSCs), which have proven immu-
nomodulatory and anti-inflammatory roles 
[15–18]. It has been suggested that some of these 
roles are fulfilled by paracrine signalling by 
employment of exosomes shed from MSCs, 
allowing for the regeneration and upregulation of 
endogenous chondrocytes [19, 20]. Recent stud-
ies also indicate that there may be subsets of 
MSCs that perform different functions [21]; MSC 
may, therefore, have multiple roles to play in car-
tilage repair. In the past, the most commonly used 
source of MSCs was bone marrow, but over time, 
literature has revealed that this source contributes 
inadequate cell numbers and is inferior when 
compared to other sources such as adipose and 
synovium [22–25]. Another source of stem cell is 
embryonic stem cells (ESCs), which are known to 
be superior in pluripotency but pose many ethical 
issues regarding their clinical and experimental 
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use [26]. A more recent breakthrough cell source 
was discovered by Yamanaka et  al. [27], where 
these authors were able to reprogramme mouse 
and human adult fibroblasts to become pluripo-
tent cells, which exhibited embryonic stem cell 
morphology and growth properties [28]. These 
induced pluripotent stem (iPS) cells showed dif-
ferentiation capacities into all three germ cell lay-
ers similar to ESCs, making them an additional 
potential cell source for all regenerative cell thera-
pies. Table 15.1 summarizes the major differences 
between MSCs, ESCs and iPS cells, with modifi-
cations from a table compiled by Lin et al. [35].

Clinical improvement with the use of stem cell 
therapies has been shown in a number of pre- clinical 
trials, but the objective outcome data have not been 
consistent, and this limitation remains a limitation 
for clinical trials [36–39]. Overall, with the use of 
MSC therapies being deemed safe in either autolo-
gous or allogeneic form, much research has been 
focused on identifying cell based therapies to retard 
OA progression and reverse the disease-associated 
catabolic pathways [40–42]. In this chapter, we dis-
cuss the current roles of stem cells and the current 
research on iPS cells in OA management.

15.2  Mesenchymal Stem Cells 
in OA

As mentioned above, various types of stem 
cells exist, and depending on their tissue of ori-
gin, they possess different advantages and dis-

advantages. MSCs may be harvested from bone 
marrow [43], synovium, adipose [44], dental 
pulp [45], umbilical cord blood [46], peripheral 
blood [43, 46], placenta [47], muscle [48], skin 
[49] and periosteum [50]. Figure  15.1 illus-
trates a few of the many sources of MSCs in the 
human body. MSCs are characterized by their 
fibroblast-like shape, adherence to plastic, tri-
lineage differentiation capacity, and immuno-
phenotypes [51]. At present, there remains no 
consensus on the ideal cell source for MSCs, 
and considerations include harvest cell number, 
donor site, differentiation capacity, and prolif-
erative potential. MSCs have been applied for 
chondral repair as they have the potential to dif-
ferentiate into chondral, adipose, and bone tis-
sue [51, 52]. Due to their lack of human 
leukocyte antigen class II, these cells exhibit 
low immunogenicity making allogeneic cell 
use possible [53]. MSCs have been postulated 
to function by either acting as a precursor to 
chondrocytes or to mediate joint regeneration 
via enhanced secretion of trophic factors by 
endogenous cells [54], thus supporting the pos-
sibility of multiple subsets [21]. The paracrine 
effects of MSCs, mediated by the shedding of 
exosomes and secretion of bioactive molecules, 
have been identified to be a key feature allow-
ing for immunomodulation and facilitated tis-
sue regeneration [19, 54–56]. These trophic 
factors increase cellular migration and differen-
tiation while regulating prostaglandin and 
inflammatory molecule production [57].

Table 15.1 Comparing the major differences and similarities between MSCs, iPSCs and ESCs

Morphology

Differentiation/
proliferative 
potential Phenotype

Clinical 
application Tumourgenicity

Ethical 
issues

MSCs Fibroblastic- 
like

Mesodermal/Finite 
[29]

CD29+, CD44+, CD73+, 
CD90+, CD105+, CD166+, 
CD14−, CD31−, CD45−, 
CD34− [30]

Induction not 
necessary

− −

IPSCs Embryonic 
stem cell-like

All three germ 
layers/infinite [27, 
31]

OCT4+, NANOG+, 
SOX2+, SSEA1+, SSEA3+, 
SSEA4+, TRA1-60+, 
TRA1-81+, ALP+ [32]

Requires 
induction

+ +

ESCs Embryonic 
stem cell-like

All three germ 
layers + 
extraembryonic 
tissue/infinite [33]

SSEA-1,3,4+, CD324,90,11
7,326,9,24,59,133,31,49f, 
TRA-160,1-81+, AP+, Fzd 
1-10, TDGF-1+ [34]

Requires 
induction

+ +
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209

MSC-based OA therapies have been investi-
gated in both pre-clinical studies and clinical trials 
environments with cells from different tissue 
sources and various formulations. They are com-
monly isolated and expanded in culture 
before administration through direct intra- articular 
injection, or in combination with a tissue engineer-
ing strategy on a scaffold. One step injection proto-
cols have been popular, with the earliest being 
simple bone marrow aspirate injections, although 
yields contained low MSC numbers [58]. Newer 
injections protocols have now been developed, such 
as using a stromal vascular fraction (SVF) [59–61] 
derived from adipose tissue and micro-fragmented 
adipose tissue [62]. These newer approaches utiliz-
ing adipose tissue have shown to yield higher num-
ber of MSCs [60, 63]. However, expansion of MSCs 
in vitro before administration as a treatment is not 
possible in many clinical settings due to regulatory 
restrictions imposed by government agencies.

15.3  Embryonic Stem Cells in OA

ESCs originate from the embryo, more specifi-
cally from the inner cell mass of the blastocyst 
depicted in Fig. 15.2. These cells are totipotent 

with the ability to differentiate into any cell type 
that would make up a fully developed human. 
ESCs are also highly proliferative and do not 
undergo differentiation like other cells. The fact 
that these cells are extremely young and possess 
the ability for self-renewal and differentiation 
into ectodermal, endodermal and mesodermal 
cells theoretically makes them the most superior 
stem cell source available for stem cell therapies. 
However, experiments with these cells have dem-
onstrated teratoma formation, a finding that raises 
concerns about the use of ESCs in clinical cell 
therapies. The main challenges with ESCs have 
been related to ethical approvals and regulations, 
which do not allow for the harvest of the cells 
from the blastocyst. Therefore, despite the many 
positive reports on the potential of ESCs, the effi-
cacy of such treatments and more importantly 
safety are yet to be determined.

15.4  Induced Pluripotent Stem 
Cells in OA

iPS cells were first generated using murine fibro-
blasts [27], soon after which they were created 
using human fibroblasts [28, 31]. In the murine 
models, the fibroblast cells were transduced 

Adipose

Muscle

Dental Pulp

Mesenchymal Stem cell

Umbilical Cord

Bone Marrow

Synovium

Skin
Placenta

Fig. 15.1 Illustrating a few of the various sources of mesenchymal stem cells in the human body
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using four factors; c-Myc, K1f4, Oct3/4, and 
Sox2, allowing for somatic cell reprogramming 
[27] illustrated in Fig. 15.3. These cells formed 
teratomas when transplanted into immunodefi-
cient mice, where the production of hyaline carti-
lage was also noted [64]. iPS cells have been used 
in a variety of regenerative modalities with the 
hope of possible disease modification. Owing to 
their indefinite proliferative potential, ability to 
become any desired  cell type, and abundance, 
iPS cells eliminate many shortcomings associ-
ated with the previously discussed stem cell ther-
apies, making them an attractive option in current 
experimental trials [65]. Previous ethical con-
cerns prevented the use of embryonic cells in 
such trials; however, iPS cells do not evoke such 
concerns. Another important advantage of iPS 
cells over bone marrow MSCs (BMMSCs) is that 
in vitro BMMSCs are primed towards endochon-
dral ossification [66–68] resulting in the tissue 
produced being hypertrophic, expressing large 
amounts of collagen I and markers of calcifying 
cartilage [66, 69]. iPS cells could also allow for 
larger amounts of in vitro hyaline cartilage gen-
eration [68]. With respect to cartilage regenera-
tion and OA, the use of iPS cells would allow for 
the generation of autologous cells with just the 

use of a skin fragment and initial dermal fibro-
blast cultures. After which, the cells can be 
induced to form iPS cells and then subsequently 
subjected to chondrogenic differentiation [70, 
71]. Four induction methods have been studied 
for the  conversion of iPS cells to chondrocytes 
[72, 73]. The first is with primary chondrocyte 
co-culture, where various secretory factors from 
the chondrocytes can stimulate the iPS cells 
towards chondrogenic differentiation. The sec-
ond study method involves the use of growth fac-
tors for chondrocyte differentiation. A third 
method employing chondrogenic supplementa-
tion can be used similar to the method used for 
MSC chondrocyte differentiation. Finally, differ-
entiation can be regulated by specific media 
changes mimicking that of normal developmen-
tal cell differentiation processes. This latter 
method appears to be the most successful method 
for  the production of stable hyaline cartilage 
[74–76].

iPS cell therapies do have some challenges to 
overcome, and making them available for cell- 
based therapies is a major hurdle at this point in 
time. Although any cell can be reprogrammed to 
form an iPS cell, all cells appear to undergo some 
element of genetic mutation during their lifetime. 

Blastocyst Embryonic Stem cell

Fig. 15.2 Embryonic 
stem cells are harvested 
from the inner cell mass 
of the blastocyst

Fibroblast
(Somatic cell)

Pluripotency induction/
Cell reprogramming

C-MYC, K1F4, OCT3/4 SOX2

Induced
Pluripotent
Stem cells

Fig. 15.3 Somatic cells 
are reprogrammed using 
four factors; c-Myc, 
K1f4, Oct3/4 and Sox2, 
which result in the 
production of induced 
pluripotent cells
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This risk could affect the reprogrammed cells neg-
atively and enhance the potential for tumourige-
nicity [77]. Using embryonic cells from cord blood 
for iPS cell generation is, therefore, preferred in 
view of their low genetic modification rate [78, 
79], but this option is not available in many cases. 
Cord blood banking has been a popular trend in 
recent times, but generating iPS cells from cord 
blood cells and subsequently banking them for a 
large population is an extensive and difficult task. 
Therefore, an allogeneic system may be more 
practical, and much research has been focused on 
making this a reality through iPS cell banks [80, 
81]. Another concern is the unlimited proliferative 
potential of iPS cells, while being one of their 
major initial advantages, upon implantation, they 
theoretically could proliferate indeterminately and 
result in tumours. In view of such concerns, iPS 
cells cannot be implanted without prior differenti-
ation, and exclusion of all iPS non-differentiated 
cells must be confirmed prior to the initiation of 
the therapy [68]. Numerous strategies to decrease 
such risks have been proposed, including the 
inclusion of suicide genes to destroy the cells in 
the event of an adverse effect [82]. There is no 
doubt regarding the value and potential of these 
universal cell sources to eliminate the shortcom-
ings  of previous cell-based therapies, especially 
with regard to the field of cartilage regeneration.

Clinical trials have not begun for cartilage 
repair treatments with iPS cells, but the ongo-
ing pre-clinical research appears positive, along 
with the development of iPS cell banks. Pre- 
clinical studies aim to identify the safety of iPS 
cell treatments, including the ideal sources of 
these cells and optimal culture conditions. 
Yamashita et al. [74] performed a study with cul-
tured human iPS cells in a chondrogenic medium 
containing specific growth factors resulting in 
chondrocytes, which were then transplanted into 
immunodeficient mice and mini-pigs. They found 
the presence of bone morphogenic protein 2 
(BMP2), transforming growth factor b1 (TGF- 
b1), and GDF5 to be essential for chondrogenic 
differentiation of human iPS cells. They reported 
that transplantation of the cells into mice and 
mini-pigs showed good integration with the sur-
rounding native cartilage. This is a positive find-

ing, as when mature chondrocytes have been 
transplanted they do not exhibit such good inte-
gration. iPS cells being in very early phases of 
differentiation can mimic the normal develop-
mental pathway allowing for better chondral 
maturation and, therefore, improved integration 
with the mature native cartilage tissue. These 
authors also did not report any teratomas or 
tumour formation in the in vivo studies, a major 
concern with the use of iPS cells. Various other 
studies have also used growth factors for chon-
drogenic differentiation of iPS cells and reported 
encouraging results [83, 84]. Other protocols to 
stimulate chondrogenic differentiation have 
involved MSC-like populations [70, 85], chon-
drocyte co-cultures [86], and embryoid body for-
mation [87]. The progenitor cell for iPS cells has 
also been a topic of study, and neural crest cells 
were thought to be a good candidate given their 
ability to differentiate into osteochondral tissues. 
iPS cells derived from neural crest cells have 
been studied and shown to have good chondro-
genic differentiation capacity under in vitro con-
ditions; however, the cells did not achieve 
adequate defect filling when implanted to in vivo 
chondral defect sites. Again, there was no tera-
toma formation or tumour growth detected [88]. 
Other progenitor cell sources from which iPS 
cells have been derived and studied for differen-
tiation into chondrocytes include umbilical cord 
blood [89], peripheral blood, [90, 91] and dermal 
fibroblasts [92]. Research is still experimenting 
with the ideal cell source and methods leading to 
chondrogenesis concerning iPS cells. For some, 
peripheral blood and umbilical cord blood have 
become preferred sources of iPS cells because of 
easy harvest and effective reprogramming [93]. 
Optimal methods for induction of chondrogene-
sis are under investigation, with each protocol 
having its own  advantages. Suchorska et  al. 
recently suggested the most direct, fast, and cost- 
effective methods to be monolayer cultures with 
growth factors or a medium conditioned with 
human chondrocytes [92]. These pre- clinical 
studies should lead to movement in the direction 
of further in vivo studies, and in time, clinical tri-
als once they have achieved more efficient cell 
reprogramming and chondrogenesis protocols.

15 The Current Role of Stem Cell Therapy and iPS Cells
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15.5  Review of Clinical Trials 
Using MSCs in OA

Several clinical trials have been reported using 
varying numbers of MSCs from different sources. 
These studies also report on different delivery 
modalities ranging from intra-articular injections 
to tissue engineered approaches. These variable 
approaches are discussed in the sub-sections that 
follow.

15.5.1  Intra-articular Injections

A systematic review conducted by Chahla et al. 
[94] investigated the use MSCs in the treatment 
of OA and concluded that they were unable to 
perform a meta-analysis due to the high hetero-
genicity between trials. Their review included 6 
studies, of which 3 focused on MSC therapies in 
OA across 124 knees. Of the three studies report-
ing on OA, two utilized autologous adipose 
derived mesenchymal stem cells (ADMSCs) and 
one BMMSCs, which were expanded to passage 
3. They noted overall positive clinical improve-
ment in the selected studies and reported the ther-
apies to be safe, but could not rule out a placebo 
effect. They concluded that literature quality is 
poor owing to lack of blinded trials, cell popula-
tion definition, standardization, and quantitative 
metrics to define cell populations.

Kim et al. [95] analysed five randomized con-
trol trials (RCTs) (level II), where four trials 
employed BMMSCs and one ADMSCs. Their 
cumulative pain score assessment revealed sig-
nificant improvement in clinical outcome scores 
[96–99]; however, the MRI evaluations from 
three of the selected studies showed no evidence 
for improvement [96–98]. They too concluded 
that the optimal cell concentration needed to be 
determined, along with better standardized trials 
and that, currently, despite the encouraging 
results, MSC injections in OA should be investi-
gational based on the available literature.

A larger systematic review was performed by 
Ha et al. [100], where 17 level I–III studies were 
included. Their mean follow-up was to 28 months, 
and cell study sources included bone marrow, 

adipose, SVF, and umbilical cord blood. Of the 
17 studies, all but 2 reported clinical improve-
ment. Only seven studies compared the experi-
mental arm to a control group, where four 
reported significantly better results in the MSC 
treated group [97–99, 101]. Eleven of 17 studies 
reported MRI evaluation, of which only two 
reported no change in cartilage status [96, 102]. 
The last two assessed outcomes were second look 
arthroscopy and histology. Of six studies, one 
reported no improvement at arthroscopy, [102] 
and out of four studies, one demonstrated osteo-
arthritic chondrocytes [102]. Their principal find-
ing was similar to other reports in that they 
concluded there is limited evidence for the use of 
MSCs in knee osteoarthritis. Although several 
studies reported clinical benefit, the RCTs 
reported controversial results.

Jevotovsky et al. [103] performed a review to 
evaluate MSC use in OA, in relation to study qual-
ity and procedural specifics. Their conclusion was 
similar to the other discussed reviews in that MSC 
therapies alleviated symptoms of OA, but due to 
inconsistencies in study methodology, MSC prep-
arations and protocol design, it is difficult to draw 
definite conclusions regarding the therapeutic ben-
efits of MSC treatments. Most reviews regarding 
intra-articular therapies have reported MSC injec-
tions to be safe overall; however, a few adverse 
effects such as synovitis [96], pain and swelling 
have been reported, but such reactions were also 
found in study control groups, indicating that they 
could be associated with any injection [101]. The 
literature also remains inconclusive regarding the 
optimal MSC cell count in the intervention, as well 
as the number of doses, with some studies report-
ing higher cell number and multiple doses being 
more beneficial [39, 99, 104, 105].

15.5.2  Tissue Engineering 
Approaches

Tissue engineering utilizing cell-based strategies 
has  aimed to take things further than simple 
injections, by programming the stem cells to dif-
ferentiate towards specific target tissues [106, 
107]. Studies have employed specific growth fac-
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tors and scaffolds made of various biomaterials, 
all to provide the cells with an effective microen-
vironment to promote differentiation into chon-
dral tissue [108]. Most clinical studies in this area 
have used MSCs in combination with a scaffold 
or an adjunct technique such as autologous chon-
drocyte implantation or microfracture. The most 
popular tissue source for clinical MSC tissue 
engineering treatments has been bone marrow, 
usually in the form of an autologous bone mar-
row aspirate concentrate. However, several of the 
other above-mentioned sources have also been 
used. MSCs have been combined as an adjunct to 
existing techniques such as augmented autolo-
gous matrix-induced chondrogenesis [109], as 
well as to microfracture [110], to improve the 
outcomes of already utilized techniques. MSCs 
have also been combined with scaffolds such as a 
collagen matrix [111–114], polyglycolic acid 
[115], polylactic acid, [116] and hyaluronan 
[117]. These studies have mostly reported clini-
cal improvement and reasonable chondral defect 
fill; however, the quality of the repair tissue has 
been at best hyaline-like cartilage, which is still 
imperfect. MSCs appear to improve tissue qual-
ity and outcomes, but further research is required 
to generate repair tissue that is actual tissue 

regeneration. Isolation and quality control of 
MSCs remains the major challenge as, currently, 
the resultant cell populations are very heteroge-
neous with regard to proliferation, lineage differ-
entiation, and molecular response patterns. This 
can lead to variable results in terms of chondro-
genic differentiation efficiency [118]. Recently, a 
scaffold-free tissue engineering technique has 
been introduced using synovial MSCs in a high- 
density monolayer culture, which results in the 
formation of a three-dimensional tissue engi-
neered construct (TEC) [119]. TEC implantation 
has shown favourable pre-clinical results 
 demonstrating hyaline cartilage repair, which has 
both biological and mechanical properties similar 
to that of native cartilage [120]. With the excel-
lent pre-clinical data, a clinical study was con-
ducted using TEC in five patients with knee 
chondral defects. At 24-month follow up, patients 
had significantly improved clinical outcome 
scores, second- look arthroscopy demonstrated 
complete defect fill, and histology of a repair tis-
sue biopsy showed the presence of hyaline carti-
lage [121]. The same group is currently 
performing a randomized control trial. Table 15.2 
summarizes the results with each MSC tissue 
source and the resultant clinical outcomes.

MSC 
sources

Differentiation capacity Clinical 
applicability Clinical resultsOsteogenic Chondrogenic Adipogenic

Bone 
marrow

+++ +++ ++ Harvest under 
L/A, ↓cell 
yield, painful

Direct use of bone marrow without cell 
expansion results in very low MSC yield 
despite concentration (0.01–0.02% of TCV) 
[122]. BMMSC therapies appear to improve 
clinical symptoms and are safe. Despite 
defect fill being adequate on MRI and 
second look arthroscopy, histology has 
shown a hyaline-like regenerate at best [58].

Adipose + + +++ ↑cell yield, 
↑tissue 
requirement

Adipose tissue harvest results in a high 
number of MSCs (1 g tissue = 2000–20,000 
ASCs) [59, 63]. This can overcome the need 
for cell expansion which results in loss of 
stem cell homing effects [123]. ASC and 
SVF therapies have shown significant 
clinical improvements and radiological 
outcomes along with good defect fill when 
compared to patients who did not undergo 
any treatment [124].

(continued)

Table 15.2 Summary of the differentiation capacities of bone marrow, adipose and synovium tissue and the clinical 
results for each MSC source
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15.6  Conclusion

Currently, available literature on MSC therapies 
in osteoarthritis is voluminous, and despite this, 
it is difficult to deduce precise inferences regard-
ing the effects of MSC therapies for OA treat-
ment and chondral regeneration. The 
heterogeneity and inferior quality of clinical tri-
als have instigated misperceptions and unregu-
lated non- standardized use of what may be a 
valuable clinical solution for OA. The iPS cell 
has in pre- clinical studies shown immense 
potential and superiority over MSC treatments 
but has also exhibited possible tumourigenic 
risks. Without extensive pre-clinical studies and 
steps to mitigate such risks, as well as ascertain 
the detailed behaviour of these cells, clinical tri-
als should be delayed. It is hoped that with the 
introduction of MSC therapy definitions, and 
the development of superior isolation and qual-
ity control protocols, better standardized clini-
cal trials and indications will be published 
allowing for higher quality analysis of level I 
data. At present, stem cell therapies for OA 
should be investigational, and clinicians using 
them should be encouraged to collect outcome 
data in the form of high-quality RCTs defining 
their cell source and specifics of preparation so 

as to contribute to the standardization of proto-
cols and evaluation of optimized procedures.

References

 1. Gao SG, Li KH, Zeng KB, Tu M, Xu M, Lei 
GH. Elevated osteopontin level of synovial fluid and 
articular cartilage is associated with disease sever-
ity in knee osteoarthritis patients. Osteoarthr Cartil. 
2010;18(1):82–7.

 2. Richardson SM, Kalamegam G, Pushparaj PN, 
Matta C, Memic A, Khademhosseini A, et  al. 
Mesenchymal stem cells in regenerative medicine: 
focus on articular cartilage and intervertebral disc 
regeneration. Methods. 2016;99:69–80.

 3. Zhang Y, Jordan JM. Epidemiology of osteoarthritis. 
Clin Geriatr Med. 2010;26(3):355–69.

 4. Gupta S, Hawker GA, Laporte A, Croxford R, Coyte 
PC. The economic burden of disabling hip and knee 
osteoarthritis (OA) from the perspective of indi-
viduals living with this condition. Rheumatology. 
2005;44(12):1531–7.

 5. Glyn-Jones S, Palmer AJR, Agricola R, Price AJ, 
Vincent TL, Weinans H, et al. Osteoarthritis. Lancet. 
2015;3886(9991):376–87.

 6. Abramson SB, Attur M.  Developments in the sci-
entific understanding of osteoarthritis. Arthritis Res 
Ther. 2009;11(3):227.

 7. Kydd ASR, Hart DA. Efficacy and safety of platelet- 
rich plasma injections for osteoarthritis. Curr Treat 
Options Rheumatol. 2020;6:87–98.

 8. Rutjes AWS, Jüni P, da Costa BR, Trelle S, Nüesch 
E, Reichenbach S. Viscosupplementation for osteo-

MSC 
sources

Differentiation capacity Clinical 
applicability Clinical resultsOsteogenic Chondrogenic Adipogenic

Synovium +++ +++ +++ Painless, staged 
surgery, cell 
expansion 
required. 
Minimal tissue 
requirement

Synovial cells have demonstrated good 
proliferative potential and superior 
differentiation capacity, however, require 
expansion [22]. TEC have exhibited 
excellent chondral repair tissue quality, as 
well as having other favourable features 
such as adhesion and malleability without 
the need for additional fixation. Clinical 
histological trials have shown excellent 
clinical results. Second look arthroscopy and 
biopsy have shown complete defect filling 
and hyaline cartilage repair [121]. The 
regenerate has also demonstrated 
mechanical properties similar to that of 
normal cartilage tissue [119].

L/A local anaesthesia, MSC mesenchymal stem cell, TCV total cell volume, BMMSC bone marrow mesenchymal stem 
cell, MRI magnetic resonance imaging, ASC adipose-derived stem cell, SVF stromal vascular fraction, TEC tissue engi-
neered construct

Table 15.2 (continued)

G. Jacob et al.



215

arthritis of the knee: a systematic review and meta- 
analysis. Ann Intern Med. 2012;157(3):180–91.

 9. Erggelet C, Vavken P.  Microfracture for the treat-
ment of cartilage defects in the knee joint—a golden 
standard? J Clin Orthop Trauma. 2016;7(3):145–52.

 10. Medvedeva EV, Grebenik EA, Gornostaeva SN, 
Telpuhov VI, Lychagin AV, Timashev PS, et  al. 
Repair of damaged articular cartilage: current 
approaches and future directions. Int J Mol Sci. 
2018;19(8):2366.

 11. Brouwer RW, Huizinga MR, Duivenvoorden T, van 
Raaij TM, Verhagen AP, Bierma-Zeinstra SMA, 
et  al. Osteotomy for treating knee osteoarthritis. 
Cochrane Database Syst Rev. 2014;(12):CD004019.

 12. Nelson AE, Allen KD, Golightly YM, Goode AP, 
Jordan JM.  A systematic review of recommenda-
tions and guidelines for the management of osteo-
arthritis: the chronic osteoarthritis management 
initiative of the U.S. bone and joint initiative. Semin 
Arthritis Rheum. 2014;43(6):701–12.

 13. Bruyère O, Cooper C, Pelletier JP, Maheu E, 
Rannou F, Branco J, et  al. A consensus statement 
on the European Society for Clinical and Economic 
Aspects of Osteoporosis and Osteoarthritis (ESCEO) 
algorithm for the management of knee osteoarthritis- 
from evidence-based medicine to the real-life set-
ting. Semin Arthritis Rheum. 2016;45(4):S3–11.

 14. Sokolove J, Lepus CM.  Role of inflammation in 
the pathogenesis of osteoarthritis: latest findings 
and interpretations. Ther Adv Musculoskelet Dis. 
2013;5(2):77–94.

 15. van Buul GM, Villafuertes E, Bos PK, Waarsing 
JH, Kops N, Narcisi R, et  al. Mesenchymal stem 
cells secrete factors that inhibit inflammatory 
processes in short-term osteoarthritic synovium 
and cartilage explant culture. Osteoarthr Cartil. 
2012;20(10):1186–96.

 16. Caplan AI, Correa D. The MSC: an injury drugstore. 
Cell Stem Cell. 2011;9(1):11–5.

 17. Caplan AI. Mesenchymal stem cells. J Orthop Res. 
1991;9(5):641–50.

 18. Li H, Shen S, Fu H, Wang Z, Li X, Sui X, et  al. 
Immunomodulatory functions of mesenchymal 
stem cells in tissue engineering. Stem Cells Int. 
2019;2019:9671206.

 19. Mianehsaz E, Mirzaei HR, Mahjoubin-Tehran M, 
Rezaee A, Sahebnasagh R, Pourhanifeh MH, et al. 
Mesenchymal stem cell-derived exosomes: a new 
therapeutic approach to osteoarthritis? Stem Cell 
Res Ther. 2019;10(1):340.

 20. Caplan AI. Why are MSCs therapeutic? New data: 
new insight. J Pathol. 2009;217(2):318–24.

 21. Affan A, Al-Jezani N, Railton P, Powell JN, Krawetz 
RJ.  Multiple mesenchymal progenitor cell sub-
types with distinct functional potential are present 
within the intimal layer of the hip synovium. BMC 
Musculoskelet Disord. 2019;20(1):125.

 22. Sakaguchi Y, Sekiya I, Yagishita K, Muneta 
T.  Comparison of human stem cells derived 
from various mesenchymal tissues: superior-

ity of synovium as a cell source. Arthritis Rheum. 
2005;52(8):2521–9.

 23. Jacob G, Shimomura K, Krych AJ, Nakamura 
N. The meniscus tear: a review of stem cell thera-
pies. Cell. 2020;9(1):92.

 24. Fan J, Varshney RR, Ren L, Cai D, Wang 
DA.  Synovium-derived mesenchymal stem cells: a 
new cell source for musculoskeletal regeneration. 
Tissue Eng Part B Rev. 2009;15(1):75–86.

 25. Yoshimura H, Muneta T, Nimura A, Yokoyama A, 
Koga H, Sekiya I. Comparison of rat mesenchymal 
stem cells derived from bone marrow, synovium, 
periosteum, adipose tissue, and muscle. Cell Tissue 
Res. 2007;327(3):449–62.

 26. Lo B, Parham L. Ethical issues in stem cell research. 
Endocr Rev. 2009;30(3):204–13.

 27. Takahashi K, Yamanaka S.  Induction of plu-
ripotent stem cells from mouse embryonic and 
adult fibroblast cultures by defined factors. Cell. 
2006;126(4):663–76.

 28. Takahashi K, Tanabe K, Ohnuki M, Narita M, 
Ichisaka T, Tomoda K, et al. Induction of pluripotent 
stem cells from adult human fibroblasts by defined 
factors. Cell. 2007;131(5):861–72.

 29. Sachs PC, Francis MP, Zhao M, Brumelle J, Rao RR, 
Elmore LW, et al. Defining essential stem cell char-
acteristics in adipose-derived stromal cells extracted 
from distinct anatomical sites. Cell Tissue Res. 
2012;349(2):505–15.

 30. Dey D, Evans GRD.  Generation of induced plu-
ripotent stem (iPS) cells by nuclear reprogramming. 
Stem Cells Int. 2011;2011:619583.

 31. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz- 
Bourget J, Frane JL, Tian S, et al. Induced pluripo-
tent stem cell lines derived from human somatic 
cells. Science. 2007;318(5858):1917–20.

 32. Scheper WCS. The molecular mechanism of induced 
pluripotency: a two-stage switch. Stem Cell Rev 
Rep. 2009;5(3):204–23.

 33. Bernardo AS, Faial T, Gardner L, Niakan KK, 
Ortmann D, Senner CE, Callery EM, Trotter MW, 
Hemberger M, Smith JC, Bardwell L. BRACHYURY 
and CDX2 mediate BMP-induced differentiation of 
human and mouse pluripotent stem cells into embry-
onic and extraembryonic lineages. Cell Stem Cell. 
2011;9(2):144–55.

 34. Zhao W, Ji X, Zhang F, Li L, Ma L. Embryonic stem 
cell markers. Molecules. 2012;17(6):6196–236.

 35. Lin HT, Otsu M, Nakauchi H. Stem cell therapy: an 
exercise in patience and prudence. Philos Trans R 
Soc B Biol Sci. 2013;368(1609):20110334.

 36. Black LL, Gaynor J, Adams C, Dhupa S, Sams AE, 
Taylor R, et  al. Effect of intraarticular injection of 
autologous adipose-derived mesenchymal stem 
and regenerative cells on clinical signs of chronic 
osteoarthritis of the elbow joint in dogs. Vet Ther. 
2008;9(3):192.

 37. Van Buul GM, Siebelt M, Leijs MJC, Bos PK, 
Waarsing JH, Kops N, et al. Mesenchymal stem cells 
reduce pain but not degenerative changes in a mono- 

15 The Current Role of Stem Cell Therapy and iPS Cells



216

iodoacetate rat model of osteoarthritis. J Orthop Res. 
2014;32(9):1167–74.

 38. Centeno CJ, Busse D, Kisiday J, Keohan C, Freeman 
M. Increased knee cartilage volume in degenerative 
joint disease using percutaneously implanted, autol-
ogous mesenchymal stem cells, platelet lysate and 
dexamethasone. Am J Case Rep. 2008;9(3):246–51.

 39. Jo CH, Lee YG, Shin WH, Kim H, Chai JW, Jeong 
EC, et  al. Intra-articular injection of mesenchymal 
stem cells for the treatment of osteoarthritis of the 
knee: a proof-of-concept clinical trial. Stem Cells. 
2014;32(5):1254–66.

 40. Iijima H, Isho T, Kuroki H, Takahashi M, Aoyama 
T. Effectiveness of mesenchymal stem cells for treat-
ing patients with knee osteoarthritis: a meta-analysis 
toward the establishment of effective regenerative 
rehabilitation. Regen Med. 2018;3(1):1–3.

 41. Lalu MM, McIntyre L, Pugliese C, Fergusson D, 
Winston BW, Marshall JC, et al. Safety of cell ther-
apy with mesenchymal stromal cells (SafeCell): a 
systematic review and meta-analysis of clinical trials 
in critical care. PLoS One. 2012;7(10):e47559.

 42. Peeters CMM, Leijs MJC, Reijman M, van Osch 
GJVM, Bos PK.  Safety of intra-articular cell- 
therapy with culture-expanded stem cells in humans: 
a systematic literature review. Osteoarthr Cartil. 
2013;21(10):1465–73.

 43. Mafi R.  Sources of adult mesenchymal stem cells 
applicable for musculoskeletal applications—a 
systematic review of the literature. Open Orthop J. 
2011;5:242.

 44. Berebichez-Fridman R, Gómez-García R, Granados- 
Montiel J, Berebichez-Fastlicht E, Olivos-Meza 
A, Granados J, et  al. The holy grail of orthopedic 
surgery: mesenchymal stem cells—their current 
uses and potential applications. Stem Cells Int. 
2017;2017:2638305.

 45. Pierdomenico L, Bonsi L, Calvitti M, Rondelli 
D, Arpinati M, Chirumbolo G, et  al. Multipotent 
mesenchymal stem cells with immunosuppressive 
activity can be easily isolated from dental pulp. 
Transplantation. 2005;80(6):836–42.

 46. Tondreau T, Meuleman N, Delforge A, Dejeneffe 
M, Leroy R, Massy M, et  al. Mesenchymal stem 
cells derived from CD133-positive cells in mobi-
lized peripheral blood and cord blood: prolifera-
tion, Oct4 expression, and plasticity. Stem Cells. 
2005;23(8):1105–12.

 47. Pipino C, Shangaris P, Resca E, Zia S, Deprest J, 
Sebire NJ, et  al. Placenta as a reservoir of stem 
cells: an underutilized resource? Br Med Bull. 
2013;105(1):43–67.

 48. Jackson WM, Nesti LJ, Tuan RS.  Potential thera-
peutic applications of muscle-derived mesenchymal 
stem and progenitor cells. Expert Opin Biol Ther. 
2010;10(4):505–17.

 49. Vaculik C, Schuster C, Bauer W, Iram N, Pfisterer K, 
Kramer G, et al. Human dermis harbors distinct mes-
enchymal stromal cell subsets. J Invest Dermatol. 
2012;132(3):563–74.

 50. de Mara CS, Sartori AR, Duarte AS, Andrade ALL, 
Pedro MAC, Coimbra IB. Periosteum as a source of 
mesenchymal stem cells: the effects of TGF-β3 on 
chondrogenesis. Clinics. 2011;66(3):487–92.

 51. Dominici M, Le Blanc K, Mueller I, Slaper- 
Cortenbach I, Marini FC, Krause DS, et  al. 
Minimal criteria for defining multipotent mesen-
chymal stromal cells. The International Society for 
Cellular Therapy position statement. Cytotherapy. 
2006;8(4):315–7.

 52. Horwitz EM, Le Blanc K, Dominici M, Mueller I, 
Slaper-Cortenbach I, Marini FC, et al. Clarification 
of the nomenclature for MSC: the International 
Society for Cellular Therapy position statement. 
Cytotherapy. 2005;7(5):393–5.

 53. Jacobs SA, Roobrouck VD, Verfaillie CM, Van Gool 
SW.  Immunological characteristics of human mes-
enchymal stem cells and multipotent adult progeni-
tor cells. Immunol Cell Biol. 2013;91(1):32–9.

 54. Toh WS, Foldager CB, Pei M, Hui JHP. Advances 
in mesenchymal stem cell-based strategies for car-
tilage repair and regeneration. Stem Cell Rev Rep. 
2014;10(5):686–96.

 55. Li JJ, Hosseini-Beheshti E, Grau GE, Zreiqat H, 
Little CB.  Stem cell-derived extracellular ves-
icles for treating joint injury and osteoarthritis. 
Nanomaterials. 2019;9(2):261.

 56. Shabbir A, Zisa D, Suzuki G, Lee T. Heart failure 
therapy mediated by the trophic activities of bone 
marrow mesenchymal stem cells: a noninvasive ther-
apeutic regimen. Am J Physiol Heart Circ Physiol. 
2009;296(6):H1888–97.

 57. Yi T, Song SU.  Immunomodulatory properties of 
mesenchymal stem cells and their therapeutic appli-
cations. Arch Pharm Res. 2012;35(2):213–21.

 58. Cotter EJ, Wang KC, Yanke AB, Chubinskaya 
S.  Bone marrow aspirate concentrate for cartilage 
defects of the knee: from bench to bedside evidence. 
Cartilage. 2018;9(2):161–70.

 59. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang 
JI, Mizuno H, et  al. Human adipose tissue is a 
source of multipotent stem cells. Mol Biol Cell. 
2002;13(12):4279–95.

 60. Pak J, Lee JH, Park KS, Park M, Kang LW, Lee 
SH.  Current use of autologous adipose tissue- 
derived stromal vascular fraction cells for orthopedic 
applications. J Biomed Sci. 2017;24(1):9.

 61. Yokota N, Yamakawa M, Shirata T, Kimura T, 
Kaneshima H.  Clinical results following intra- 
articular injection of adipose-derived stromal vascu-
lar fraction cells in patients with osteoarthritis of the 
knee. Regen Ther. 2017;6:108–12.

 62. Tremolada C, Colombo V, Ventura C. Adipose tis-
sue and mesenchymal stem cells: state of the art and 
Lipogems® technology development. Curr Stem 
Cell Rep. 2016;2(3):304–12.

 63. Baer PC, Geiger H.  Adipose-derived mesenchy-
mal stromal/stem cells: tissue localization, char-
acterization, and heterogeneity. Stem Cells Int. 
2012;2012:812693.

G. Jacob et al.



217

 64. Tsumaki N, Okada M, Yamashita A. iPS cell 
technologies and cartilage regeneration. Bone. 
2015;70:48–54.

 65. Shi Y, Inoue H, Wu JC, Yamanaka S.  Induced plu-
ripotent stem cell technology: a decade of progress. 
Nat Rev Drug Discov. 2017;16(2):115–30.

 66. Pelttari K, Winter A, Steck E, Goetzke K, Hennig T, 
Ochs BG, et al. Premature induction of hypertrophy 
during in vitro chondrogenesis of human mesenchy-
mal stem cells correlates with calcification and vas-
cular invasion after ectopic transplantation in SCID 
mice. Arthritis Rheum. 2006;54(10):3254–66.

 67. Janicki P, Kasten P, Kleinschmidt K, Luginbuehl R, 
Richter W.  Chondrogenic pre-induction of human 
mesenchymal stem cells on β-TCP: enhanced bone 
quality by endochondral heterotopic bone formation. 
Acta Biomater. 2010;6(8):3292–301.

 68. Diederichs S, Richter W.  Induced pluripotent stem 
cells and cartilage regeneration. In: Cartilage. Cham: 
Springer; 2017. p. 73–93.

 69. Dickhut A, Dexheimer V, Martin K, Lauinger R, 
Heisel C, Richter W. Chondrogenesis of human mes-
enchymal stem cells by local transforming growth 
factor-beta delivery in a biphasic resorbable carrier. 
Tissue Eng Part A. 2010;16(2):453–64.

 70. Koyama N, Miura M, Nakao K, Kondo E, Fujii T, 
Taura D, et al. Human induced pluripotent stem cells 
differentiated into chondrogenic lineage via genera-
tion of mesenchymal progenitor cells. Stem Cells 
Dev. 2013;22(1):102–13.

 71. Medvedev SP, Grigor’Eva EV, Shevchenko AI, 
Malakhova AA, Dementyeva EV, Shilov AA, et al. 
Human induced pluripotent stem cells derived from 
fetal neural stem cells successfully undergo directed 
differentiation into cartilage. Stem Cells Dev. 
2011;20(6):1099–112.

 72. Park S, Im G-I. Embryonic stem cells and induced 
pluripotent stem cells for skeletal regeneration. 
Tissue Eng Part B Rev. 2014;20(5):381–91.

 73. Oldershaw RA.  Cell sources for the regeneration 
of articular cartilage: the past, the horizon and the 
future. Int J Exp Pathol. 2012;93(6):389–400.

 74. Yamashita A, Morioka M, Yahara Y, Okada M, 
Kobayashi T, Kuriyama S, et al. Generation of scaf-
foldless hyaline cartilaginous tissue from human 
iPSCs. Stem Cell Rep. 2015;4(3):404–18.

 75. Wu L, Bluguermann C, Kyupelyan L, Latour B, 
Gonzalez S, Shah S, et  al. Human developmental 
chondrogenesis as a basis for engineering chondro-
cytes from pluripotent stem cells. Stem Cell Rep. 
2013;1(6):575–89.

 76. Umeda K, Zhao J, Simmons P, Stanley E, Elefanty 
A, Nakayama N.  Human chondrogenic paraxial 
mesoderm, directed specification and prospec-
tive isolation from pluripotent stem cells. Sci Rep. 
2012;2(1):1–1.

 77. Gore A, Li Z, Fung HL, Young JE, Agarwal S, 
Antosiewicz-Bourget J, et al. Somatic coding muta-
tions in human induced pluripotent stem cells. 
Nature. 2011;471(7336):63–7.

 78. Haase A, Olmer R, Schwanke K, Wunderlich S, 
Merkert S, Hess C, et  al. Generation of induced 
pluripotent stem cells from human cord blood. Cell 
Stem Cell. 2009;5(4):434–41.

 79. Giorgetti A, Montserrat N, Aasen T, Gonzalez F, 
Rodríguez-Pizà I, Vassena R, et  al. Generation of 
induced pluripotent stem cells from human cord 
blood using OCT4 and SOX2. Vol. 5. Cell Stem Cell. 
2009;5(4):353–7.

 80. Turner M, Leslie S, Martin NG, Peschanski M, Rao 
M, Taylor CJ, et  al. Toward the development of a 
global induced pluripotent stem cell library. Cell 
Stem Cell. 2013;13(4):382–4.

 81. Taylor CJ, Peacock S, Chaudhry AN, Bradley JA, 
Bolton EM.  Generating an iPSC bank for HLA- 
matched tissue transplantation based on known 
donor and recipient HLA types. Cell Stem Cell. 
2012;11(2):147–52.

 82. Di Stasi A, Tey SK, Dotti G, Fujita Y, Kennedy- 
Nasser A, Martinez C, et al. Inducible apoptosis as 
a safety switch for adoptive cell therapy. N Engl J 
Med. 2011;365(18):1673–83.

 83. Cheng A, Kapacee Z, Peng J, Lu S, Lucas RJ, 
Hardingham TE, et al. Cartilage repair using human 
embryonic stem cell-derived chondroprogenitors. 
Stem Cells Transl Med. 2014;3(11):1287–94.

 84. Boreström C, Simonsson S, Enochson L, Bigdeli 
N, Brantsing C, Ellerström C, et  al. Footprint-free 
human induced pluripotent stem cells from articu-
lar cartilage with redifferentiation capacity: a first 
step toward a clinical-grade cell source. Stem Cells 
Transl Med. 2014;3(4):433–47.

 85. Villa-Diaz LG, Brown SE, Liu Y, Ross AM, Lahann 
J, Parent JM, et  al. Derivation of mesenchymal 
stem cells from human induced pluripotent stem 
cells cultured on synthetic substrates. Stem Cells. 
2012;30(6):1174–81.

 86. Qu C, Puttonen KA, Lindeberg H, Ruponen M, 
Hovatta O, Koistinaho J, et  al. Chondrogenic 
 differentiation of human pluripotent stem cells in 
chondrocyte co-culture. Int J Biochem Cell Biol. 
2013;45(8):1802–12.

 87. Craft AM, Rockel JS, Nartiss Y, Kandel RA, Alman 
BA, Keller GM.  Generation of articular chon-
drocytes from human pluripotent stem cells. Nat 
Biotechnol. 2015;33(6):638–45.

 88. Chijimatsu R, Ikeya M, Yasui Y, Ikeda Y, Ebina 
K, Moriguchi Y, et  al. Characterization of mesen-
chymal stem cell-like cells derived from human 
iPSCs via neural crest development and their appli-
cation for osteochondral repair. Stem Cells Int. 
2017;2017:1960965.

 89. Nam Y, Rim YA, Jung SM, Ju JH. Cord blood cell- 
derived iPSCs as a new candidate for chondrogenic 
differentiation and cartilage regeneration. Stem Cell 
Res Ther. 2017;8(1):16.

 90. Li Y, Hai Y, Chen J, Liu T. Differentiating chondro-
cytes from peripheral blood-derived human induced 
pluripotent stem cells. J Vis Exp. 2017;125:e55722.

15 The Current Role of Stem Cell Therapy and iPS Cells



218

 91. Li Y, Liu T, Van Halm-Lutterodt N, Chen JY, Su Q, 
Hai Y. Reprogramming of blood cells into induced 
pluripotent stem cells as a new cell source for carti-
lage repair. Stem Cell Res Ther. 2016;7(1):31.

 92. Suchorska WM, Augustyniak E, Richter M, 
Trzeciak T.  Comparison of four protocols to gen-
erate chondrocyte-like cells from human induced 
pluripotent stem cells (hiPSCs). Stem Cell Rev Rep. 
2017;13(2):299–308.

 93. Zhang XB.  Cellular reprogramming of human 
peripheral blood cells. Genomics Proteomics 
Bioinform. 2013;11(5):264–74.

 94. Chahla J, Piuzzi NS, Mitchell JJ, Dean CS, Pascual- 
Garrido C, LaPrade RF, et al. Intra-articular cellular 
therapy for osteoarthritis and focal cartilage defects 
of the knee: a systematic review of the literature 
and study quality analysis. J Bone Joint Surg Am. 
2016;98(18):1511–21.

 95. Kim SH, Ha CW, Park YB, Nam E, Lee JE, Lee 
HJ.  Intra-articular injection of mesenchymal stem 
cells for clinical outcomes and cartilage repair in 
osteoarthritis of the knee: a meta-analysis of ran-
domized controlled trials. Arch Orthop Trauma 
Surg. 2019;139(7):971–80.

 96. Gupta PK, Chullikana A, Rengasamy M, Shetty 
N, Pandey V, Agarwal V, et al. Efficacy and safety 
of adult human bone marrow-derived, cultured, 
pooled, allogeneic mesenchymal stromal cells 
(Stempeucel®): preclinical and clinical trial in 
osteoarthritis of the knee joint. Arthritis Res Ther. 
2016;18(1):301.

 97. Lamo-Espinosa JM, Mora G, Blanco JF, Granero- 
Moltó F, Nuñez-Córdoba JM, Sánchez-Echenique C, 
et al. Intra-articular injection of two different doses 
of autologous bone marrow mesenchymal stem cells 
versus hyaluronic acid in the treatment of knee osteo-
arthritis: multicenter randomized controlled clinical 
trial (phase I/II). J Transl Med. 2016;14(1):246.

 98. Wong KL, Lee KBL, Tai BC, Law P, Lee EH, Hui 
JHP. Injectable cultured bone marrow-derived mes-
enchymal stem cells in varus knees with cartilage 
defects undergoing high tibial osteotomy: a pro-
spective, randomized controlled clinical trial with 2 
years’ follow-up. Arthroscopy. 2013;29(12):2020–8.

 99. Koh YG, Kwon OR, Kim YS, Choi YJ. Comparative 
outcomes of open-wedge high tibial osteotomy with 
platelet-rich plasma alone or in combination with 
mesenchymal stem cell treatment: a prospective 
study. Arthroscopy. 2014;30(11):1453–60.

 100. Ha CW, Park YB, Kim SH, Lee HJ.  Intra-articular 
mesenchymal stem cells in osteoarthritis of the 
knee: a systematic review of clinical outcomes 
and evidence of cartilage repair. Arthroscopy. 
2019;35(1):277–88.

 101. Vega A, Martín-Ferrero MA, Del Canto F, Alberca 
M, García V, Munar A, et  al. Treatment of knee 
osteoarthritis with allogeneic bone marrow mesen-
chymal stem cells: a randomized controlled trial. 
Transplantation. 2015;99(8):1681–90.

 102. Pers Y-M, Rackwitz L, Ferreira R, Pullig O, Delfour 
C, Barry F, et al. Adipose mesenchymal stromal cell- 
based therapy for severe osteoarthritis of the knee: a 
phase I dose-escalation trial. Stem Cells Transl Med. 
2016;5(7):847–56.

 103. Jevotovsky DS, Alfonso AR, Einhorn TA, Chiu 
ES.  Osteoarthritis and stem cell therapy in 
humans: a systematic review. Osteoarthr Cartil. 
2018;26(6):711–29.

 104. Emadedin M, Aghdami N, Taghiyar L, Fazeli R, 
Moghadasali R, Jahangir S, et  al. Intra-articular 
injection of autologous mesenchymal stem cells in 
six patients with knee osteoarthritis. Arch Iran Med. 
2012;15(7):422–8.

 105. Davatchi F, Abdollahi BS, Mohyeddin M, Shahram 
F, Nikbin B. Mesenchymal stem cell therapy for knee 
osteoarthritis. Preliminary report of four patients. Int 
J Rheum Dis. 2011;14(2):211–5.

 106. Jung Y, Bauer G, Nolta JA. Concise review: induced 
pluripotent stem cell-derived mesenchymal stem 
cells: progress toward safe clinical products. Stem 
Cells. 2012;30(1):42–7.

 107. de Peppo GM, Marolt D. Modulating the biochemi-
cal and biophysical culture environment to enhance 
osteogenic differentiation and maturation of human 
pluripotent stem cell-derived mesenchymal progeni-
tors. Stem Cell Res Ther. 2013;4(5):106.

 108. Grässel S, Lorenz J.  Tissue-engineering strate-
gies to repair chondral and osteochondral tissue in 
osteoarthritis: use of mesenchymal stem cells. Curr 
Rheumatol Rep. 2014;16(10):452.

 109. Gigante A, Calcagno S, Cecconi S, Ramazzotti D, 
Manzotti S, Enea D.  Use of collagen scaffold and 
autologous bone marrow concentrate as a one-step 
cartilage repair in the knee: histological results 
of second-look biopsies at 1 year follow-up. Int 
J Immunopathol Pharmacol. 2011;24(1_Suppl 
2):69–72.

 110. Gigante A, Cecconi S, Calcagno S, Busilacchi A, 
Enea D.  Arthroscopic knee cartilage repair with 
 covered microfracture and bone marrow concen-
trate. Arthrosc Tech. 2012;1(2):e175–80.

 111. Gobbi A, Karnatzikos G, Scotti C, Mahajan V, 
Mazzucco L, Grigolo B.  One-step cartilage repair 
with bone marrow aspirate concentrated cells and 
collagen matrix in full-thickness knee cartilage 
lesions: results at 2-year follow-up. Cartilage. 
2011;2(3):286–99.

 112. Gobbi A, Georgios Karnatzikos SRS. One-step sur-
gery with multipotent stem cells for the treatment of 
large full-thickness chondral defects of the knee. Am 
J Sports Med. 2014;42(3):648–57.

 113. Skowroński J, Skowroński R, Rutka M. Large car-
tilage lesions of the knee treated with bone marrow 
concentrate and collagen membrane—results. Ortop 
Traumatol Rehabil. 2013;15(1):69–76.

 114. Kuroda R, Ishida K, Matsumoto T, Akisue T, Fujioka 
H, Mizuno K, et  al. Treatment of a full-thickness 
articular cartilage defect in the femoral condyle of an 

G. Jacob et al.



219

athlete with autologous bone-marrow stromal cells. 
Osteoarthr Cartil. 2007;15(2):226–31.

 115. Enea D, Cecconi S, Calcagno S, Busilacchi A, 
Manzotti S, Kaps C, et  al. Single-stage cartilage 
repair in the knee with microfracture covered with 
a resorbable polymer-based matrix and autologous 
bone marrow concentrate. Knee. 2013;20(6):562–9.

 116. Wakitani S, Nawata M, Tensho K, Okabe T, Machida 
H, Ohgushi H. Repair of articular cartilage defects in 
the patello-femoral joint with autologous bone mar-
row mesenchymal cell transplantation: three case 
reports involving nine defects in five knees. J Tissue 
Eng Regen Med. 2007;1(1):74–9.

 117. Gobbi A, Whyte GP. Long-term clinical outcomes of 
one-stage cartilage repair in the knee with hyaluronic 
acid–based scaffold embedded with mesenchymal 
stem cells sourced from bone marrow aspirate con-
centrate. Am J Sports Med. 2019;47(7):1621–8.

 118. Lam AT, Reuveny S, Oh SK-W. Human mesenchy-
mal stem cell therapy for cartilage repair: Review on 
isolation, expansion, and constructs. Stem Cell Res. 
2020;44:101738.

 119. Ando W, Tateishi K, Katakai D, Hart DA, Higuchi 
C, Nakata K, et al. In vitro generation of a scaffold- 
free tissue-engineered construct (TEC) derived from 
human synovial mesenchymal stem cells: biological 
and mechanical properties and further chondrogenic 
potential. Tissue Eng Part A. 2008;14(12):2041–9.

 120. Shimomura K, Ando W, Moriguchi Y, Sugita N, 
Yasui Y, Koizumi K, et  al. Next generation mes-
enchymal stem cell (MSC)–based cartilage repair 
using scaffold-free tissue engineered constructs 
generated with synovial mesenchymal stem cells. 
Cartilage. 2015;6(2_Suppl):13S–29S.

 121. Shimomura K, Yasui Y, Koizumi K, Chijimatsu R, 
Hart DA, Yonetani Y, et al. First-in-human pilot study 
of implantation of a scaffold-free tissue- engineered 
construct generated from autologous synovial mes-
enchymal stem cells for repair of knee chondral 
lesions. Am J Sports Med. 2018;46(10):2384–93.

 122. Chahla J, Dean CS, Moatshe G, Pascual-Garrido 
C, Serra Cruz R, LaPrade RF.  Concentrated bone 
marrow aspirate for the treatment of chondral 
injuries and osteoarthritis of the knee: a system-
atic review of outcomes. Orthop J Sport Med. 
2016;4(1):2325967115625481.

 123. Sohni A, Verfaillie CM.  Mesenchymal stem cells 
migration homing and tracking. Stem Cells Int. 
2013;2013:130763.

 124. Roato I, Belisario DC, Compagno M, Lena A, 
Bistolfi A, Maccari L, et  al. Concentrated adipose 
tissue infusion for the treatment of knee osteoar-
thritis: clinical and histological observations. Int 
Orthop. 2019;43(1):15–23.

15 The Current Role of Stem Cell Therapy and iPS Cells



221© ISAKOS 2022 
C. Lattermann et al. (eds.), Early Osteoarthritis, https://doi.org/10.1007/978-3-030-79485-9_16

Fat-Derived Stem Cells

Francesca Libonati, Alessandra Colombini, 
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16.1  Mesenchymal Stem Cells: 
New Biological Insights 
to Face Early OA 
Degenerative Environment

Despite the symptomatic treatments available 
based on drugs, proteins, and antibodies, there is 
not any effective therapy that can reverse or slow 
down the progressive degeneration of OA yet. In 
this context, the interest of the scientific commit-
tee is focusing on cell-based therapies, with par-
ticular reference to mesenchymal stromal cells 
(MSCs) and their ability to secrete and release 
bioactive molecules with antiapoptotic, antiscar-
ring, trophic, and immunomodulatory activities 
that indeed could represent a promising tool in 
the treatment of early OA [1].

Inflammation is a feature of early OA and 
might be responsible for the initiation of the 
degenerative cascades that result in long-term 
joint destruction. Infiltration of synovial tissue, 
associated with angiogenesis [2], by immune 
cells, mainly macrophages [3], is crucial in initial 
joint destruction, leading especially to the forma-

tion of the chronic inflammatory microenviron-
ment typical of the initial stages of OA. Therefore, 
inhibiting the proinflammatory mechanisms dur-
ing early OA could represent a promising strat-
egy of new therapies such as cell therapy.

MSCs have been termed as “pericytes” as 
cells belonging to a perivascular niche [4–6] and 
have demonstrated to possess the ability to inter-
act or “crosstalk” with resident cells, thus giving 
a new awareness about their action in response to 
an injury and radically changing the interpreta-
tion of their therapeutic role. The traditional use 
of MSCs as a “cell replacement tool” due to their 
ability to differentiate into chondrocyte-like cells 
has been now enriched by a new vision of MSCs 
as “sensing cells.” They can manage the healing 
process by interacting with resident cells through 
a paracrine action, meant as secretion of bioac-
tive molecules, which stimulates the innate 
potential of the tissue in the repair and modula-
tion of inflammatory and immune reactions [7].

The rationale behind the use of MSCs as ther-
apeutic tool in treating early OA relies on their 
immunomodulatory potential able to promote a 
shift from the OA inflammatory microenviron-
ment toward a proregenerative microenvironment 
and tissue homeostasis.

In fact, MSCs can modulate the function of 
adaptive immune system typical of synovial 
inflammation, inhibiting T cells proliferation, 
suppressing B cells, attracting regulatory T cells, 
and inducing anti-inflammatory factors [8]. 
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Moreover, MSCs promote the transition from 
proinflammatory M1 to anti-inflammatory M2 
macrophage phenotype through an anti- 
inflammatory factor such as prostaglandin E2. 
This secreted prostaglandin by interacting with 
the EP4 receptor present on the surface of stimu-
lated M1 macrophages inhibits their secretion of 
cytokines with a strong proinflammatory atti-
tude, mainly tumor necrosis factor-α (TNF-α) 
and interleukin-1β (IL-1β), and increases the 
expression of anti-inflammatory mediators such 
as IL-10 by M2 macrophages [9]. Consequently, 
these MSC abilities avoid the cartilage degenera-
tion mediated by macrophages in the early OA 
by preventing both the activation of matrix 
degrading enzymes such as matrix metallopro-
teinases (MMPs) and aggrecanases and the inhi-
bition of the synthesis of matrix proteins by 
chondrocytes [2].

MSCs are also immune-evasive since express-
ing low levels of MHC class I molecules and 
completely lacks the expression of the MHC 
class II ones. This feature makes them scarcely 
immunogenic and offers some advantages in 
terms of clinical applications [10] as it is possible 
to use both autologous and allogeneic MSC- 
based therapies [11].

16.2  Features of ASCs: Adipose 
Tissue (Fat) Stem Cells

Given their nature as a subset of pericytes, MSCs 
can be found in all the vascularized tissues.

Rich in vascularization, subcutaneous adipose 
tissue, represents therefore a plentiful source of 
the MSC/pericytes and is recognized as a promis-
ing tool for clinical applications [4, 12–14].

Traditionally, bone marrow has been used as a 
source of MSCs (BMSCs) for clinical use, and 
most of the current MSC literature is about the 
cells of this origin. However, BMSCs constitute 
only a small proportion of the whole bone mar-
row cell population, and their number, together 
with their performances, negatively correlates 
with the age of donors. Moreover, the invasive-
ness of the harvesting procedure has pushed to 
look for alternative sources of MSCs having 

similar features [15]. MSCs have been identified 
in adipose tissue first in 2001, and because of 
their close similarity to BMSCs, they were 
described as an adequate cell pool for regenera-
tive medicine approaches [16]. Adipose tissue is 
generally found in abundant quantity in most of 
the people and can be easily accessed and har-
vested with a less invasive surgical procedure 
without ethical issues [17]. It is constituted pre-
dominantly of mature adipocytes (67.6%), but it 
also contains other cell types such as adipose 
stem cells (ASCs), pericytes, leukocytes, fibro-
blasts, macrophages, and preadipocytes, which 
are embedded in a rich vascular network and 
constitute the “stroma” or “stromal vascular 
fraction” (SVF) [18–21]. The SVF generally acts 
as a reservoir system exerting a hypertrophic and 
hyperplastic action and providing suitable sup-
plements to the growth of the tissue and the dif-
ferentiation of preadipocytes. ASCs represent 
5% of nucleated cells in the SVF, and therefore, 
their frequency within the source tissue is much 
higher than those of from BMSCs that indeed 
represent only 0.01–0.0001% of the whole bone 
marrow cells [22].

Subcutaneous adipose tissue is the most fre-
quent source for regenerative approaches. It is 
located directly beneath the skin and is easily 
accessible and available in high quantity by lipo-
suction, usually performed under local anesthe-
sia. Another source of ASCs is the infrapatellar 
fat pad (Hoffa’s fat pad) that can be accessed dur-
ing knee surgery. Interestingly, ASCs isolated 
from this source show higher in  vitro chondro-
genic differentiation potential in comparison 
with ASCs from subcutaneous [23, 24]. 
Furthermore, the application of this tissue would 
overcome the regulatory hurdles generally 
encountered with the subcutaneous adipose tis-
sue, since it allows a homologous application of 
ASCs. However, given the small amount of 
Hoffa’s pad, its clinical application would neces-
sary require in  vitro expansion to guarantee an 
adequate number of cells.

Regardless of their origin, ASCs possess simi-
lar features to BMSCs such as antiapoptotic, 
immunomodulatory, trophic, angiogenic proper-
ties, and immunophenotypes. Indeed, they both 
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highly express the typical stem cell markers 
CD73, CD90, and CD105 but poorly express the 
hematopoietic markers CD45, CD235a, CD31, 
and HLA-DR [22, 25]. ASCs possess a good dif-
ferentiation potential, with a higher adipogenic 
but lower chondrogenic and osteogenic potential 
with respect to BMSCs [22].

Moreover, given their high proliferation rate, 
ASCs can be easily collected in high quantities 
and banked for future clinical application.

16.3  Fat-Derived Cell Products 
in the Treatment of Early OA

ASCs have been demonstrated to exert both an 
anti-inflammatory and a chondroprotective activ-
ity in several studies regarding OA [10]. The 
immunomodulatory properties of these cells 
occur throughout their direct contact with many 
components of the innate immune system, includ-
ing macrophages, or by the secretion of paracrine 
factors [26]. ASCs exert a strong secretory activ-
ity [27], producing several bioactive molecules 
that possess the ability to deliver protective and 
supportive factors which may reduce apoptosis, 
fibrosis, and inflammation [28], thus contributing 
to the treatment of the early OA.

While isolating in  vitro cultured cells is a 
more traditional way to administer cell therapy, 
more recently, intraoperative solutions not 
involving cell expansion have been proposed as 
one-step approach to match clinical effectiveness 
and feasibility. As for untreated adipose tissue, 
this contains a clinically relevant number of 
ASCs that makes the use of this approach increas-
ingly frequent. Obvious advantages of this 
approach are lower costs as well as a higher 
patients’ compliance.

One-step procedures usually refer to mini-
mally manipulated products that do not require 
substantial tissue and cell processing that may 
alter their original relevant characteristics. Lists 
of substantial manipulations have been provided 
by each country’s regulatory agencies and include 
but are not limited to enzymatic dissociation, 
in vitro expansion, sterilization, irradiation, and 
cryopreservation. In minimally manipulated 

products derived from adipose tissue, SVF is iso-
lated from the rest of the tissue components, usu-
ally through mechanical digestion followed by a 
centrifugation step [29]. Alternatively, adipose 
tissue can be used at the point of care in form of 
microfragmented fat (microfat). In this case, adi-
pose tissue is purified, in some cases washed off 
of blood and oil residual, and resized through the 
use of filters to allow a fat size that allows it to 
pass through an injection needle [30]. The main 
difference between SVF and microfat is that SVF 
is a suspension of different cell populations with-
out the presence of tissue matrix (or just in a very 
limited amount), whereas microfat consists of 
purified and resized adipose tissue, therefore 
keeping the stem cell niches intact. This technical 
and biological difference has not been demon-
strated yet to influence the clinical outcomes 
since no direct comparative studies have been 
carried out so far.

In general, one-step procedures using the 
regenerative potential of adipose tissue, 
although convenient in term of time and cost 
saving, lack in accuracy to select MSC popula-
tion only [31], as well as they do not allow to 
obtain a higher number of proregenerative cells. 
In fact, the number of SVF cells contained in 1 g 
of fat is about 1  ×  105 [32]. Nevertheless, the 
current trend seems to show, supported by the 
encouraging results of the first clinical trials, an 
increase in the use of this approach.

In the following paragraphs, the term ASCs 
will refer to expanded cells, whereas SVF and 
microfat to minimally manipulated cell products 
(Fig. 16.1).

16.3.1  Preclinical Findings

The strong regenerative and immunomodulatory 
properties of ASCs have been assessed in several 
preclinical models of OA [33] in different spe-
cies, such as rabbits [34], dogs [35, 36], goats 
[37], mice [26], horses [38], and rats [39], all 
resembling some of the features of the human 
disease. Beyond the animal species, the studies 
also differ in terms of many other parameters 
(Table 16.1).
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In some cases, OA is induced surgically 
through anterior cruciate ligament transection or 
meniscectomy, in others using chemicals such as 
collagenase [40]. While the first method attempts 
to mimic more closely the OA onset, the latter is 
supposed to be more adequate to study the early 
changes of the tissue and the effects of early ther-
apeutic interventions. However, although timing 
of cell therapy treatment would be a crucial 
aspect to investigate, very often, the animal stud-
ies do not report the stage of the disease, making 
it difficult to provide a correct evaluation of the 
outcomes. Another aspect to consider is the way 
of cell delivery. In preclinical studies, ASCs were 
suspended either in cell culture medium [34], 
phosphate buffered saline solution [39], or ani-
mal serum [26, 41]. In other cases, they were 
combined with platelet-rich plasma (PRP) [42], 
which given its content in growth factors stimu-
lates the proliferation of ASCs and induces dif-
ferentiation toward the chondrogenic lineage 

[37]. In other cases, cells were delivered seeded 
on resorbable scaffolds and 3D constructs [43]. 
In this context, polymeric scaffolds are aimed to 
facilitate the maintenance of the cells at the defect 
site and to provide them a suitable support for 
proliferation and chondrogenic differentiation 
[44]. However, given the clinical features of early 
OA, injective treatments are much more frequent 
that the use of cell-scaffold constructs.

Overall, the preclinical application of fat stem 
cells has proven to be safe in the majority of the 
studies performed: neither local adverse reac-
tions, such as swelling or joint stiffness, nor sys-
temic ones such as changes in weight and 
behavior and in the function of other organs were 
reported [45]. This safety profile was also con-
firmed in case of allogeneic ASCs [39] and xeno-
grafts [37], proving their low immunogenicity.

Another very relevant feature that differs 
among the studies is the use of nonexpanded or 
expanded cells. While the former allows for a 
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heterogeneous cell suspension in the form of 
SVF or microfat that can be applied in the one- 
step procedure, the latter implies in vitro culture 
of ASCs leading to a larger number of homoge-
neous cells. However, this approach requires a 
two-step procedure.

16.3.1.1  Expanded ASCs
Most preclinical studies are about the use of 
expanded ASCs in two-step procedures. The dose 
of injected cells varies between one and seven 
million of cells, based on the animal model and 
anatomic site. Overall, the injection of cells in a 
dose within this range has provided good results. 
However, a study conducted in a rabbit model 
would suggest the use of a lower number of ASCs 
(two millions) rather than a higher dose (six mil-
lions) as a more effective approach in counteract-
ing OA progression [41]. For what concern the 

timing of the treatment, in a murine model of OA, 
the injection of ASCs 7 days after the chemical 
induction of OA inhibits the synovial thickening, 
whereas the injection 14 days after OA induction 
shows no significant protection against synovial 
activation or joint degeneration [26]. About the 
method of action, the local intra-articular injec-
tion of autologous ASCs provided beneficial 
effects and improved the cartilage quality sup-
posedly through their immunomodulatory and 
immunosuppressive activities on the synovial 
microenvironment [45]. They were demonstrated 
to provide a chondroprotective effect, mitigate 
the synovial membrane inflammation by inhibit-
ing the thickening of the lining layer, and reduce 
the expression of TNFα, IL-1β, and MMPs in OA 
animal models [39, 41]. The localization of the 
injected GFP-labeled ASCs within the synovium, 
just below the lining layer in OA knee joints, 

Table 16.1 Preclinical models of OA

References
Animal 
species

OA induction 
type

Experimental 
group Timing

Administration 
method Study design

Jurjens 
[43]

Goat Medial 
parapatellar 
incision

ASCs 
expanded and 
SVF 
non-expanded
Autologous

Same day 
of 
induction

Implantation 
surgery with 
scaffold

ASCs (5 × 105) or SVF 
(5 × 106 total 
cells) + collagen type I/III 
scaffold

Huurne  
[26]

Mouse Chemical with 
collagenase IV

ASCs 
expanded
Autologous

7–5 days 
or 24 h 
after OA 
induction

Intra-articular 
injection

ASCs (2 × 104) + mouse 
serum with mouse albumin 
4%

Toghraie 
[34]

Rabbit ACTL ASCs 
expanded
Allogeneic 
(rabbit)

12 weeks 
from OA 
induction

Intra-articular 
injection

ASCs (1 × 106) + 1 mL 
medium

Desando 
[41]

Rabbit ACTL ASCs 
expanded
Autologous

8 weeks 
from OA 
induction

Intra-articular 
injection

ASCs (2 × 106 or 
6 × 106) + 4% RSA

Mei [39] Rat ACTL ASCs 
expanded
Allogeneic 
(rat)

4 weeks 
from OA 
induction

Intra-articular 
injection

ASCs (1 × 106) + PBS

Ko [37] Goat Medial 
meniscectomy

ASCs 
expanded
Allogeneic 
(human)

9 weeks 
from OA 
induction

Intra-articular 
injection

ASCs (7 × 106) + medium 
(DMEM/F12)

Zeira  [46] Dogs Spontaneous 
OA

Non expanded 
MFAT
Autologous

N.A. Intra-articular 
injection

MFAT 
(0.5–4 mL) + physiological 
solution

ASCs adipose stem cells, ACTL anterior cruciate ligament transection, DMEM/F12 Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12, MFAT microfragmented adipose tissue, N.A. not assessed, OA osteoarthritis, PBS phosphate- 
buffered saline, RSA rabbit serum albumin, SVF stromal vascular fraction
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emphasizes this aspect. The interaction between 
ASCs and macrophages within the intimal layer 
was observed 5 days after the injection, suggest-
ing that the beneficial effects of ASCs on the 
synovium are activated already since the early 
phases of the treatment [26].

16.3.1.2  Nonexpanded (Minimally 
Manipulated) Adipose- 
Derived Cell Products

While the majority of the clinical trials study is 
about one-step procedures involving the use of 
SVF or microfat, most preclinical studies focus 
on the use of expanded ASCs. To the best of our 
knowledge, the literature about the use of SVF or 
microfat in animal studies is very limited. In a 
recent study in dogs with spontaneous osteoar-
thritis, variable quantities of microfat have been 
injected into the joint. Microfragmented adipose 
tissue (μFAT) administration significantly 
improved joint function and reduced pain and 
symptoms, for at least 6 months, with a trend of 
steady increase during time, probably by acting 
through a strong analgesic, anti-inflammatory, 
and trophic activities [46]. Moreover, μFAT 
administration determined the formation of a tis-
sue that certainly displays neither the same 
mechanical properties of normal hyaline carti-
lage nor the same durability. This suggests that 
the reparative action promoted by MSCs is 
mainly not by their differentiation but by their 
long-lasting promotion of a regenerative micro-
environment [46].

Another interesting paper, although focused in 
experimental focal osteochondral defects, com-
pared expanded ASCs with SVFs [43]. The 
authors showed that the cartilage regeneration 
process after SVF injection occurred in 4 months 
compared to 4 weeks when expanded ASCs were 
used. This finding may be due to the initial lower 
number of ASCs delivered in the SVF group 
(1.0 × 105 to 3.6 × 105 ASCs) compared with the 
standardized 5 × 105 cultured in the ASC group. 
Probably, the lack of difference at 4  months 
between the two groups confirms that the hetero-
geneous SVF cell populations can still guide an 
efficient regenerative process through synergistic 
effect [43]. However, further studies are manda-

tory to identify the most reliable animal model to 
standardize the best preclinical methodology for 
using these cells in the early stages of the disease 
and establish the most advantageous between 
one- and two-step methods.

16.4  Clinical Trials

Most of the clinical trials have been conducted in 
knee joint, although there are some few prelimi-
nary results in other joints [47–49]. Regardless of 
the target joint, the substantial differences in 
terms of treatment protocols do not allow us to 
drive straightforward conclusions on the clinical 
efficacy of therapies based on the use of fat- 
derived products for the treatment of early OA 
[50]. Nevertheless, in this paragraph, we will 
attempt to provide some relevant information 
retrieved by the literature that is increasingly rich 
in papers about these joint regeneration 
approaches.

The selection of the ideal candidate for these 
treatments is a critical issue [50]. Often, in fact, 
the studies are carried out in small heterogeneous 
cohorts that include patients presenting both ini-
tial and late stage chondral degeneration. This 
makes it difficult to correlate results to the sever-
ity of the pathology and, thus, to reach strong 
guidelines for early OA patients. Prospective tri-
als on larger cohorts of selected early OA patients 
or with a study design that involves a careful ran-
domization of the disease stage are needed. A 
meta-analysis only including nine randomized 
controlled trials was conducted to assess the ther-
apeutic efficacy of expanded ASCs and BMSCs 
for knee OA at 6-, 12-, and 24-month follow-up 
[51]. The clinical outcomes were evaluated by 
using the most diffused patient-reported outcome 
measures, such as visual analog scale (VAS), 
Western Ontario McMaster Universities 
Osteoarthritis Index (WOMAC), Lysholm knee, 
and Tegner activity scales. ASCs treatment deter-
mined an improvement of VAS and WOMAC 
scores at any follow-up time, with better results 
than those obtained by using BMSCs. 
Nevertheless, all the four phase II studies 
included in this meta-analysis reported on small 
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groups of patients (from 10 to 26) with a 
Kellgren–Lawrence (KL) grade ranging from I–
II to IV [52–55]. Moreover, the treatment proto-
cols were very heterogeneous in terms of cell 
source (subcutaneous adipose tissue and infrapa-
tellar fat pad), number of administered cells or 
procedures, different follow-ups, and concomi-
tant procedures (debridement, PRP, and others).

A systematic review [10] analyzed the results 
of injective mesenchymal stem cell-based treat-
ments for knee osteoarthritis, paying attention to 
avoid studies implying arthroscopic debridement 
not to include a further bias when evaluating the 
clinical efficacy of expanded ASCs and 
SVF. Three of the studies included in the system-
atic analysis about patients with early OA (KL 
I-II) showed the safety and effectiveness of high 
doses of expanded ASC for intra-articular injec-
tion [56–58]. They showed that a dose of 
50–100 × 106 cells was crucial to achieve relevant 
clinical benefits maintained up to 2 years follow-
 up [56–58]. Moreover, it was demonstrated that 
two repeated ASC injections at 3 and 6 weeks, 
followed by an additional one at 48  weeks, 
allowed for significant improvements in terms of 
pain, knee function, and cartilage volume [57, 
58]. Other three studies conducted on a low num-
ber of patients (from 6 to 17) focused on the use 
of SVF or microfat for the treatment of early OA 
[59–61]. SVF alone [60] or combined with PRP 
[59] lead to functional improvement and pain 
relief up to 2 years in early OA patients, whereas 
the use of microfat promoted significant improve-
ments in terms of pain and cartilage quality up to 
1 year [61].

In a retrospective study performed in a larger 
cohort of patients, a direct comparison of intra- 
articular injection of ASCs (42 patients, 59 knees) 
or SVF (38 patients, 69 knees) for the treatment 
of knee OA (KL II-IV) was performed, with par-
ticular attention to the patient’s response to the 
treatment in relation to the baseline KL grade 
[31]. In the ASC group, a more rapid and greater 
improvement in pain and symptoms was showed 
along with a slightly higher proportion of 
responders according to Outcome Measures in 
Rheumatology–Osteoarthritis Research Society 
International (OMERACT-OARSI) criteria. At 

6-month follow-up, in the same group, the pro-
portion of responders was 100% in patients with 
KL II, decreasing as the OA severity increased.

Two studies of the same research group evalu-
ated the efficacy of the use of MSCs derived from 
the Hoffa’s fat pad for the treatment of KL III-IV 
OA [54, 62]. In a group of 18 knee OA patients, 
these expanded cells injected together with PRP 
were effective in reducing pain and improving 
knee function, with positive outcomes related to 
the number of cells injected. Interestingly, the 
results at 2-year follow-up were better than short- 
term ones [62]. In a second study, 25 knee OA 
patients and a matched control group were treated 
with PRP combined with a selected dose of 
MSCs derived from Hoffa’s fat pad or PRP alone, 
respectively. Even in this case, the results showed 
pain reduction and functional improvement in all 
the patients belonging to both groups. The com-
parison with control group showed that, although 
the preoperative functional scores of the study 
group were significantly poorer than those of the 
control group, the clinical results at the last fol-
low- up were not significantly different between 
the groups [54]. However, given these promising 
results obtained in patients with mild to severe 
OA, studies on patients presenting lower grade of 
cartilage degeneration are needed to verify the 
clinical efficacy of the treatment for the early OA 
with MSCs derived from the infrapatellar fat pad.

Overall, the majority of the results reported in 
the literature refer to clinical trials conducted 
using ASCs and identify these cells as promising 
for the treatment of early OA. Specific protocols 
for ASC-based therapy have been tested and veri-
fied in long-term follow-up, and also given the 
paucity of studies about SVF and microfat in OA 
patients, currently, the efficacy of expanded 
ASCs seems to be superior to that of SVF.

16.5  Conclusion

ASCs perfectly respect the ideal criteria that a 
stem cell must possess in order to be used in 
regenerative medicine, thus representing a valid 
alternative to BMSCs for the treatment of carti-
lage lesions. In particular, their regenerative, 
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immunomodulatory, and immunosuppressive 
potential makes them an ideal candidate to treat 
the initial degenerative and inflammatory con-
dition characterizing the early OA stages. 
Indeed, as demonstrated by basic and preclini-
cal studies, ASCs-based therapies have been 
proven to be safe and potentially effective in 
counteracting OA progression, modulating the 
inflammatory microenvironment in the early 
stages of the disease. However, the heterogene-
ity of the preclinical studies negatively influ-
ences the comparison of the results and the 
possibility to draw a solid conclusion about 
their effectiveness.

Clinical trials confirmed the ability of ASCs 
to counteract the early OA and allowed to 
develop specific and effective treatment proto-
cols. Although promising evidence concerning 
the algo-functional improvements after treat-
ments reported in few studies, the clinical effi-
cacy of the use of MSCs derived from the 
infrapatellar fat pad as long as of microfat and 
SVF need to be further confirmed. In particular, 
studies concerning the effectiveness of these 
minimally manipulated biologics would be a 
great boost for intra-articular regenerative medi-
cine as they would allow us to bypass the com-
plex regulatory concerns and costs associated 
with cell expansion.
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Bone Marrow Aspirate 
Concentrate for the Treatment 
of Early Osteoarthritis

Akshaya Srinivasan, Mavis Loberas, 
and James H. Hui

17.1  Introduction

Osteoarthritis (OA) is a chronic degenerative dis-
ease, which affects articular cartilage. The preva-
lence of osteoarthritis ranges from 14% to 18% 
of the adult population aged over 60 years old, of 
which knee OA is the most prevalent, followed 
by hip and hand OA [1, 2]. Current conventional 
treatments for early osteoarthritis include medi-
cations such as nonsteroidal anti-inflammatory 
drugs, steroids, and supplements, which focus on 
managing pain and inflammation. The recent 

advancement to the use of orthobiologics such as 
platelet-rich plasma (PRP), mesenchymal stem 
cells (MSCs), and bone marrow aspirate concen-
trate (BMAC) aims to prevent disease progres-
sion by altering tissue homeostasis. As 
disease-modifying treatments are limited in clini-
cal late-stage osteoarthritis, early intervention 
with biologics such as BMAC can be critical in 
preventing disease progression.

Bone marrow (BM)-derived cells are one of 
the commonly used biologics for the treatment of 
osteoarthritis. Bone marrow MSCs (BM MSCs) 
are a progenitor stem cell population found in the 
bone marrow that appear to be promising for the 
treatment of OA upon intra-articular injection [3, 
4]. They act by three different mechanisms: (a) 
differentiation of MSCs into specific cell lin-
eages, (b) secretion of exosomes and cytokines 
by MSCs to modulate inflammation, cell growth, 
and survival, and (c) direct MSC contact with 
host cells to modulate function [5]. However, 
since they need to be culture expanded before 
implantation, they are more than “minimally 
manipulated” and, as such, subject to regulatory 
approval. The clinical use of BM MSC therapies 
is currently not approved by the Food and Drug 
Administration (FDA) [6]. The use of BMAC is, 
thus, one of the few methods, by which progeni-
tor cells such as BM MSCs can be implanted 
clinically, as it is currently approved by many 
regulatory bodies around the world, including the 
FDA. The processing of BMAC is typically done 

A. Srinivasan · M. Loberas 
Department of Orthopaedic Surgery, Yong Loo Lin 
School of Medicine, National University of 
Singapore, Singapore, Singapore 

NUS Tissue Engineering Programme, Life Sciences 
Institute, National University of Singapore, 
Singapore, Singapore
e-mail: dosaksr@nus.edu.sg; 
mavis.loberas@nus.edu.sg 

J. H. Hui (*) 
Department of Orthopaedic Surgery, Yong Loo Lin 
School of Medicine, National University of 
Singapore, Singapore, Singapore 

NUS Tissue Engineering Programme, Life Sciences 
Institute, National University of Singapore, 
Singapore, Singapore 

University Orthopaedics, Hand and Reconstructive 
Microsurgery Cluster, National University Health 
System, Singapore, Singapore
e-mail: doshuij@nus.edu.sg

17

https://doi.org/10.1007/978-3-030-79485-9_17#DOI
mailto:dosaksr@nus.edu.sg
mailto:mavis.loberas@nus.edu.sg
mailto:mavis.loberas@nus.edu.sg
mailto:doshuij@nus.edu.sg


232

at the point of care in an entirely closed system, 
making it one of the safest and most feasible 
ways to implant bone-marrow-derived progeni-
tors and growth factors.

Autologous BMAC has been used clinically 
in many studies for the treatment of early osteo-
arthritis. In this chapter, we discuss the methods 
and equipment used for the harvest and process-
ing of BMAC, its cellular and growth factor 
components, and possible mechanisms of 
action. We review published clinical studies that 
have applied BMAC for the treatment of early 
osteoarthritis and discuss their findings, includ-
ing the various factors that may affect treatment 
outcomes.

17.2  Harvest and Processing 
of BMAC

Bone marrow aspirate (BMA) is typically har-
vested from the iliac crest, femur, or tibia. The 
posterior iliac crest is the most common aspira-
tion site, as it gives a better yield of BM MSCs 
compared to other sites such as the anterior iliac 
crest, femur, or tibia [7, 8]. However, the percent-
age of BM MSCs in BMA is extremely low, 
between 0.001% and 0.01% [9], and the delivery 
of large volumes of BMA to the treatment site is 
not feasible. The centrifugation of BMA over-
comes this issue by achieving the concentration 
of most cell types and growth factors found in 
BMA into a small volume that can be directly 
implanted. The BMA is typically concentrated at 
the point of care using commercially available 
centrifuges to create BMAC.  Most commercial 
systems utilize density gradient centrifugation to 
isolate and concentrate the mononuclear cell 
(MNC) or total nucleated cell (TNC) fraction 
along with platelets, which is separated from the 
red blood cells (RBCs) and plasma. Nearly all the 
supernatant plasma is then removed, and the total 
nucleated cell fraction and platelets are resus-
pended in the remaining plasma, resulting in a 
concentrated mixture of cells and growth factors 
(Fig.  17.1). A stepwise method for the harvest 
and processing of BMAC is described by Chahla 
et al. [10].

There are multiple commercial systems avail-
able today to achieve the concentration of bone 
marrow aspirate at the point of care. These 
include the Harvest Smart Prep system (Terumo 
BCT), the BioCUE (Zimmer Biomet), the 
Magellan (Isto Biologics), the Angel Bone 
Marrow Processing System (Arthrex), the Pure 
BMC device (Angel Corporation), the ART BMC 
device (Celling Biosciences), and Accelerate 
BMC (Exactech). The technical features and 
quality parameters of many of these point-of-care 
devices are reviewed in [11]. One prospective 
study compared the Harvest, Magellan, and 
BioCUE systems and found that the Harvest sys-
tem achieved a significantly higher number and 
concentration of MSCs, after centrifugation, 
compared to the Biomet and Magellan systems 
[12]. This may indicate that the Harvest system 
achieves more efficient concentration compared 
to the other two systems studied. Another study 
that compared the Biomet, Harvest, and Arthrex 
systems noted that the Harvest system concen-
trated white blood cells (WBCs) more consis-
tently than the Arthrex system. The Harvest 
system recovered the highest percentage of 
colony- forming units (CFU-Fs), indicating 
MSCs, CD34+ hematopoietic stem cells (HSCs), 
and WBCs, while the Biomet system recovered 
the highest percentage of platelets [13]. Thus, it 
seems that BMACs processed in different com-
mercial systems show differences in cellular 
composition, which may lead to differences in 
clinical outcomes. Each system holds an advan-
tage for the concentration of a particular cell 
type, indicating the clinical significance of the 
system used.

Some studies continue to utilize Ficoll–Paque- 
based density gradient centrifugation to isolate 
and concentrate the bone marrow mononuclear 
cell (BM MNC) fraction. This method eliminates 
platelets and granulocytes as well as red blood 
cells, leading to higher concentrations of uncom-
mitted stem cells [14]. However, it has been 
shown that Ficoll–Paque density gradient cen-
trifugation can compromise BM MNC yield [15], 
and that the use of a BMAC device improved 
total nucleated cell (TNC) count to 2.4 times that 
of the Ficoll method [16]. The Ficoll method is 

A. Srinivasan et al.
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Bone Marrow Aspirate Harvesta Density Gradient Centrifugationb

Isolation of MNC/TNC fraction

Ficoll Method Commercial Method

BMAC
BMAC

Plasma and
platelets

Plasma

MNCS
Ficoll

RBCs and
granulocytes

RBCs

TNCs +
Platelets

c Application to OA sited

e f

Fig. 17.1 Harvest, processing, and delivery of bone mar-
row aspirate concentrate (BMAC). (a) Bone marrow aspi-
rate is harvested typically from iliac crest bone, (b) 
undergoes centrifugation either using a commercially 
available BMAC device or a Ficoll–Paque density gradi-

ent procedure to isolate (c) the mononuclear cell (MNC) 
or the total nucleated cell (TNC) fraction, which is then 
(d) applied to the osteoarthritic (OA) site for treatment. 
Images from our clinic showing a patellar cartilage lesion 
(e) before and (f) after application of BMAC treatment

17 Bone Marrow Aspirate Concentrate for the Treatment of Early Osteoarthritis
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also not an entirely closed system unlike many 
commercial BMAC devices. It requires careful 
manual layering of the BMA over the Ficoll solu-
tion, making it investigator dependent, time- 
consuming, and requiring the use of a GMP 
facility.

17.3  BMAC Components 
and Possible Mechanism 
of Action

BMAC contains concentrated cells, including 
platelets, granulocytes, lymphocytes, monocytes, 
progenitor cells, and a small proportion of stem 
cells—MSCs and hematopoietic stem cells 
(HSCs) (Fig. 17.2a). A three- to fourfold increase 
in total nucleated cells was reported after bone 
marrow concentration compared to the same vol-
ume of bone marrow aspirate [16, 17], verifying 
that the systems used did concentrate nucleated 
cells. An increase of MSC concentration in 
BMAC compared to BMA has also been reported, 
with higher CD90+/CD73+/CD271+ MSC popu-
lations [18], and higher colony-forming unit 
(CFU) counts in BMAC [17–19]. MSCs have 
self-renewal capabilities and the ability to differ-
entiate into osteocytes and chondrocytes upon 
implantation, to regenerate injured tissue. They 
also secrete a range of trophic factors, which can 

modulate inflammation, cell growth, and sur-
vival. CD34+ HSCs are also enriched in BMAC, 
making up 1–2% of cells [19, 20]. HSCs can pro-
mote angiogenesis and promote MSC osteogen-
esis [21, 22]. The platelet component of BMAC 
is rich in growth factors, which can aid in stem 
cell migration and provide stem cell adhesion 
sites [23].

BMAC also contains enriched levels of the 
growth factors such as platelet-derived growth 
factor-BB (PDGF-BB), vascular endothelial 
growth factor (VEGF), transforming growth fac-
tor- β1 (TGFβ1), bone morphogenic protein-2 
(BMP2), and basic fibroblast growth factor 
(b-FGF) as well as cytokines such as interleukins 
(IL) IL-18 and IL-1β and the interleukin receptor 
antagonist IL-1ra (Fig. 17.2b). These growth fac-
tors can influence cell behavior upon implanta-
tion and promote MSC differentiation. TGFβ1 is 
known to promote MSC differentiation and chon-
drocyte proliferation [24, 25]. BMP-2 can have a 
synergistic effect along with TGFβ in promoting 
chondrogenesis [26]. PDGF functions to promote 
collagen synthesis and angiogenesis [27] and can 
suppress IL-1β cartilage degradation [28].

The growth factor and cellular components of 
BMAC differs significantly from those contained 
in other orthobiologics such as platelet-rich 
plasma (PRP), which is also commonly used in 
the treatment of OA. The most important distinc-

Cellular Components
Platelets Monocytes Lymphocytes

Granulocytes Stem Cells

Eosinophils Neutrophils

Basophils

MSCs HSCs

Cytokines and Growth Factors

Growth Factors Cytokines

PDGF-AB, AA, BB

TGFβ1, 2

VEGF

bFGF

Activin A

IGF-1

BMP2

EGF

IL-1ra

Il-8

IL-1β

a b

Fig. 17.2 The typical components of BMAC. (a) Cells including platelets, monocytes, lymphocytes, granulocytes, 
mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs). (b) Growth factors and cytokines

A. Srinivasan et al.
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tion is that BMAC contains MSCs, while PRP 
does not have any. While the number of platelets 
was similar in BMAC and PRP, WBCs were 
enriched 11-fold in BMAC compared to PRP 
[17]. BMAC also contained higher levels of 
bFGF than PRP, but similar levels of TGFβ1, 
PDGF-BB, VEGF, and BMP2 [17, 19]. BMAC 
contained higher levels of pro-inflammatory 
cytokines IL-1β and IL-8 than PRP, but also a 
clinically relevant concentration of IL-1ra [17]. 
The presence of IL-1β and IL-8  in BMAC may 
cause an unintended effect of neutrophil migra-
tion and monocyte stimulation at the injection 
site, leading to a more inflammatory phenotype. 
However, this is offset by the high levels of IL-1ra 
found in BMAC, which may lead to an overall 
anti-inflammatory effect via the prevention of 
IL-1 catabolism. Importantly, the ratio of IL-1ra/
IL-1  in the BMAC needs to be considered, and 
this may vary based on the donor and the cen-
trifugation system. When BMAC was processed 
using the Angel Arthrex system, the average 
ratios of IL-1ra/IL-1β were 193.54 at a 2% hema-
tocrit setting and 720.62 at a 15% hematocrit set-
ting, indicating that the BMAC would have 
significant anti-inflammatory effects [29]. 
Advantageously, the presence of other inflamma-
tory cytokines such as tumor necrosis factor- 
alpha (TNF-α), interferon gamma (IFNγ), and 
IL-6 was undetectable in BMAC [17].

17.4  Clinical Outcomes

In this review, our focus is on the use of BMAC 
for the treatment of early stage OA. Studies that 
included only early OA patients or those that 
included patients of all OA severity were 
reviewed and are summarized in Table  17.1. 
Studies that primarily focused on patients with 
severe Kellgren–Lawrence (KL) Scale Grade 3–4 
OA or severe OA were omitted during review. 
The KL scale ranks the severity of knee OA based 
on AP knee radiographs through the identifica-
tion of five hallmark radiological features of OA: 
formation of osteophytes on joint margins or tib-
ial spines, periarticular ossicles associated with 
the distal and proximal interphalangeal joints, 

narrowing of the joint cartilage associated with 
sclerosis of subchondral bone, small pseudocys-
tic areas with sclerotic walls situated usually in 
the subchondral bone, and finally the altered 
shape of the bone ends, in particular, the head of 
the femur [41]. Out of the 12 studies reviewed, 
nine focused on knee OA, one on hip OA, and 
one on both knee and hip OA.  One study by 
Centeno et  al. in 2015 focused on OA and/or 
rotator cuff tears of the shoulder [31]. Here, 
shoulder pathology was assessed through mag-
netic resonance imaging (MRI) and physical 
examinations.

Across the studies listed in the table, there is a 
general trend of improvement in outcome scores 
that mainly pertain to function and pain regard-
less of the method used to assess treatment out-
come. These improvements can be seen as early 
as 1-month post-treatment with BMAC and the 
effect persists in subsequent follow-ups of up to 2 
years [37, 38]. One of these studies compared the 
effect of BMAC alone to exercise therapy, con-
cluding that the injection of BMAC showed more 
benefits [34]. All patients who received exercise 
therapy converted to BMAC injection after 3 
months and showed results that were comparable 
to the initial BMAC injection group.

To note, the time of follow-up post-treatment 
is typical across all studies with the maximum 
data available being a 2-year follow-up. While it 
is evident that the short-term effects of BMAC 
are beneficial, the long-term effects of BMAC 
have yet to be elucidated. Therefore, continuous 
follow-up will be fruitful to determine if a single 
BMAC injection is sufficient in mitigating OA 
progression.

Apart from these measurement outcomes, 
which are reliant on patient response, two sepa-
rate studies have reported MRI scores to objec-
tively quantify the local effect of BMAC on the 
treated knee. Goncars and colleagues utilized the 
Whole Organ MRI Scoring (WORMS) method to 
determine the degree of abnormality within the 
affected region [35]. Of the 14 different features 
measured by WORMS, 3 were identified to have 
a significant improvement. These features are 
articular cartilage integrity, bone marrow abnor-
mality and synovitis, all of which demonstrated-

17 Bone Marrow Aspirate Concentrate for the Treatment of Early Osteoarthritis
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vdecreases in abnormalities after 6 months of 
treatment. Compared to the rest of the clinical 
studies we have identified, only the MNC frac-
tion of BMAC was used in Goncars’ study. The 
absence of other factors normally present within 
BMAC may alter treatment outcomes, indicating 
that the improvements seen in WORMS were due 
solely to the MNCs.

In contrast, Shapiro et al. used quantitative T2 
MRI mapping to determine the regenerative 
capacity of BMAC in bilateral knee OA [39]. 
Each patient in the study received a BMAC injec-
tion to one knee and saline to the other, allowing 
the saline-injected knee to act as a placebo con-
trol. While the same short-term benefits of 
BMAC were evident, no significant changes that 
indicated cartilage regeneration due to BMAC 
were seen a year post-treatment. This led to the 
conclusion by the authors that BMAC failed to 
show regenerative potential as results were simi-
lar to the saline-injected knees. Interestingly, 
patients in the study reported improvements in 
the placebo knee, which may be indicative of the 
systemic effect of the MSCs originally injected to 
the treated knee or instead might be indicative of 
a placebo effect [40].

Of the 13 studies that have been listed in 
Table  17.1, 3 have reported the need for total 
knee or hip arthroplasty (TKA or THA) after 
BMAC injection. Patients receiving these inter-
ventions were those that did not respond posi-
tively to BMAC and typically had higher severity 
of OA compared to the rest of the group. 
Nevertheless, the need for knee or hip replace-
ment makes up a minority in each study. In 
Centeno’s 2018 study, before receiving BMAC 
treatment, 52% of the patients were candidates 
for TKA as they had KL Grade III OA. However, 
only 3 of the 48 patients received TKA during the 
follow-up period [34], perhaps indicating the 
success of the BMAC intervention. Rodriguez- 
Fontan reported that while 7 of the 19 patients in 
the study were unsatisfied with BMAC, only 2 
received THA after 8 months post-treatment [38]. 
Of note, one of these patients was 65 and had pre- 
existing comorbidities such as diabetes, obesity, 
and osteoporosis, which would have contributed 
to the need for THA. Finally, in Kim’s study, 22 

of the 75 knees treated showed unfavorable 
results, but only four of these knees underwent 
additional interventions such as TKA, high tibial 
osteotomy, and unicondylar knee arthroplasty 
[36]. However, the medical history was not indi-
cated for most patients that received these addi-
tional treatments, so it is unknown what the 
patient’s OA severity was and what other con-
founding conditions they might have had. As the 
time of follow-up across all these studies is only 
available for up to 2 years, long-term data on the 
number of patients requiring TKA after early- 
stage BMAC treatment are needed to better 
determine the long-term efficacy of BMAC.

The severity of OA at the time of therapy 
could possibly be an important predictor of clini-
cal outcomes. In one study by Centeno et al. in 
2014, it was found that patients with lower OA 
severity (KL Grade 2) were significantly more 
likely (2.2 times) to report ≥50% improvement 
on the subjective reported outcome scale than KL 
Grade 3 patients [30]. However, this correlation 
did not extend to other outcomes such as the 
lower extremity functional questionnaire (LEFS) 
or the numeric pain scale (NPS). Similarly, Kim 
et  al. reported that as KL grade increased, the 
response to BMAC injection was poorer, imply-
ing that patients with early OA benefitted greatly 
to the treatment compared to more severe OA 
[36]. Unlike the studies that we have listed in 
Table  17.1, the study by Kim and colleagues 
included additional treatment of PRP post- 
injection of up to 4 weeks for patients that experi-
ence pain and swelling at the joint site. This may 
lead to confounding effects of the initial treat-
ment, masking the true effect of BMAC. Contrary 
to these studies, Oliver et  al. showed that the 
severity of OA did not affect treatment outcomes, 
reporting that Visual Analog Scale (VAS), 
Western Ontario and McMaster Universities 
Arthritis Index (WOMAC) pain, and WOMAC 
stiffness scores across KL Grades 2–4 showed 
similar improvements [29, 37].

Age may also be another important predictor 
of clinical outcomes. In 2014, Centeno et  al. 
conducted a separate study on the efficacy of 
BMAC on hip OA.  They found that patients 
younger than 55 years old were likely to answer 

17 Bone Marrow Aspirate Concentrate for the Treatment of Early Osteoarthritis
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more favorably on the numeric pain scale (NPS) 
and Oxford Hip Scores (OHS) [31]. However, 
age did not have a strong correlation with posi-
tive treatment outcome. When grouping patients 
by age, Kim and colleagues found that older 
patients showed marginally inferior scores but 
were still statistically insignificant [36]. Thus, 
more investigation needs to be done to determine 
the effect of age on BMAC treatment efficacy. 
Moreover, other predictors such as gender and 
BMI were shown not to significantly affect out-
come scores [29, 31–33].

Such variations in reporting especially with 
regard to whether KL grade correlates with favor-
able outcomes may suggest various possibilities. 
The method in which BMAC was processed and 
prepared to produce the final injectate may lead 
to differences in cellular composition that ulti-
mately affect treatment outcomes. Another factor 
that is glaring across all the studies identified in 
Table 17.1 is the different measurement outcomes 
used to assess OA progression, leading to the 
inconsistencies across various studies. 
Furthermore, the follow-up surveys that are con-
ducted in most studies are self-assessments by 
the patients. As these tests are subjective in 
nature, the response to and perception of these 
assessments, along with the degree of treatment 
satisfaction measured, will vary from patient to 
patient.

17.5  Perspectives

17.5.1  Augmentation of BMAC 
with Additional Factors

The combinatorial delivery of BMAC along with 
additional factors that could possibly enhance the 
therapeutic effects of BMAC has been trialled. In 
four studies, BMAC was injected along with PRP 
and platelet lysate (PL) [30, 32–34], while in one 
study, platelet-poor plasma was used [40]. In 
vitro, when added to culture medium, both PL 
and PRP improve MSC proliferation [42, 43] and 
differentiation into chondrocytes [43, 44]. Thus, 
they may improve the activity of MSCs when 
injected along with BMAC. Four studies reported 

the addition of adipose tissue (in the form of 
lipoaspirate) to the BMAC before injection. In 
one report, the addition of an adipose graft to 
BMAC did not produce any detectible benefits 
over the use of BMAC alone, upon intra-articular 
injection [30]. Other studies injected BMAC 
along with a few milliliters of lipoaspirate into 
involved soft tissue structures to utilize the inher-
ent scaffolding properties of adipose tissue [29, 
37]. However, as no control arm (BMAC without 
lipoaspirate) was included in these studies, the 
additional beneficial effects of lipoaspirate are 
unknown. Overall, it is undetermined whether the 
beneficial effects reported in these studies are due 
to the BMAC, the adjuvant factors, or a synergis-
tic effect of the two. In the absence of further 
studies with appropriate controls, the optimal 
method to augment BMAC therapy remains 
undetermined.

17.5.2  Allogeneic or 
Autologous BMAC

All the studies reviewed in this chapter 
(Table 17.1) used autologous BMAC. While the 
use of autologous BMAC has obvious advan-
tages due to the lack of immune response, it may 
not be as effective in older patients. The number 
of stem cells present in BMA and their efficacy is 
significantly lower in older patients than younger 
ones [45]. The use of allogeneic BMAC from 
younger patients may result in greater efficacy; 
however, there is currently a lack of studies uti-
lizing allogeneic BMAC. This may be due to the 
potential safety concerns of graft versus host dis-
ease or secondary infection from the donor [46]. 
Until these concerns can be appropriately 
addressed, autologous BMAC may be the only 
suitable option for treatment as its benefits out-
weigh the risks that come with allogeneic BMAC.

17.5.3  Cellular Composition

The method of BMAC processing has a signifi-
cant impact on the cellular composition of the 
BMAC (Fig.  17.1c). In two of the studies 
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reviewed, Ficoll–Paque density gradient centrifu-
gation was used to concentrate BMA [14, 35]. 
Thus, in these studies, BMAC only contained the 
MNC fraction. In five studies by Centeno et al., 
the method of density gradient centrifugation 
(whether Ficoll–Paque or commercial device) 
was not mentioned. However, in these studies, 
BMAC was combined with PRP/PL before 
 injection, introducing platelets, plasma, and 
growth factors. In the other five studies that used 
a commercial BMAC device, the BMAC included 
the TNC fraction, platelets, and a small amount 
of plasma. Varying efficacies of BMAC in these 
groups that used different methods could be due 
to the differences in cellular composition due to 
the BMAC processing method used and combi-
nation with other biologics.

17.5.4  Dosage

The amount of BMAC that was finally injected 
ranged from 1 to 12 mL in the studies reviewed 
(Table 17.1). However, only 4 of the 12 studies 
reviewed analyzed the cellular concentration of 
the BMAC product. It is probable that patient 
characteristics and the method of BMAC pro-
cessing would have a significant effect on cellular 
concentration within a given amount of 
BMAC. Thus, it is difficult to compare dosages 
in different studies if the cellular concentration is 
not specified, even if the injection volumes were 
similar. The age of the patient may also affect the 
minimal effective dose of autologous BMAC. In 
older patients, larger volumes of BMA may need 
to be aspirated in order to achieve a similar stem 
cell yield as younger patients.

In one study where patients received either a 
low dose (<4  ×  108 nucleated cells) or a high 
dose (>4  ×  108 nucleated cells), both groups 
reported significant improvements in pain and 
function of the osteoarthritic knee joint. The 
only significantly improved outcome in the high 
cell dose group was a reported lower post-treat-
ment pain scale value [32]. Although there were 
no differences in functional outcomes, the 
improved pain relief with a higher cell dose is 
an important finding. Another study that 

involved the injection of only BM MNCs used 
an average cell dose of 45.56 ± 34.94 × 106 cells 
[35], which was effective in causing a signifi-
cant improvement in Knee Injury and 
Osteoarthritis Outcome Score and WORMS 
scores after 6- and 12-month follow-ups.

Two studies estimated the number of MSCs 
injected—while one study injected a median of 
4.4  ×  106 HSCs and 3.4  ×  104 MSCs (out of 
8  ×  107 total MNCs) [40], another estimated 
2.4 × 105 adult stem cells and 1.8 × 109 MNCs 
were implanted when using a mixture of BMAC 
and adipose tissue [36]. These reported numbers 
of MSCs are far lower than the dosage of culture- 
expanded MSCs that appears to be effective for 
OA treatment [4]. This is expected, as other 
reports have noted that the amount of MSCs 
implanted using BMAC is several magnitudes 
lower than if culture-expanded MSCs are used 
[32, 47]. However, the presence of other cell 
types and concentrated growth factors in BMAC 
may lead to a combinatorial effect in the manage-
ment of pain and inflammation, as well tissue 
regrowth. Overall, the dose of MNCs or TNCs 
required to achieve an effective clinical outcome 
for the treatment of OA is still unresolved.

More cell dose response studies are required 
in order to elucidate the appropriate BMAC dos-
age for the maximization of clinical outcomes. 
Future clinical studies should quantify cellular 
concentration in the BMAC before implantation. 
Understandably, there are difficulties in enumer-
ating MSC numbers in BMAC by counting 
CFU-Fs or using flow cytometry, as these meth-
ods can be time consuming and require dedicated 
technical staff and equipment. However, the enu-
meration of nucleated cells within the BMAC 
using either a hematology analyzer or hemocy-
tometer is both quick and feasible in a regular 
clinical setting.

17.5.5  Safety and Limitations 
of the BMAC Technique

Most of the clinical studies reviewed 
(Table 17.1) did not report any serious adverse 
effects after BMAC treatment. However, com-
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mon minor adverse effects included short-term 
pain at the site of bone marrow harvest and 
transient swelling and pain at the site of injec-
tion up to 7-day post-injection. Centeno et  al. 
reported 6% adverse events in the BMAC group 
(including two severe events) and 8.9% adverse 
effects in the BMAC + adipose graft group 
(including one severe event) [30]. However, 
they did not define what qualified as a severe 
adverse event. Overall, BMAC treatment 
appears to be a generally safe procedure, with 
few serious adverse events reported.

The invasive harvesting of autologous bone 
marrow aspirate from the iliac crest is a signifi-
cant disadvantage of the BMAC technique, which 
can lead to pain at the harvest site. The presence 
of white blood cells such as monocytes and neu-
trophils in BMAC can cause the increased secre-
tion of pro-inflammatory cytokines such as IL-1β 
and IL-8 [17], promoting inflammation at the 
injection site. However, the presence of IL-1β 
and IL-8 is offset by the high levels of IL-1ra 
found in BMAC, which may lead to an overall 
anti-inflammatory effect.

17.6  Conclusions

BMAC is one of the emerging orthobiologics that 
have shown promise for the treatment of early 
osteoarthritis. Several studies have evaluated 
BMAC as a treatment for OA, and it was found to 
be a generally safe treatment. Many studies have 
reported the reduction of pain and improved joint 
function after BMAC treatment. However, the 
regenerative effects of BMAC are still unre-
solved, and the varying efficacies of BMAC ther-
apies reported indicate the need for the 
standardization of processing technique and dos-
age applied. The lack of information on cellular 
composition and concentration in many clinical 
studies makes it difficult to compare across stud-
ies and determine the true efficacy of BMAC, 
especially with regard to the minimum effective 
dose. Overall, longer term follow-up studies are 
required to determine the exact effects of BMAC 
treatment on disease progression.
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The Role of Alignment Correction 
With and Without Chondral Repair

Osama Aweid, Lachlan Batty, 
and Alan M. J. Getgood

18.1  Introduction

Focal osteochondral defects of the knee are 
common. In a study of over 30,000 arthrosco-
pies, 5% of patients under the age of 40 were 
reported to have a grade IV lesion [1]. These 
defects can be responsible for progressive pain 
and disability and pose a treatment challenge in 
young, active patients, where arthroplasty 
options are inappropriate. Advancements in car-
tilage restoration procedures have expanded the 
orthopaedic surgeon’s armamentarium in treat-
ing young patients with knee pain and joint sur-
face defects by offering a more biologic solution. 
Concomitant surgeries such as realignment pro-
cedures which optimize the biomechanics are 
also important treatment tools and can synergis-
tically influence the clinical outcome of carti-
lage restoration.

This chapter will review the association of 
coronal plane alignment, load distribution and 
cartilage health and describe the clinical indica-
tions for alignment correction as well as our 
preferred surgical techniques. It will review the 
current studies on outcomes of alignment cor-
rection with and without chondral repair as well 
as provide a treatment algorithm for patients 

presenting with early unicompartmental knee 
chondral pathology with concurrent coronal 
malalignment.

18.2  The Association of Load 
and Cartilage Health

18.2.1  Cartilage Strain and Activity

Articular cartilage (AC) is composed of individ-
ual chondrocytes bound together by an extracel-
lular matrix (ECM). Its function is to support and 
distribute weight-bearing forces in diarthrodial 
joints and to reduce friction by providing a 
smooth lubricated surface. Nonetheless, AC has 
poor healing potential and is prone to both acute 
injury and degenerative conditions. This may be 
exacerbated by excessive load or maldistribution 
of load within the joint.

Magnetic resonance imaging in combination 
with high-speed dual-fluoroscopy has been used 
to characterise cartilage deformation during or 
after various activities. The results show that car-
tilage strains are influenced by activity type and 
location within the joint. A literature review by 
Sanchez-Adams et al. [2] has shown that during 
normal activities, diurnal strains range from 0% 
to 10%, post-activity strains range from 5% to 
15%, and dynamic strains during activity, such as 
a short bout of running, range from 15% to 35% 
with greater strains seen on the medial side of the 
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joint (Fig.  18.1). Higher strain magnitudes of 
50–70% can cause cartilage injury, whereas lev-
els above 70% eventually induce cell death via 
necrosis and apoptosis.

18.2.2  Changes in Chondrocyte 
Function in Response 
to Loading

Mechanical loading of AC modulates chondro-
cyte behaviour through mechanotransduction, a 
process where cells convert a mechanical stimu-
lus to electrochemical activity. This initially 
involves matrix and cell deformation due to 
mechanical load. This causes hydrostatic and 
osmotic pressure changes, altered matrix water 
content and changes in ion concentration. These 
changes are detected by osmomechanosensitive 
ion channels on the chondrocyte cell surface such 
as Transient receptor potential vanilloid 4 
(TRPV4).

Physiologic dynamic strain of AC (15–35%) 
results in TRPV4-mediated Ca2+ signalling, 
which decreases expression of catabolic and pro-
inflammatory genes and enhances synthesis of 
ECM components such as proteoglycans, colla-
gens and cartilage oligomeric matrix protein 

(COMP) [3]. Higher strain magnitudes above 
physiological levels leads to direct cellular dam-
age as well as pathologic loss of ECM constitu-
ents through the enhancement of catabolic 
enzymes, such as matrix metalloproteinases 
(MMPs) and aggrecanases [4]. Similarly, the 
absence of normal joint loading also leads to the 
inhibition of ECM synthesis. Animal models 
have shown that unloaded passive movements 
result in cartilage atrophy caused by increased 
MMPs and A Disintegrin and Metalloproteinase 
with Thrombospondin motifs [5]. The result is 
thinner and softer AC, which, in turn, is more 
susceptible to trauma and degenerative changes. 
These findings may explain the association of 
osteoarthritis (OA) with a more sedentary life-
style and the lower occurrence of OA in recre-
ational runners [6].

Natoli et al. [7] conducted an in vitro study to 
assess the more long-term impacts of impact 
loading on AC health. The results showed that 
cell death increased and tissue stiffness decreased 
24 h following high impact, which persisted at 1 
and 4  weeks. These findings suggest that an 
ongoing degenerative process is initiated follow-
ing high impact loading and point to possible 
pathways to prevent or reverse AC loss, as dis-
cussed below.

Sedentary
physiology

Exercise
physiology

Damage
physiology

Cartilage Strain +

0-10% 5-15%

15-35%

50-70%

70-90%

Diurnal Post-activity Dynamic Injurious Cell-death

24h

Fig. 18.1 Diurnal, 
post-activity, dynamic 
during activity, and 
damage inducing 
cartilage strains
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18.3  Biomechanics of Gait 
and Coronal Plane 
Alignment

Due to the relationship between dynamic joint 
loading and cartilage health, epidemiological 
studies have demonstrated the importance of the 
knee adduction moment (KAM) in the pathogen-
esis of knee chondral disease. The KAM is a reli-
able indirect measure of medial knee load during 
walking and is calculated as the product of the 
ground reaction force (GRF) in the frontal plane 
and the perpendicular distance from the GRF to 
the knee joint centre of rotation, called the frontal 
plane lever arm [8] (Fig. 18.2).

In a systematic review by Foroughi et al. [9], 
the KAM was found to be higher in those with 
more severe OA than in those with less severe 
disease. Increased KAM was also related to 
increased knee pain and radiographic OA sever-
ity as well as faster OA progression. The latter is 

likely a consequence of the progressive increase 
in magnitude of KAM that results from worsen-
ing joint malalignment and laxity secondary to 
morphological changes in the affected compart-
ment such as medial articular cartilage loss 
(Fig. 18.3).

To prevent the progression of AC loss and 
medial knee symptoms, various interventions 
have focussed on reducing the abnormal gait- 
related mechanical stresses on the knee joint 
resulting from an increased KAM.  These treat-
ments aim to manipulate either the GRF and or 
the lever arm that produces KAM. Conservative 
measures include weight loss and strengthening 
of the muscles around the knee. Gait retraining 
can also be effective and includes walking with 
an increased external and internal foot progres-
sion angle [10]. Surgically, valgus producing 
realignment osteotomy is a robust method of 
manipulating the lever arm and can be a powerful 
tool in reducing KAM (Fig. 18.2).

Ground Reaction
Force

Fronatal Plane
Lever Arm

Knee Adduction
Moment

Ground Reaction
Force

Frontal Plane
Lever Arm

Knee Adduction
Moment

Fig. 18.2 The knee 
adduction moment 
during walking. This is 
higher in the presence of 
varus (left) versus valgus 
(right) alignment
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18.4  Realignment Osteotomy

18.4.1  Indications

In the context of knee pathology, osteotomy can 
be performed above or below the joint with open-
ing or closing wedges most commonly per-
formed, although many other types have been 
described. Originally described by Jackson and 
Waugh [11], the lateral closing wedge HTO was 
later popularized by Coventry [12]. These proce-
dures subsequently fell out of favour for advanced 
degenerative disease with the advent of modern 
arthroplasty. However, there has been renewed 
interest in osteotomy with the development of 
joint preservation techniques, including cartilage 
regenerative procedures and meniscus allograft 
transplantation. Medial compartment overload in 
the presence of genu varum is the most common 
clinical scenario, where HTO is particularly 
attractive in the treatment of young, healthy 
patients who hope to maintain activity levels and 
postpone the need for joint arthroplasty. Our pre-
ferred surgical technique in this setting is the 
medial opening high tibial wedge osteotomy. 
Relative contraindications include individuals 
with severe medial compartment AC loss/

advanced osteoarthritis, tricompartmental arthro-
sis, markedly decreased range of motion (ROM) 
and those aged >65 years [13].

18.4.2  Medial Opening High Tibial 
Wedge Osteotomy

Long-leg standing, weight-bearing radiographs 
are obtained pre-operatively for all patients 
undergoing a medial opening wedge HTO.  We 
commonly plan the osteotomy size using a modi-
fication of the technique described by Dugdale 
[14] (Fig.  18.4). This involves drawing a line 
from the centre of the femoral head to and 
through the desired weight-bearing point of the 
knee (Line 1). This point lies slightly lateral to 
the tip of the lateral tibial spine. A second line is 
then drawn from this point to the centre of the 
tibiotalar joint (Line 2). Next, the intended oste-
otomy line is drawn from the medial cortex, 
around 4  cm below the joint line, to the lateral 
cortex towards the tip of the fibular head (Line 3). 
Line 2 is then extended superiorly to a length 
equal to the osteotomy line. Finally, the perpen-
dicular distance from the superior extent of line 2 
to Line 1 is measured to give the size of the oste-
otomy opening (line 4).

A knee arthroscopy can be performed on 
selected cases initially to assess associated chon-
dral or meniscal pathologies. Following this, a 
medial approach to the proximal tibia is utilized 
whereby the superficial MCL is elevated with a 
Cobb elevator and cautery used to open up the 
anterior interval, and then the posterior recess in 
front of popliteus. The Cobb elevator is used 
again to elevate the muscle belly of popliteus off 
the posterior proximal tibia. With protective ante-
rior and posterior retractors in place, a tibial 
guide pin is subsequently inserted in line with the 
planned osteotomy and the osteotomy completed 
with an oscillating saw and osteotomes. A spread-
ing osteotome followed by a triangular wedge are 
introduced into the osteotomy and distraction 
performed to the templated width. A Tomofix 
plate (Depuy Synthes, Raynham, MA) is then 
applied to allow early weight-bearing as tolerated 
at 2 weeks post-operatively. Summary 

Increase in 
AC loss

Decrease in 
medial 

proximal 
tibial articular 

angle

Increase in 
adduction of 

tibia

Increase in 
adduction 
moment

Fig. 18.3 Progressive increase in the magnitude of the 
knee adduction moment that results from continued 
medial articular cartilage loss
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Intraoperative of the procedure is presented in 
Fig. 18.5.

Having restored a near neutral or slight valgus 
mechanical alignment, dynamic loading of the 
damaged cartilage is reduced through a lowering 
of the frontal plane the lever arm that produces 
KAM (Fig. 18.2). Based on the studies relating 
load to AC health presented earlier, offloading 
the damaged cartilage should theoretically create 
a more suitable environment for the healing of 
medial compartment cartilage repair procedures. 
Our preference is to perform AC repair where 
indicated by extending the anteromedial skin 
incision and create an anteromedial arthrotomy 
to expose the medial femoral condyle (MFC), as 
shown in Fig. 18.6. Here, a 10-mm osteochondral 
autograft transfer (OAT) plug was taken from the 
non-weight-bearing part of the medial trochlea 
and successfully transplanted into an osteochon-

dral defect over the medial femoral condyle. The 
remaining small defects were then drilled with a 
2.4-mm pin to encourage bleeding and subse-
quent peripheral fibrocartilaginous healing.

18.4.3  Medial Closing Wedge Distal 
Femoral Osteotomy

To offload the lateral compartment of the knee, 
we typically employ a medial closing wedge dis-
tal femoral osteotomy (DFO). Templating is 
again performed using the Dugdale method; 
however, the tendency to overcorrect with a DFO 
should be noted given the more proximal position 
of the osteotomy; therefore, the angular change is 
effective over a longer distance compared to 
HTO. Arthroscopy can be performed initially if 
indicated. Following this, a medial sub-vastus 

Fig. 18.4 Preoperative 
HTO templating using 
long-leg standing, 
weight-bearing 
radiographs. The 
osteotomy line [3] is 
drawn around 5 mm 
short of the lateral tibial 
cortex
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approach to the distal femur is used with eleva-
tion of the vastus medialis and the extensor 
mechanism. The femoral artery is in the proximal 
region of the approach (approximately 15  cm 
from the joint line) and care should be taken. Two 
converging guidewires are placed from the supra-
condylar region of the distal femur meeting at the 
desired hinge point (Fig. 18.7). If the guidewires 
are equidistant in length to the hinge point, there 
will be no cortical step off when the osteotomy is 
closed. The distance between the wires at the 
medial cortex corresponds to the pre-operative 
templating. We routinely use a biplane osteotomy 
with the addition of a coronal cut posterior to the 
trochlea to avoid intra articular extension. This 
cut also helps control rotation when the osteot-
omy is closed. With protective anterior and poste-
rior retractors, the osteotomy is completed with 
an oscillating saw and osteotomes to remove the 
desired wedge. The lateral cortex hinge can be 

drilled with a K wire (controlled osteoclasis) to 
encourage plastic deformation and/or a wire 
placed across the hinge to reduce risk of fracture. 
The osteotomy is gently closed with manipula-
tion of the leg. A pre-contoured locking plate is 
applied to allow for immediate weight bearing.

18.5  Clinical Outcomes 
of Realignment Osteotomy 
With and Without Chondral 
Repair

18.5.1  Osteotomy in Isolation

Surgery-induced reductions in KAM have been 
associated with improved clinical outcomes in 
the varus knee. Birmingham et al. prospectively 
evaluated Knee injury and Osteoarthritis 
Outcome Scores (KOOS) at 5-year post-op in 

a b c

d e f

Fig. 18.5 (a, b) Medial opening wedge HTO approach. (c) Guide pin insertion in line with planned osteotomy (d, e) 
Spreading osteotome and plate application. (f) Final image intensifier image.
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170 HTO patients and found that patients with 
reductions in knee adduction moment of 1.14–
1.74% had highest 5-year KOOS scores [15]. In 
terms of survivorship (absence of conversion 
TKR), studies have reported between 30% [16] 
and 85% [17] at 20 years. The absence of conver-
sion to TKR, however, is a crude measure as to 
the success of HTO and may not be reflective of 
symptomatology or patient-reported outcome 
measures.

Whilst the importance of alignment in chon-
dral surgery has been established, the addition of 
chondral surgery to augment HTO remains con-
troversial. Second look arthroscopic studies and 
MRI studies have demonstrated that chondral 
regeneration can occur after HTO in the absence 
of associated chondral interventions. Parker et al. 
noted a positive change in delayed gadolinium- 
enhanced magnetic resonance imaging of carti-

lage in the medial compartment of ten patients 
undergoing medial opening wedge HTO [18]. 
Jung et  al. [19] assessed clinical outcomes and 
graded cartilage regeneration at a second-look 
arthroscopy in 159 knees at a mean of 2 years 
after medial opening wedge HTO. Some degree 
of fibrocartilage regeneration was seen on the 
medial femoral condyle in 92% of knees and in 
the medial tibial plateau in 69%. The authors 
concluded that cartilage of the medial femoral 
condyle and medial tibial plateau could be par-
tially or entirely covered by newly regenerated 
cartilage at 2 years after adequate correction of 
varus deformity without cartilage regeneration 
strategies.

18.5.2  Non-Comparative Series 
of Osteotomy in Combination 
With Cartilage Surgery

Favourable results of HTO combined with micro-
fracture [20], microfracture and abrasion therapy 
[21], autologous chondrocyte implantation (ACI) 
[22] and osteochondral allograft transplantation 
[23] have been demonstrated; however, the 
absence of a control group makes it difficult to 
interpret the effect of either treatment in isolation 
or establish if there is a cumulative or synergistic 
relationship. A 2017 systematic review by 
Kahlenberg et  al. [24] reported on medium to 
long-term outcomes after cartilage restoration 
procedures performed with a concomitant 
HTO. The authors identified 18 eligible studies 
reporting on 839 knees. The most common carti-
lage preservation techniques included microfrac-
ture (22.2%), microfracture plus chondral 
abrasion or debridement (16.7%) and ACI 
(16.7%). Medial opening wedge HTO was per-
formed in 83.3% of cases. Eleven studies reported 
on survivorship of 539 knees with a 6.8% conver-
sion to knee arthroplasty at a mean follow-up of 
6.2  years. Heterogeneous patient-reported out-
come measures used across the studies showed 
improvements. The authors concluded that HTO 
with cartilage restoration procedures provides 
reliable improvement in functional status in the 
medium- to long-term period after surgery and 

Fig. 18.6 Intra-operative photograph of a medial open-
ing wedge HTO with a medial femoral condyle OATS 
procedure. A 10-mm OATS plug was taken from the non- 
weight- bearing part of the medial trochlea and success-
fully transplanted into an osteochondral defect over the 
medial femoral condyle. Of note, a medial meniscal pos-
terior root repair was also performed in this case. To do 
this, ultrabraid sutures were placed through the meniscus 
in a luggage tag fashion and the free ends shuttled down 
through a tibial tunnel and tied over the plate (note 
sutures). (Source: Dhollander A., Getgood A. (2017) The 
Role of Alignment in Meniscal Tears and the Role of 
Osteotomy. In: LaPrade R., Arendt E., Getgood A., 
Faucett S. (eds) The Menisci. Springer, Berlin, Heidelberg. 
https://doi.org/10.1007/978- 3- 662- 53792- 3_11)
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has potential to delay or avoid the need for knee 
arthroplasty surgery. Further, the degree of 
malalignment where an osteotomy is indicated 
remains to be determined.

18.5.3  Comparative Series 
of Osteotomy 
With and Without a Chondral 
or Biologic Intervention

Feruzzi et  al. [25] retrospectively reviewed 56 
patients affected by medial osteoarthritis with 
varus alignment. Importantly, inclusion criteria 
included Kellgren–Lawrence grade 3 or 4 changes 
and ICRS grade 3 or 4 changes representing 

advanced chondral changes. A group of 20 patients 
treated by HTO in isolation were compared to 18 
patients treated with HTO and concomitant ACI 
and 18 patients treated by HTO and concomitant 
microfracture. Groups were similar at baseline 
except for body mass index (BMI), which was 
higher in the microfracture group. At final follow-
up 11  years, all treatment groups demonstrated 
improvements in Hospital for Special Surgery 
(HSS) and Western Ontario and McMaster 
Universities Osteoarthritis Index (WOMAC) 
scores. However, isolated HTO and combined 
HTO + ACI demonstrated similar results, which 
were superior to HTO and microfracture. The 
effect of confounding by increased BMI in the 
microfracture group remains to be determined.

a

d

g h

e f

b c

Fig. 18.7 (a, b) Medial closing wedge DFO approach. 
(c, d) Two converging guidewires aimed at the desired 
hinge point. (e, f) Desired wedge removed with addition 
of coronal cut posterior to the trochlea. (g, h) plate appli-
cation and final image intensifier image. (Source: 

Dhollander A., Getgood A. (2017) The Role of Alignment 
in Meniscal Tears and the Role of Osteotomy. In: LaPrade 
R., Arendt E., Getgood A., Faucett S. (eds) The Menisci. 
Springer, Berlin, Heidelberg. https://doi.
org/10.1007/978- 3- 662- 53792- 3_11)
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Wakitani [26] randomly allocated 24 patients to 
either HTO or HTO with transplantation of bone-
marrow-aspirated and culture-expanded mesen-
chymal cells. At 42-week follow-up, there was no 
different in HSS scores between groups; however, 
the arthroscopic and histological grading score 
was better in the cell-transplanted group. Jung 
et  al. [27] demonstrated equivalent clinical and 
histological outcomes following HTO with and 
without subchondral drilling in 61 patients with 
medial OA knees at 24  months. Similar results 
were reported by Schultz et al. [28] who found no 
difference in clinical outcome in a prospective 
study of 105 knees who underwent HTO in isola-
tion, with diagnostic arthroscopy, with arthroscopic 
drilling or with abrasionplasty. Cartilage regenera-
tion was thicker and more stable in association 
with the arthroscopic interventions.

A 2018 systematic review by Filardo et  al. 
looked at the addition of cartilage treatment to 
HTO [29]. The authors noted the literature con-
sisted of low-quality studies. Comparative stud-
ies showed that while surgical treatment targeting 
the cartilage layer led to an improvement in the 
treated tissue, this did not translate into clinical 
improvement. The authors concluded that there is 
‘no evidence to support the effectiveness of a car-
tilage treatment combined with HTO in patients 
affected by OA in misaligned joints’. Most stud-
ies included, however, were of older patients and 
had no long-term follow-up. As growth of repair 
cartilage progresses slowly and can take more 
than 5 years, clinically significant differences in 
comparative outcome may not be evident in the 
short term.

18.5.4  Comparative Series 
of Cartilage Surgery 
With and Without 
an Osteotomy

Correction of malalignment in cartilage repair 
surgery is important. In a review of consecutive 
failed cartilage repair surgical procedures, Krych 
et  al. [30] found untreated malalignment was a 
contributory factor in 56% of cases. In a non- 
randomised case-control study, Bode et  al. [31] 
reviewed 43 patients with an isolated cartilage 

defect of the medial femoral condyle (MFC) and 
subtle varus alignment (under 5°). A prospective 
cohort of 19 patients who were treated with HTO 
and MFC autologous chondrocyte implantation 
(ACI) was compared to a historical control cohort 
of 24 patients treated with MFC ACI in isolation. 
Mean patient age was 39  years; mean varus 
deformity was 2.84°. Groups were similar in 
terms of BMI, alignment and chondral lesion 
size. The mean post-operative valgus in the HTO 
group was 8.16°. At mean follow-up of 
72  months, there were reduced re-interventions 
in the combined HTO and ACI group (10.5% ver-
sus 41.67%; p = 0.023). There was also a trend to 
increased KOOS and WOMAC scores in the 
combined HTO and ACI group; however, these 
did not reach statistical significance. It is possible 
that the low numbers in this study resulted in a 
type 2 error.

18.6  Treatment Algorithm

Before undertaking surgery, the clinician must 
take into consideration the characteristics of the 
chondral injury, the biomechanics of the lower 
limb and the physical condition and requirements 
of the patient. The patient’s willingness to accept 
a prolonged rehabilitation protocol and the indi-
vidual’s expectation of the results will have an 
impact on treatment choice and success.

Evaluation begins with a full history including 
smoking status and previous trauma. History of 
trauma in conjunction with intermittent joint line 
pain at rest or at night, an effusion, mechanical 
symptoms (clicking, catching and locking) and 
localised joint line pain during weight-bearing 
can suggest a focal chondral defect though not 
specifically. Examination begins with an inspec-
tion of lower limb alignment, muscle bulk, signs 
of previous surgery and range of motion (ROM) 
followed by a gait assessment for abnormalities 
particularly a varus thrust. Palpation should also 
include the Pes Anserine bursa to rule out inflam-
mation. Ligamentous, patellofemoral, neurovas-
cular and meniscal status should be assessed for 
completion. Finally, relief of symptoms with an 
unloader brace may be predictive of a good out-
come with realignment surgery.
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Radiological assessment begins with bilateral 
long-leg standing weight-bearing, full extension 
knee anteroposterior (AP), 45° knee flexion 
weight-bearing AP (Rosenberg), lateral knee, and 
patella skyline views to identify the presence of 
malalignment and/or arthrosis. Where osteoarthri-
tis is not diagnosed on plain radiograph, MRI is 
vital in evaluating the condition of the AC, menisci, 
bone marrow and ligamentous structures.

18.6.1  Our Decision-Making Process

All patients prior to being considered for surgery 
must have failed an adequately performed neuro-

muscular training rehabilitation program with the 
optional addition of intra-articular injection ther-
apy to aid in the rehabilitation process by reduc-
ing pain and inflammation.

In the event of failing non-operative manage-
ment, patients who are confirmed to have radio-
logical malalignment, particularly in those whose 
alignment is asymmetric, may be offered realign-
ment surgery as a primary procedure. The deci-
sion to perform a concomitant or staged articular 
cartilage restoration procedure is dependent on a 
number of factors, including the size and location 
of the defect and the status of subchondral bone 
(Fig. 18.8). Patient factors such as employment, 
activity goals, comorbidities, smoking status and 
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Fig. 18.8 Treatment algorithm for patients’ articular car-
tilage pathology with concomitant coronal malalignment. 
Prior to surgery, patients must have failed an adequately 
performed neuromuscular training rehabilitation program 

with the optional addition of intra-articular injection. 
Ligament reconstruction and meniscus allograft trans-
plantation where indicated are further treatments to opti-
mize patient biomechanics
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age should also be taken into consideration. 
Furthermore, access to cartilage treatment tech-
nology and associated costs should be taken into 
consideration, based upon geographical location 
of practice.

Scenarios that tend to push us towards per-
forming realignment osteotomy and cartilage res-
toration as a simultaneous procedure include 
large osteochondral lesions of the lateral femoral 
condyle, in which the lack of bone stock in the 
condyle has a detrimental effect on the tibio-
femoral articulation. Small lesions that can be 
treated either with a microfracture or OAT plug 
may also be performed simultaneously. Larger 
surface lesions (>2  cm2), where an augmented 
microfracture may be indicated (or ACI-cell- 
based treatment), tend to be done in a staged 
fashion. The second stage is only performed in 
the event that the patient remains symptomatic.

18.7  Conclusion

Mechanical load has been shown to have a sig-
nificant bearing on cartilage health. In order to 
successfully treat patients with knee pain and 
joint surface lesions, the surgeon must, therefore, 
adequately address the patient’s biomechanical 
deficiencies and address appropriately. There is 
clear evidence that realignment osteotomy posi-
tively alters lower limb biomechanics and results 
in sustained improvements in patient centred out-
comes. The addition of cartilage repair may act 
synergistically to further improve clinical out-
comes and as further comparative studies with 
longer term follow-up are published, the use of 
biologic therapy in combination with realign-
ment surgery will expand further into clinical 
practice.
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Meniscus Injury and Early 
Osteoarthritis

George Jacob, Kazunori Shimomura, 
David A. Hart, and Norimasa Nakamura

19.1  Introduction

The meniscus has proven to be an important 
structure within the knee joint whose true 
importance and function have been recognized 
early. The negative results of meniscectomy 
were described as early as 1923 [1]. A signifi-
cant volume of literature has implicated menis-
cus loss after meniscectomy in joint 
degeneration and the onset of osteoarthritis 
[2–5]. Despite the convincing data and 
advancement in meniscal repair techniques, 
astonishingly, most meniscal injuries are still 
treated by partial or total meniscectomy [6, 7]. 
Current meniscus repair/replacement strategies 
have shown reasonable long-term results while 
long-term results after partial meniscectomy 

have shown to be rather disappointing [8–10]. 
With the growing affliction of osteoarthritis 
(OA) worldwide [11, 12], research has been 
focused on finding the predisposing factors 
contributing to OA. Some risk factors such as 
obesity or concomitant chondral injury [13, 
14] appear to show more obvious correlations 
than genetics.

The meniscus plays a key role in providing 
stability, load distribution, and joint congru-
ence. Post-injury, these roles are compromised 
and therefore can lead to a disruption of normal 
joint biomechanics [15–17] which in turn leads 
to the development and progression of OA [18, 
19]. Due to the poor healing nature of the menis-
cal tissue, normal joint mechanics is certainly 
not restored in many situations leading to joint 
degeneration. Meniscal degeneration and tears 
are frequently encountered in patients with OA 
and most meniscal interventions are performed 
in settings of early OA [20]. Therefore, in some 
clinical scenarios, it remains uncertain whether 
the tear preceded the onset of OA or was a result 
of the OA [19]. Literature states that both chro-
nologies are possible [21]. Despite the com-
mencement of early OA in most meniscal 
interventions, restoring meniscus anatomy and 
function could reverse, retard, or prevent further 
joint degeneration. The current literature focuses 
on defining injury characteristics strongly 
related to OA along with the ideal intervention 
and timing of surgery. In this chapter, we aim to 
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discuss the relationship and characteristics of 
meniscal injury as a risk factor for OA 
development.

19.2  Meniscal Injury

Meniscal injuries usually constitute tears within 
the meniscal tissue as a result of a traumatic 
event (in younger patients) or degenerative tears 
(in older patients) [22]. Tears vary by their loca-
tion, pattern, and zone of injury. These meniscal 
zones are divided into the  red–red, red–white, 
and white–white zones based on their extent of 
vascularity, white–white having the least cellu-
larity and blood supply, therefore, least healing 
potential [23, 24] (Fig. 19.1). Tear patterns have 
been classified into vertical–longitudinal, radial, 
oblique, horizontal, complex, and root tears 
[22]. Degenerative tears are commonly encoun-
tered in the setting of OA [19, 25] and data sug-
gest that their incidence is higher than it was 
earlier understood as many remain asymptom-
atic [26–28]. Another important injury morphol-
ogy is root tears which occur more commonly in 
the posterior horns of the menisci with a higher 
reported incidence in the medial meniscus [29]. 
Lateral meniscal root tears are more likely in 
association with anterior cruciate ligament 
(ACL) injury and medial meniscal root tears 
with degeneration [30]. Root tears lead to loss 
of anchorage of the meniscus leading to the dis-
placement of the meniscal tissue known as 
extrusion (Fig. 19.2).

19.3  Biomechanics 
of the Meniscus

The functional biomechanics of the meniscus can 
be divided into load transmission, shock absorp-
tion, joint stabilization, and meniscal motion. 
During normal weight-bearing, the menisci are 
responsible for transmitting forces in the form of 
hoop stresses from the femur to the tibial joint 
surface [31]. Owing to the circumferential colla-
gen fibre arrangements, the compressive axial 
forces are converted to horizontal tensile forces. 
Figure 19.3 illustrates the conversion of the verti-
cal axial forces into horizontal meniscal hoop 
stresses. When the rounded femoral condyles 
bear down onto the menisci, they extrude some-
what [32] but return to their anatomical position 
owing to the root attachments and posterior 
meniscotibial ligaments [33]. Biomechanical 
studies have shown the variations in meniscal 
contact across the knee vary depending on the 
load applied. With no axial load, the majority of 
the contact is on the meniscus but with increasing 
load, the menisci cover less of the joint surface 
[34, 35]. As the menisci possess both a solid and 
fluid phase during compression, energy is 
absorbed by the tissue by joint fluid expulsion 
from the tissue. This is brought about due to the 
low permeability of the tissue matrix which 
results in a high frictional drag effectively dissi-
pating the compressive forces and reducing their 
magnitude [36].The meniscus also plays a sig-
nificant biomechanical role in joint stability. 
Owing to the structure of the menisci, they can 
increase joint congruency between the femoral 
and tibial condyles effectively adding to stability 
and efficient joint fluid circulation [37]. The 
medial meniscus also plays a role as an antero-
posterior stabilizer secondary to the ACL and this 
has been convincingly proven in the literature 
[38–40]. The more immobile posterior horn of 
the medial meniscus has also been thought to 
provide a stop to prevent further posterior trans-
lation [41]. Meniscal motion is the final mechani-
cal function of the meniscus. The dynamics of the 
meniscal tissue allow for it to maintain maximum 
joint congruency at all degrees of flexion and 

Red-Red Red-White White-White

Fig. 19.1 Zones of the meniscus

G. Jacob et al.



261

load bearing of the femur on the tibia. Between 
the two menisci, the lateral has been shown to 
exhibit the most mobility with the posterior horn 
of the medial meniscus being the most fixed [42].

19.4  Biomechanics Post-Meniscal 
Injury

Meniscal injuries harm overall knee biomechan-
ics with specific anatomical lesions affecting 
meniscal functions to varying degrees. Tears 
instantly alter the contact pressures and forces 
across the knee joint and several cadaveric stud-
ies have demonstrated this.

Load transmission after a meniscal injury is 
affected undesirably where the joint contact is 
significantly reduced. This, in turn, increases the 
peak local contact stress resulting in greater force 
transmission over a smaller area [43]. Depending 
on the extent of injury, the meniscus will then be 
ineffective in converting the axial forces into the 
earlier described hoop stresses. The shock 

absorptive function would be lost where the tis-
sue is no longer able to function between its solid 
and fluid phase effectively. Larger tears and more 
specifically root tears affect meniscal motion, 
due to its loss in anchorage the tissue no longer 
maintains its anatomical position extruding to 
greater degrees during loading and then being 
unable to return to an anatomical position on the 
tibial plateau. Literature has also shown increased 
anterior tibial translation post-meniscectomy 
indicating that non-functioning meniscus would 
also considerably affect joint stability [38, 44].

19.5  Biochemical Changes Post- 
Meniscal Injury

Post-injury, there is a surge in pro- inflammatory 
mediators in the knee joint, e.g. interleukin-1β, 
tumour necrosis factor-α and catabolic 
enzymes, e.g. metalloproteases. This sudden 
increase in cytokines alters the normal joint 
homeostasis to imbalance the catabolic and 

Radial Tear

Vertical Longitudinal Tear

Horizontal Tear

Fig. 19.2 Tear morphologies of the meniscus

Tibia

Femur

InsideOutside

Meniscus

Patella
Fig. 19.3 Showing 
axial forces being 
converted into meniscal 
hoop stresses
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anabolic processes. This leads to increased 
extracellular matrix permeability resulting in 
more water within the articular cartilage alter-
ing its biochemical makeup and biomechanics 
[45]. As a result, the articular cartilage under-
goes degeneration and neovascularization lead-
ing to early changes of OA.  The subchondral 
bone remodels and there is osteophyte forma-
tion along with sclerosis. Osteoblasts within 
sclerotic bone are known to increase vascular 
endothelial growth factor production which 
contributes to the development of OA [46]. The 
articular cartilage fragments, and as it enters 
the synovial fluids, it attracts macrophages into 
the joint which causes further joint catabolism 
leading to the onset of OA.

19.6  Early OA

Recently, there has been discussion on the defini-
tion of early OA, and this has been to improve 
outcome assessments in studies but also to help 
diagnose OA before its radiological detection. 
Luyten et  al. [47] described current treatment 
modalities and recommendations to be more 
‘reactive’ than pre-emptive, where most patients 
diagnosed with OA already have a significant 
amount of joint destruction. More sensitive crite-
ria for diagnosis may enable clinicians to inter-
vene at an earlier stage of the disease. Their 
criteria proposed to combine the knee injury and 
osteoarthritis outcome score along with clinical 
examination and radiography. They postulate that 
this may help change the treatment strategy to a 
more ‘proactive’ one.

Regarding meniscal injuries, the onset of 
OA could be detected in its earliest phase 
where changes are still subtle and have not yet 
resulted in joint destruction perceivable on 
X-ray. The majority of current studies rely on 
radiography as an outcome to determine OA 
after meniscal injury, using more sensitive cri-
teria for detection could improve the sensitiv-
ity of OA and therefore improve data quality 
and correlation.

19.7  Meniscal Injuries 
and Early OA

Meniscal injuries can be broadly classified into 
traumatic and degenerative tears. As mentioned 
earlier, there is debate on whether meniscal tears 
are a cause or consequence of OA given their 
coexisting nature, there is a certainty that they 
have a strong association. In the setting of a trau-
matic tear, the meniscus typically splits longitu-
dinally, parallel to the collagen fibres or radially, 
perpendicular to the collagen fibres. Root tears 
are radial tears that occur within 1 centimetre of 
the meniscal root attachment site [48–50]. Radial 
and root tears impairs the function of the menis-
cus in a similar fashion leading to altered joint 
biomechanical and biochemical changes preced-
ing the onset of OA. In degenerative tears, menis-
cal lesions are more often horizontal cleavage or 
complex macerated tears. This could be as a 
result of OA in the knee where the pathological 
biochemical and biomechanical changes associ-
ated with OA affect both the chondral surface and 
meniscal tissue [51]. A good example is the 
Framingham study where 82% of OA patients 
showed meniscal damage [52].

A study by Badlani et al. [53] using data from 
the OA initiative reported various meniscal tear 
patterns and their incidence of OA.  The study 
included 32 patients who developed radiographic 
evidence of OA in a previously unaffected knee, 
matched against 64 patients with no evidence of 
OA.  OA was diagnosed using anteroposterior 
radiographs and meniscal lesions characterized 
using magnetic resonance imaging (MRI). They 
concluded that meniscal extrusion, large radial 
tears, and complex tears could have the highest 
association with OA development. Englund et al. 
[54] conducted a similar case–control study and 
reported that comparable results in that meniscal 
injury did lead to a higher incidence of OA and 
that meniscal extrusion was a key factor suggest-
ing root tears to be a major factor. These results 
are in agreement with the literature [55, 56] 
where extrusion impairs the function of the 
meniscus by reducing meniscal joint contact, 
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joint congruence and therefore increases chon-
dral contact and force magnitude across the joint 
[57]. Tear size would also directly influence the 
progression of OA as there would be significantly 
reduced joint contact which is directly propor-
tional to the size of the tear especially in radial 
tears [53]. Crema et al. [58] reported that intra- 
substance tears of the meniscus did not have any 
association with OA; however, horizontal tears 
and meniscal maceration did show a close asso-
ciation with cartilage loss. It is worth noting that 
maceration of the meniscus could be a result of 
long-standing injury and OA, therefore, being 
effect rather than the cause.

Most literature does strongly link extrusions, 
large radial tears, and degenerative tears to OA 
due to pathological biomechanics; however, 
some pre-clinical and biochemical studies do 
show the possibility of triggering the OA cascade 
with any form of meniscal injury. Ogura et  al. 
[59] compared levels of tumour necrosis factor- 
alpha (TNF-α) and interleukin-6 (IL-6) between 
tissue biopsies from meniscal lesion sites, normal 
meniscal tissue, synovium near the lesion, and 
synovium from the opposite compartment. They 
reported increased levels of TNF-α and IL-6 at 
the injury site and local synovium when com-
pared to the non-injured meniscus and non- 
adjacent synovium. This affirms there the strong 
presence of inflammatory mediators in the menis-
cal tissue and synovium which would contribute 
to OA progression in the knee joint. Another 
interesting pre-clinical study by Abusara et  al. 
[60] demonstrated significantly increased chon-
drocyte death in meniscectomized mice knees 
within 240  min of cyclical loading when com-
pared with control. This experimental model con-
firms that meniscal injury affects chondrocyte 
viability in an acute time frame and the biome-
chanical and chemical change has immediate 
consequences at a cellular level. Pre-clinical data 
from other studies have shown similar outcomes 
in that biochemical changes play a major role in 
joint health post-meniscal injury [61–63].

Time and age of the injury could also play a 
crucial role in the onset of OA and this was con-
firmed by Roos et al. [51]. The authors reported 
two important conclusions in this study. The first 

being both young and old patients who sustained 
meniscal injuries did have a higher incidence of 
OA. The second is that older patients (>30 years) 
developed OA at an average period of 5  years 
while younger patients (17–30 years) on average 
developed OA at 15 years post-injury. This does 
indicate that age and other variables could slow 
down the progression of OA post-meniscal injury. 
Table 19.1 summarises the review of literature on 
early OA in meniscal injury.

19.8  Meniscal Surgery and OA

With considerable literature supporting joint 
degeneration following meniscal injury, the ques-
tion arises as to how to manage them. 
Meniscectomy and partial meniscectomy have 

Table 19.1 Summary of literature on the incidence of 
early OA in the event of a meniscal injuries

Author/Journal

Study design/
Level of 
evidence Conclusion

Badlani et al./
Am J Sports 
Med. 2013 
[53]

Case control 
study/III

Meniscal tears with 
greater radial 
involvement and 
extrusion had higher 
incidence of 
radiographic OA

Englund et al./
Arthritis 
Rheum. 2009 
[54]

Case–control 
study/III

Meniscal injury is a 
notable risk factor for 
development of 
radiologic OA

Bloecker et al./
Arthritis Care 
Res. 2015 [57]

Cohort study/
IV

Medial meniscus 
extrusion is 
associated with 
greater medial 
cartilage loss 
especially the 
external compartment 
due to pathological 
joint mechanics

Crema et al./
Osteoarthritis 
and Cartilage 
2010 [58]

Observational 
study/IV

No significant 
association with 
intra-substance 
meniscal MRI signal 
changes and cartilage 
loss. Significant 
association between 
horizontal tears and 
meniscal maceration 
with cartilage loss

Abbreviations: OA Osteoarthritis
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now been challenged by the recent trend of 
meniscal repair techniques. However, the out-
comes and healing rates of meniscal repairs have 
not been predictable especially in inner white–
white zone tears [64, 65].

When considering meniscectomy, several 
studies with long-term follow-up reported that 
despite patients demonstrating improved clinical 
and subjective outcomes scores [66], there was 
definite evidence for accelerated radiological 
degenerative changes [67]. Paradowski et al. [68] 
followed up patients post-meniscectomy for a 
mean period of 24.7  years and noted a higher 
incidence of both tibiofemoral and patellofemo-
ral OA. They also compared the operated knee to 
the contralateral knee and noted  a higher inci-
dence of structural changes in the operated knee. 
Another more recent study assessed the radio-
graphic changes post-arthroscopic partial menis-
cectomy and compared the patients’ operated 
knee to the contralateral one. At an average fol-
low- up of 8 years, they noted significant OA pro-
gression in the operated knee and a higher 
predisposition for OA in patients with higher 
body mass index and those sustaining degenera-
tive tears [69]. This is contrary to literature that 
stated the type of lesion did not affect the out-
comes of meniscectomy [70, 71].

Meniscal repair surgery has seen refinement 
and improved techniques have been developed 
when compared to earlier approaches. Some lit-
erature has suggested that tear chronicity did not 
affect the results of the meniscal repair [72, 73] 
and that a concomitantly performed ACL recon-
struction results in better outcomes [74–76]. 
There are however studies that  oppose these 
results stating that traumatic tears displayed bet-
ter healing [77, 78] and that ACL reconstruction 
did not improve the healing rate [79, 80]. A meta- 
analysis by Xu et al. [81] reported on meniscal 
repairs with an average follow-up of 7 years and 
concluded that though the meniscal repairs had 
higher reoperations, patient reported outcomes 
and activity levels post-meniscal repair were 
higher. Persson et  al. [82] studied the risk of 
symptomatic OA in subjects who had undergone 
meniscal repair versus meniscectomy versus the 
general population. Their study has a mean fol-
low- up time of 10  years. Patients who have a 

meniscal repair had a 25%–50% less chance of 
consultation for symptomatic OA when com-
pared to those who underwent arthroscopic par-
tial meniscectomy. However, the risk of 
consultation for OA after the meniscal repair was 
still two times greater than that of the general 
population.

Meniscal root tears and extrusion have shown 
to be a major contributor to loss of meniscal func-
tion and leading to the development of OA [55, 
56]. Meniscal root repairs have been addressed 
non-operatively, with meniscectomy, suture 
anchor repair, and with a transtibial pull-out 
repair [50]. Meniscal root repairs have been 
favoured as the results of meniscectomy and non- 
operative treatment have been poor [83]. Krych 
et al. [83] reported worse clinical outcomes and 
incidence of arthritis in patients treated non oper-
atively for root tears and a higher rate of total 
knee arthroplasty at 5  year follow-up. Despite 
continued meniscal extrusion in many patients 
after meniscal root repair, the clinical and func-
tional outcomes were better in those who under-
went a root repair along with the  reduced 
incidence of OA [56, 84]. Meniscal root repairs 
must be performed in such patients as it is evident 
if not done there is accelerated joint degeneration 
which results in worse outcomes and conversion 
to arthroplasty.

Biological augmentation and tissue engineer-
ing techniques to augment meniscal repairs have 
not become a standard or practice as of now, and 
despite a large volume of pre-clinical data, it has 
only been utilized in a few centres as an investi-
gational method [85]. Methods to improve menis-
cal healing have utilized rasping of the lesion 
[86], fibrin clots [87], platelet-rich plasma, [88] 
and meniscal wrapping [89]. Microfracture in the 
femoral notch has also been employed in settings 
where concomitant ACL reconstruction is not 
being done in an attempt to potentiate healing by 
bringing marrow elements to the site of meniscal 
injury [90, 91]. Augmentation techniques are not 
yet backed by high-level evidence; however, they 
may be applied to more chronic and complex 
tears in individuals with a higher risk of an unsuc-
cessful repair.

Patients who have sustained a meniscal injury 
are certainly at a higher risk for developing OA 
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in the knee joint and this can be a result of the 
biomechanical and biochemical changes that 
occur in association to the injury. Management 
options do have an important role in progression 
to OA. Meniscal repairs aim to preserve as much 
meniscal tissue as possible, despite higher fail-
ures and reoperation rates when compared to 
meniscectomy. This should not reflect the suc-
cess of the surgery and state it is inferior to men-
iscectomy. Since meniscal repairs have better 

patient-reported outcomes and seemingly 
reduced risk for the development of OA, every 
effort should be made to repair meniscal tears. 
That being said, it is important to determine the 
tear profile and patient’s risk factors to predict 
the failure of a repair and decide the ideal man-
agement option. Table 19.2 summarises the dis-
cussed literature of meniscal surgery results and 
incidence of OA. Figure 19.4 outlines a possible 
treatment algorithm for meniscal injuries.

Table 19.2 Summary of literature on meniscal surgery results and incidence of OA

Author/Journal

Study Design/
Level of 
Evidence Surgery/Follow-up Conclusion

Paradowski et al./
Osteoarthritis and 
Cartilage 2016

Cohort study/
III

Meniscectomy/24.7 years Increased incidence of OA post- 
meniscectomy. Three in four patients 
developed tibiofemoral OA and one in 
four patellofemoral OA

Longo et al./J knee Surg 
2018

Comparative 
study/III

APM/8.1 years 8 years following APM all patients had a 
significant progression of radiographic 
OA. Patients with greater BMI had a 
greater incidence of post-meniscectomy 
OA.

Tengrootenhuysen et al./
Knee Surg Sports 
TraumatolArthrosc 2011

Cohort Study/
III

Meniscal Repair/5.8 years Meniscal tears repaired within younger 
patients within 6 weeks of injury had 
better results. Inside out repair 
techniques displayed better results
Meniscal repairs in combination with 
ACLR had greater success

Xu, C., Zhao, J/Knee 
Surg Sports 
TraumatolArthrosc 2015

Metanalysis/
III

Meniscal Repair/7 years Meniscal repairs have higher reoperation 
rates when compared to meniscectomy 
but demonstrate better patients reported 
outcomes

Persson et al./
Osteoarthritis and 
Cartilage 2017

Comparative 
study/III

Meniscus repair vs APM vs 
General Population/10 years

Patients seeking consultation for OA 
knee were higher in the meniscectomy 
group compared to the repair group 
however risk for OA consult significantly 
increased regardless of the type of 
surgery when compared to general 
population

Feucht et al. [84]/
Arthrosc 2015

Systematic 
Review/IV

Posterior root repair for 
Medial meniscus root 
tear/2.5 years

Root repair improved functional outcome 
significantly and reduced OA progression 
at short term follow-up. Healing and 
incidence of extrusion were less 
predictable

Chung et al. [55]/Knee 
Surg Sports Traumatol 
Arthrosc 2015

Metanalysis/
IV

Posterior root repair for 
Medial meniscus root tear

Medial meniscal posterior root repair 
demonstrated significant improvement in 
clinical outcomes. Meniscal extrusion 
was not reduced in the majority of cases 
and there was still progression of some 
degree of OA

Abbreviations: OA Osteoarthritis, APM Arthroscopic Partial Meniscectomy, BMI Body Mass Index, ACLR Anterior 
Cruciate Ligament Reconstruction
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19.9  Conclusion

The relationship between meniscal injury and 
OA is plain to see with considerable literature 
reporting their strong association. It is important 
to recognize that the variations in the joint envi-
ronment are immediate and the cycle of OA starts 
on a cellular and biochemical level followed by 
pathological biomechanics. The greater the dam-
age to the meniscus, the more it is unable to per-
form its biomechanical functions leading to the 
onset of OA. Evidence points to meniscal extru-
sions and large radial tears to be the most signifi-
cant contributor to the onset of OA but the smaller 
less obvious biochemical changes occurring in 
smaller longitudinal tears may be going unno-
ticed to some degree. We can be sure that patients 
with meniscal injuries should be considered for 
high risk of OA and treatments to restore the 
meniscus integrity and function will address 
pathological biomechanics. Meniscal surgeries 
whether being repair or meniscectomy have been 
proven to still be at risk for the development of 
OA when compared to normal subjects. Tears 
must be studied and the management executed 
depending on the patient’s profile and tear mor-
phology. A meniscal  injury does predispose to 
OA and despite the currently available repair 

techniques complete restoration of meniscal bio-
mechanics has not yet been achieved. However, a 
strategy to reverse the biochemical changes with 
OA modifying drugs may be worth considering 
with or without a meniscal repair and future 
research could hold the key in barricading the 
biochemical cascade in addition to the biome-
chanical changes leading to the onset of OA.
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The Role of Arthroscopic 
Debridement, Microfracture 
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20.1  Introduction

20.1.1  Background

The rise in sport-related articular cartilage and 
meniscus injuries and the growing recognition of 
early osteoarthritic defects poses an increasing 
challenge for the sports surgeon. While severe 
osteoarthritis (OA) is easily recognizable and has 
reliable surgical treatment options such as joint 
replacement, early OA has more limited surgical 
options and indications for surgery vary from 
case to case. Traditional nonsurgical approaches 
to early OA, such as anti-inflammatory medica-
tions, braces, and physical therapy can have 
important benefits in providing symptom relief 
and slowing the progression of degenerative 
meniscal and cartilage disease. Yet, when nonop-
erative treatments fail, there may be a role for 
surgical management of early OA, especially 
when cartilage defects are focal in nature. Some 
of these surgical options include arthroscopic 
debridement, chondroplasty, and microfracture. 
A careful history and physical exam and the use 
of selective imaging are paramount in determin-

ing which patients meet the appropriate indica-
tions for surgical management.

20.1.2  Clinical Evaluation

20.1.2.1  History
A detailed history should be obtained including 
the duration, onset, and type of knee symptoms 
and the occurrence of recent knee trauma. Special 
attention should be given to risk factors for OA 
including advanced age, obesity, prior knee 
injury, or surgery. Patients typically complain of 
insidious onset of pain localized to the affected 
knee compartment, stiffness, swelling, and vague 
reports of the knee not moving properly or exhib-
iting clicking, popping, or grinding. True 
“mechanical symptoms,” such as catching or 
locking, are often thought to be the result of dis-
placed meniscus tears. However, the sensation of 
catching and locking often described by patients 
is not specific for meniscus tears and can be 
equally prevalent in those with and without 
meniscus tears [1]. Other underlying pathologies 
often associated with these so-called mechanical 
symptoms include anterior cruciate ligament 
(ACL) insufficiency, synovitis, and degenerative 
changes associated with OA, such as uneven 
articular surface and bone marrow lesions [2–4]. 
Sudden severe onset of pain can often be associ-
ated with subchondral fracture of the distal femur 
or tibia [5].
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Patients with early degenerative joint disease 
and focal chondral defects often present with 
intermittent swelling as their only symptom. Pain 
may be exacerbated with weight bearing and 
activities of daily living such as prolonged sit-
ting, standing, squatting, and climbing stairs, 
while pain with kneeling and going downstairs 
can be associated with patellofemoral lesions. It 
is important to assess a patient’s activity level and 
expectations, including willingness and ability to 
comply with a prolonged post-operative rehabili-
tation regimen, which could include a six to eight 
week period of partial weight bearing in certain 
situations [6].

20.1.2.2  Exam
A thorough knee exam should be performed, 
with assessment for joint line tenderness, effu-
sion, swelling, pain with range of motion, 
decreased motion or locking, malalignment, or 
ligamentous insufficiency. Examination of the 
lumbar spine and bilateral hips and contralateral 
knee are essential. Mechanical findings elicited 
with testing such as Thessaly, McMurray, and 
Apley compression tests do not necessarily imply 
meniscal pathology and may indicate underlying 
cartilage instability as well [1, 7]. Findings of 
femoral condyle or tibial plateau point tenderness 
are helpful, but not diagnostic. Pain elicited with 
the patellar grind test may be suggestive of a 
patellar or trochlear cartilage lesion while tender-
ness over the bony distal femur or proximal tibia 
may suggest bony stress injury or subchondral 
fracture. The presence of meniscal insufficiency 
and ligamentous instability may indicate the need 
for other concomitant procedures at the time of 
surgical intervention.

20.1.2.3  Imaging
While physical exam is useful, imaging is often 
necessary to accurately characterize the extent of 
chondral injury or degenerative change in the 
knee. Initial imaging should consist of standard 
weight-bearing radiographs including anteropos-
terior, lateral, and sunrise views. As degenerative 
changes often begin posteriorly on the distal 
femur and proximal tibia, a Rosenberg view of 
the knee (45° flexion weight-bearing radiograph) 

can be helpful for the identification of joint space 
narrowing [8]. In cases of suspected malalign-
ment, a long-cassette mechanical axis view is 
also recommended [9]. Although early degenera-
tive changes may not be readily visible on plain 
radiographs, images should be carefully evalu-
ated for the presence of osteophytes and joint 
space narrowing. It is important to keep in mind 
that radiographic evidence of OA and degree of 
knee symptoms may not be directly related.

Magnetic resonance imaging (MRI) remains 
the gold standard with an accuracy of 90%–95% 
in detecting meniscus tears and cartilage abnor-
malities [10]. MRI allows for accurate assess-
ment of cartilage thickness and morphological 
changes, including focal chondral defects, fibril-
lation, fragmentation, and diffuse thinning [11]. 
MRI can also aid in the diagnosis of subchondral 
fractures and osteonecrosis. Although MRI is 
important for determining the location of chon-
dral defects during preoperative planning, it has 
been shown to underestimate the size of articular 
defects in up to 75% of lesions [12].

MRI should not be considered the first line 
imaging modality in elderly patients and in those 
with radiographic evidence of advanced OA.  In 
these patients, there is a high likelihood of detect-
ing incidental meniscus and cartilage degenera-
tive changes that may not necessarily correlate 
with patient symptoms [13]. For this reason, the 
presence of meniscus tears or cartilage lesions on 
MRI should not guide surgical treatment in 
asymptomatic patients or in those with advanced 
OA. The decision to proceed with surgical inter-
vention should be based on the full clinical pic-
ture and not imaging alone.

20.1.3  Surgical Management

The role of arthroscopic surgery in the setting of 
degenerative disease has historically been contro-
versial. Early efforts at arthroscopy assumed a 
mechanical cause for pain in the degenerative 
knee and assumed that excision of degenerative 
tissue in the knee could provide relief. This 
thought process was fostered by high levels of 
initial patient satisfaction with knee arthroscopy. 
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Numerous studies, however, have shown that 
patients with generalized OA who undergo 
arthroscopic debridement do not perform better 
in the long term than those who are treated non-
operatively [14, 15]. Nonetheless, there remains 
a role for surgical treatment for degenerative 
meniscal tears and focal chondral defects.

In cases of failure of nonoperative treatment, 
surgical treatment options include arthroscopic 
lavage, chondroplasty, and microfracture. 
Surgical lavage helps to flush out cellular debris 
and degradative enzymes such as metalloprotein-
ases, which are released upon chondrocyte injury 
and can incite synovial inflammation [16, 17]. 
Chondroplasty is a common knee procedure that 
facilitates debridement of damaged cartilage to 
create a more stable rim around the remaining 
defect and smoothens the remaining articular sur-
face [18]. Arthroscopic debridement can also 
help reduce synovial inflammation and mechani-
cal symptoms through removal of adhesions, 
loose bodies and loose cartilage fragments [18, 
19]. Microfracture and other forms of marrow 
stimulation are surgical techniques employed in 
conjunction with chondroplasty in order to stim-
ulate regeneration of cartilage lesions. Penetration 
of the underlying bony plate, either with mechan-
ical chondroplasty or microfracture, helps to 
mount an inflammatory and vascular response 
that can aid in fibrocartilage formation and heal-
ing in avascular articular cartilage that otherwise 
has a limited intrinsic repair capacity [20].

20.2  Cartilage Injuries

20.2.1  Articular Cartilage 
and the Osteochondral Unit

Articular or hyaline cartilage provides a smooth 
surface for joint articulation and efficient load 
transmission with minimal friction. It is mostly 
composed of a dense extracellular matrix (ECM) 
of primarily type-II collagen fibers with glyco-
sylated proteoglycans such as aggrecan [21]. 
Chondrocytes (2% total volume) are cells dis-
persed throughout the ECM and are responsible 
for its maintenance and repair [22]. Charge 

repulsion of the hydrophilic glycosylated pro-
teins and resulting hydrostatic pressure helps 
retain a large amount of water (80% wet weight 
of cartilage). This is important for the ability of 
articular cartilage to resist large joint compres-
sive loads several times larger than that of nor-
mal body weight despite an average thickness of 
2–4 mm [23, 24]. The ECM is composed of a 
noncalcified and a calcified layer separated by a 
cartilage interface called the tidemark, below 
which hyaline cartilage transitions into sub-
chondral bone (Fig. 20.1) [25].

Articular cartilage is dependent on diffusion 
for nutrition and is inherently avascular. No 
blood vessels or nerves are found within the 
matrix which leaves articular cartilage without 
an inherent healing capacity [26, 27]. Partial 
thickness cartilage injuries have minimal regen-
erative capacity, yet still result in cellular insults 
leading to metabolic disruptions. Altered proteo-
glycan compositions that result can lead to 
increased tissue hydration and collagen disorga-
nization. This ultimately leads to increased force 
transmission to the underlying bone and to a 
cyclic degenerative process which may contrib-
ute to progression of OA.

When hyaline cartilage is disrupted down to 
bone, a healing response mounted by the intact 
underlying subchondral bone results in a layer of 
mature fibrocartilage covering the defect [28]. 
Contrary to hyaline cartilage, fibrocartilage is a 
tougher and more dense fibrous tissue found in 
menisci, tendons, and intervertebral discs. Mature 
fibrocartilage, predominantly composed of type-I 
collagen, has decreased durability and wear prop-
erties compared to articular cartilage [29, 30].

Within the osteochondral unit (Fig.  20.1), 
there is a dynamic relationship between cartilage 
and bone. Cartilage is connected through a calci-
fied zone to the subchondral plate below it and is 
marked by a distinct histological boundary 
termed the tidemark. This subchondral cortical 
bone and the metaphyseal bone below are inte-
gral to cartilage health. Within the osteochondral 
unit, cartilage and bone exhibit a complex recip-
rocal relationship fostering the health of each 
component [31]. Biomechanically, articular car-
tilage is supported by the bony construct below. 
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Damage to the cartilage can lead to bony changes 
and remodeling. In OA, inflammatory cytokines 
and osteoclast stimulation factors released by the 
synovium and cartilage influence the subchon-
dral bone, and cytokines and prostaglandins 
involved in bone remodeling can affect the over-
lying cartilage [32]. Treatments for articular car-
tilage defects must therefore include 
considerations of the health and preservation of 
the entire osteochondral unit.

20.2.2  Prevalence and Natural 
History of Chondral Injuries

Chondral injuries can be acute or chronic and 
may result from mechanical, metabolic, vascu-
lar or genetic origins [20]. The resulting type of 
lesion can be classified as either a focal or 
degenerative lesion based on surface area and 
mechanism of injury. Focal lesions typically 
occur as a result of direct joint trauma or vascu-
lar disturbance such as in the case of osteochon-
dritis dissecans. Degenerative lesions are 

typically more diffuse, resulting from progres-
sive wear due to suboptimal joint mechanics, 
such as meniscus insufficiency, instability or 
malalignment [33].

Knee articular cartilage defects are common, 
with some studies estimating a 10%–12% preva-
lence in the general population [34]. The inci-
dence of asymptomatic and symptomatic 
full-thickness cartilage injuries is higher in ath-
letes, with an observed incidence of 59% and 
36%, respectively [35]. A large study of 25,000 
knee arthroscopies found chondral lesions in 
60% of patients, 70% of which had associated 
pathologies such as meniscus and ACL tears [36]. 
The prevalence of knee OA, ranging from mild 
chondrosis to severe joint disease, is also quite 
high and is present in 60%–70% of adults 
65 years and older [19, 20].

The natural history of articular cartilage 
lesions is progressive and permanent due to the 
limited intrinsic repair capacity of cartilage [16, 
37]. Degenerative cartilage lesions begin with 
disruption of the chondral surface and initial 
fibrillation. Progressive damage to the surface of 

Articular cartilage

Tidemark

Calcified cartilage

Cement line

Subchondral bone
plate

Subarticular
spongiosa

Fig. 20.1 The osteochondral unit: The tidemark is a dis-
tinct histological boundary that separates articular carti-
lage from the underlying subchondral bone. Within the 
osteochondral unit, cartilage and bone exhibit a complex 
and dynamic relationship. (From Olah T, Madry H. The 

Osteochondral Unit: The Importance of the Underlying 
Subchondral Bone in Farr J, Gomoll A eds. Cartilage 
Restoration Practical Clinical Applications. Second 
Edition. Springer International. 2018)
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the cartilage matrix and loss of proteoglycans 
leads to decreased hydrostatic pressure, resulting 
in a decreased ability to resist joint compressive 
forces. Chondrocytes have limited potential for 
replication, and their metabolism is dependent on 
an optimal chemical and mechanical microenvi-
ronment dependent on regular joint motion and 
dynamic loading. Dramatic alterations in chon-
drocyte metabolism, in which ECM degradation 
outweighs collagen synthesis, can lead to devel-
opment of chondral degeneration and OA [38]. 
The avascular nature of articular cartilage further 
limits the capacity for intrinsic healing, while the 
complexity of articular cartilage structure com-
plicates clinical efforts to restore chondral 
defects.

Development of cartilage flaps can result in 
pain and mechanical symptoms [37]. However, 
severity of clinical symptoms does not always 
directly correlate to amount of cartilage damage 
[39]. Focal chondral defects are thought to elicit 
painful symptoms, but much is still unknown 
about the natural history of cartilage lesions. 
There is a paucity of data on the progression of 
asymptomatic lesions. For instance, a study on 
125 patients with asymptomatic chondral lesions 
at the time of ACL reconstruction revealed no 
significant difference in symptom severity and 
degree of radiographic changes compared to con-
trols at eight years post-operatively [33]. 
Furthermore, lesion size did not directly correlate 
with symptom severity [33].

20.3  Arthroscopic Lavage, 
Debridement 
and Chondroplasty

20.3.1  Techniques

20.3.1.1  Arthroscopic Lavage 
and Debridement

Arthroscopic lavage allows for the egress of cel-
lular debris and degradative enzymes such as 
metalloproteinases which are released upon 
chondrocyte injury and can incite synovial 
inflammation [16, 17]. In addition, arthroscopic 
debridement can remove inflamed or hypertro-

phied synovium, resect fibrinous scar, and smooth 
joint surfaces.

Early unblinded studies supported joint lavage 
as an effective surgical alternative to nonopera-
tive treatment of early OA [40, 41]. One study of 
arthroscopic lavage demonstrated persistent pain 
relief in 37 knees with OA compared to nonop-
erative treatment at one year post-operatively 
[42]. Yet, larger retrospective studies and ran-
domized trials have not demonstrated persistent 
improvement in pain and function after 3 months 
following arthroscopic lavage. A systematic 
review of over 500 patients across seven studies 
found only minimal improvement in pain and 
function provided by lavage compared to placebo 
or no intervention [43]. Moreover, a meta- 
analysis of six randomized controlled trials 
showed no significant benefit in pain or function 
with joint lavage compared with placebo at 
3  months post-operatively and no difference 
between joint lavage combined with a steroid 
injection to arthroscopic lavage alone [44]. For 
this reason, arthroscopic lavage is thought to pro-
vide only transient symptomatic relief and is 
typically avoided as it does not offer a long-term 
solution, especially in athletes or active patients.

20.3.1.2  Arthroscopic Chondroplasty
Arthroscopic chondroplasty specifically refers to 
the removal of unstable or delaminating cartilage 
within the knee. Shavers, biters, curettes, knives, 
or gouges are used to incise unstable cartilage at 
its base to prevent further delamination. Unstable 
cartilage flaps of grade 2 or grade 3 chondral 
lesions are debrided down to a stable rim of 
healthy cartilage with care to avoid exposure of 
the subchondral bone (Fig.  20.2). Creation of 
vertical walls in full thickness lesions may reduce 
defect expansion over time [45]. Clinical 
improvement results from the removal of inciting 
unstable fragments of cartilage and may be sig-
nificant enough to serve as definitive treatment 
for many lesions.

20.3.1.3  Abrasion Arthroplasty
Mechanical or abrasion arthroplasty calls for the 
arthroscopic removal of the superficial sclerotic 
bone using a mechanical rotary shaver and burr 
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[46]. Damaged cartilage is removed and the sub-
chondral bone is debrided to a depth of 1–2 mm, 
exposing superficial vessels. Abrasion of the sub-
chondral bone can facilitate the exudation of 
marrow elements onto the subchondral bone sur-
face to encourage fibrocartilage development. 
However, disruption of the subchondral bone 
using the abrasion technique has the drawback of 
possibly destabilizing the surface bone. Studies 
comparing debridement with abrasion arthro-
plasty had typically demonstrated variable results 
[47, 48]. One study with limited numbers of 
patients, found 9 of 28 patients (32%) of the abra-
sion arthroplasty group were worse at 3-year 
follow-up, with 50% of the abrasion group 
requiring total knee arthroplasty during this same 
time period [48]. This unpredictability has largely 
led to abandonment of the use of this procedure.

20.3.1.4  Radiofrequency 
Chondroplasty

Radiofrequency chondroplasty uses a monopolar 
or bipolar wand to induce electron oscillations to 
create a “plasma field” that causes molecular 
reorganization of damaged cartilage matrix 
(coblation). The induced “plasma field” can facil-
itate smoothening of the articular surface and sta-
bilization of the cartilage structure to protect 
against further progressive chondral damage [37, 
49]. This potentially offers a benefit over mechan-
ical chondroplasty which has been criticized for 

over resection of potentially healthy cartilage and 
leaving uneven surfaces [49].

Initial concerns with radiofrequency devices 
included risk of thermal injury, osteonecrosis, or 
chondrolysis seen by first generation radiofre-
quency devices and laser procedures [50]. Studies 
in humans, including several randomized con-
trolled trials, however, have demonstrated longer 
time to revision, and better patient reported out-
comes with coblation techniques over mechani-
cal debridement [51, 52]. A large retrospective 
review of 824 patients showed no significant 
safety concerns by using bipolar radiofrequency 
ablation assuming the appropriate contact pres-
sures and plasma settings [53].

Radiofrequency chondroplasty requires spe-
cialized equipment and meticulous attention to 
technique. Temperatures above 45 °C can result 
in cell death. Treatment is geared for grade 2 or 
grade 3 lesions, while the efficacy of this proce-
dure for cartilage lesions which reach the sub-
chondral plate remains unclear. Significant 
thermal damage can still occur with these devices 
(Fig. 20.3).

20.3.2  Post-operative Rehabilitation

Weight bearing is usually not restricted after 
arthroscopic debridement and chondroplasty, 
although ambulation can be limited for three to 

Fig. 20.2 Chondroplasty: Unstable cartilage flaps of grade 2 or grade 3 chondral lesions are debrided down to a stable 
rim of healthy cartilage with care to avoid exposure of the subchondral bone
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five days post-operatively in the setting of pain 
and quadriceps dysfunction [54]. Bracing is not 
generally recommended, but may be considered 
briefly for ambulation in cases with significant 
quadriceps dysfunction or to emphasize complete 
extension. Unrestricted passive range of motion 
exercises are initiated immediately post- 
operatively, with the objective of regaining full 
range of motion within two to three weeks. The 
use of a continuous passive motion machine 

(CPM) is surgeon dependent but is generally not 
required. Weight bearing and strengthening exer-
cises are initiated one week post-operatively. 
Formal physical therapy is not required but can 
be prescribed in selected cases and in patients 
who are slow to progress. Attention is given to 
recovering range of motion, quadriceps strength, 
and normal gait. Full return to moderate impact 
activities is allowed beginning at six to eight 
weeks post-operatively [54].

Fig. 20.3 Thermal damage from radiofrequency chon-
droplasty: In this example, radiofrequency ablation is per-
formed on a focal chondral lesion with either inappropriate 
contact pressures or plasma settings. There is obvious 

physical and thermal damage to this cartilage lesion. 
Ultimately, further cartilage restorative procedures were 
necessary to treat this iatrogenic lesion
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20.3.3  Outcomes

Arthroscopic debridement and chondroplasty 
have demonstrated greater short-term improve-
ments in patient-reported pain compared to 
lavage alone. One study showed that patients 
treated with arthroscopic debridement were five 
times more likely to report pain improvement at 
one and five years post-operatively compared to 
those treated with arthroscopic lavage [55]. 
Improved patient outcomes with debridement 
alone have been demonstrated with radiofre-
quency techniques [51–53].

Despite its reported success in short-term 
studies, the long-term benefits of arthroscopic 
debridement and chondroplasty are unclear. A 
large prospective randomized trial reported no 
significant benefit of lavage and debridement 
compared to a placebo procedure [15]. A more 
recent study identified significant short-term 
improvement in pain and physical function, but 
this difference was not significant at 2-year fol-
low- up [56].

Moreover, arthroscopic debridement may not 
halt the radiographic progression of OA, with one 
study in young athletes reporting that 43% of 
patients showed significant joint space narrowing 
at 14-year follow-up [57]. However, these joint 
space changes were found to be mostly asymp-
tomatic, with 80% of patients reporting good to 
excellent functional outcome scores and 75% of 
patients able to return to the same level of com-
petitive sports following debridement [57].

Arthroscopic debridement and chondroplasty 
have demonstrated better clinical outcomes in 
early OA compared to later disease stages, with 
more than 90% of patients with mild arthrosis 
reporting improvement compared to only 49% of 
patients with moderate arthrosis and 12% of 
patients with severe arthrosis at 4–6 year follow-
 up. Therefore, arthroscopic debridement may 
afford the most clinical benefit for the treatment 
of early stage arthrosis [58]. While younger age 
and a smaller amount of chondral damage are 
associated with better patient reported outcomes, 
female sex and body mass index (BMI) greater 
than 30 have been associated with worse out-
comes [14]. These observations reinforce the 

importance of appropriate patient selection to 
avoid failure of operative treatment.

20.4  Microfracture and Marrow 
Stimulation Techniques

20.4.1  Background

Perforation of the subchondral plate to allow 
fibrous ingrowth as a method to resurface osteo-
arthritic joints was first described by Pridie in 
1959 [59]. Ficat et al. performed a modification 
of this procedure, termed spongialization, where 
all of the diseased cartilage and corresponding 
subchondral bone were removed to allow for 
marrow-induced fibrous healing from the exposed 
cancellous bed [60]. An arthroscopic technique, 
which involved abrasion of a sclerotic chondral 
lesion to allow for subsequent fibrocartilage for-
mation, was introduced by Johnson [61]. Building 
off of these earlier procedures, the microfracture 
technique was popularized by Richard Steadman 
in the early 1980s for the treatment of full thick-
ness chondral defects [11, 62]. Microfracture 
became a popular technique for the treatment of 
small chondral lesions as it was easily performed 
arthroscopically, could be performed as a single- 
stage procedure, and was inexpensive [63, 64].

The purpose of microfracture is to perforate 
the subchondral bone beneath a cartilage defect 
in order to expose cancellous bone and allow for 
release of marrow-derived growth factors and 
chemotactic cytokines for cartilage repair [65, 
66]. Microfracture creates small channels 
(“microfractures”) in the subchondral bone per-
pendicular to the bone surface which stimulate 
this marrow response. These “microfractures” 
allow access to marrow growth factors and plu-
ripotent mesenchymal stem cells that can differ-
entiate to produce fibrocartilaginous repair tissue 
[59, 62, 67]. The resulting fibrocartilage helps to 
fill the chondral defect and is theorized to help 
protect against secondary perifocal OA develop-
ment which could occur if the defect is left 
untreated [68, 69]. This fibrocartilage is com-
posed of type-I collagen, not the normal type-II 
collagen found in native hyaline cartilage, and 
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lacks the biomechanical properties of normal 
articular cartilage [63]. Specifically, this fibrocar-
tilage has lower compressive stiffness, less resil-
ience and poorer wear characteristics than native 
hyaline cartilage [70]. These histological changes 
following microfracture are due to endochondral 
ossification [71].

Historically, marrow stimulation techniques 
have been considered the gold standard for iso-
lated chondral defects [11]. Despite the early 
popularity of the technique and reasonable short- 
term clinical success, long-term outcomes of 
microfracture have been underwhelming, with 
25% or more of patients experiencing poor results 
at 10-year follow-up [72–76]. Increasing evi-
dence has also shown that microfracture damages 
the microarchitecture of the underlying osteo-
chondral unit leading to intralesional osteophytes 
and poorer outcomes of revision cartilage surface 
procedures [77]. As evidence emerges that micro-
fracture may not lead to better outcomes than 
debridement alone, the status of microfracture as 
a gold standard has been debated with some 
authors even calling for the abandonment of the 
technique [78, 79].

20.4.2  Indications/Contraindications

Microfracture is indicated for the treatment of 
symptomatic small to midsize (<2–3 cm2) articu-
lar cartilage lesions (Outerbridge classification 
grade III or IV) in active patients and slightly 
larger lesions (2–3  cm2) in less demanding 
patients [80]. These lesions include full-thickness 
cartilage defects, unstable defects overlying sub-
chondral bone, or partial thickness lesions that 
scrape down to the bone when probed [9, 11, 81]. 
In a systematic review, Mithoefer et al. analyzed 
over 3000 patients who underwent microfracture 
for cartilage defects and showed that age over 
40 years, preoperative symptom duration of less 
than 1 year, up to 4 cm2 lesion size in nonathletes, 
up to 2 cm2 lesion size in athletes, and BMI less 
than 30  kg/m2 were all factors associated with 
good outcomes after microfracture [82]. In a sub-
sequent study, Goyal et  al. showed that a large 
portion of patients who underwent microfracture 

for lesions greater than 4 cm2 developed arthritis 
within 5 years of surgery [72]. Due to these stud-
ies as well as other reports, 4 cm2 is often used as 
a maximum cutoff for chondral lesions that ben-
efit most from microfracture in nonathletes while 
2 cm2 may be used in athletes [72, 82].

Contraindications to microfracture include 
advanced OA, inflammatory arthritis, chondral 
defects greater than 7–10 mm deep, and inability 
to participate in post-operative rehabilitation [11, 
83, 84]. The height and sufficient thickness of the 
vertical rim surrounding the defect that holds the 
microfracture clot in place are also important fac-
tors [11, 84, 85]. Microfracture has been shown 
to be effective in patients older than 40 years of 
age; however, older patients may also experience 
greater difficulty performing required post- 
operative protected weight-bearing ambulation 
and the accompanying rehabilitation protocol 
[11]. Given the question of long-term viability of 
the fibrocartilage repair, use of microfracture in 
younger populations (especially with larger 
lesions) has been questioned [72–76].

Microfracture, along with other marrow- 
stimulating techniques, may cause damaging 
alterations in the underlying subchondral bone, 
leaving subsequent revision cartilage surface pro-
cedures including autologous chondrocyte 
implantation (ACI), less effective [77, 86]. For 
this reason, microfracture is usually contraindi-
cated as a temporizing procedure if a more defini-
tive cartilage surface procedure is to be considered 
later. In contrast to ACI, osteochondral allograft 
following prior microfracture is still associated 
with good survivorship and functional outcomes 
[87].

While one of the benefits of a first-line treat-
ment like microfracture is its ease of application, 
the success of microfracture is certainly affected 
by mechanical alignment, meniscal status, and 
ligamentous stability [88]. Similar to prepara-
tions for other cartilage restorative procedures, 
long-standing mechanical axis radiographs are 
indicated and corrective osteotomies should be 
considered concomitantly or as a staged proce-
dure to restore a neutral mechanical axis when 
needed. Similarly, a tibial tubercle osteotomy is 
considered for patellar defects. Uncorrected 
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 ligamentous instability, meniscal deficiency, or 
malalignment remain relative contraindications 
for a microfracture.

20.4.3  Technique

The goal of microfracture is to “fill” the cartilage 
defect with a “superclot” of mesenchymal stem 
cells to stimulate fibrocartilage repair [11]. In the 
absence of concomitant procedures, this can be 
carried out during a single stage, minimally inva-
sive procedure. A diagnostic knee arthroscopy is 
first performed with standard anterolateral and 
anteromedial portals. Concomitant intra-articular 
procedures, including partial meniscectomy, 
meniscus repair, or meniscal allografts are usu-
ally performed prior to creation of the microfrac-
ture holes to prevent visualization difficulties 
from the bleeding bone.

The first step in performing microfracture is 
assessment and preparation of the defect. 
Unstable cartilage flaps surrounding the lesion 
are debrided so that a stable, vertical edge of 
healthy cartilage is left surrounding the defect. 
Debridement of chronic lesions may be compli-
cated by the presence of calcified cartilage and 
bony sclerosis [11, 89]. Care should be taken to 
remove the calcified cartilage layer without dam-
aging the underlying subchondral plate [90]. 
Size, depth, and location of the cartilage lesion is 
re-assessed in order to confirm that microfracture 
is indicated.

Next, microfracture holes are created using a 
30° or 45° microfracture awl or a 1.0 mm K-wire 
working from the periphery to the center and 
making sure that the instrument is perpendicular 
to the defect (Fig. 20.4). Care is taken to leave an 
adequate bone bridge between holes (1–2 mm or 
large enough so that the integrity of the subchon-
dral bone is preserved in between holes). Small- 
diameter awls have been shown to lead to 
improved cartilage repair when compared with 
large-diameter awls [91, 92]. In a sheep model, 
Orth et  al. compared small-diameter (1.0  mm) 
awls with large-diameter (1.2  mm) awls and 
showed that 1.0 mm awls were associated with 
improved histological quality of repair tissue, 

better surface grading, and decreased relative 
bone volume of the subarticular spongiosa 
6  months after microfracture [92]. Small- 
diameter awls may be associated with less tra-
becular fragmentation of the subchondral bone 
and less compaction than large awls [93]. A 90° 
awl may be necessary when performing micro-
fracture of the undersurface of the patella in order 
to achieve the necessary perpendicular angle. 
Holes are created 3–4  mm apart and at least 
3–4 mm deep in order to avoid convergence. The 
depth of subchondral perforation influences out-
come after microfracture. Using a rabbit model, 
Chen et al. showed that, compared with shallow 
perforation (2  mm), deeper perforation (6  mm) 
was associated with greater fill of the cartilage 
defect and greater hyaline character in the repair 
matrix [94].

Arthroscopic drilling may also be used for 
marrow stimulation in place of microfracture 
with awls. Similar to microfracture, deep drilling 
(6  mm) is associated with improved access to 
marrow stroma, an increase in mineralized bone 
and an enhanced cartilage repair compared with 
shallow drilling (2  mm) [95]. In a systematic 
review, Kraeutler et  al. compared microfracture 
to arthroscopic drilling for the treatment of carti-
lage defects [95]. The authors identified seven 
basic science studies (two of which were per-
formed in humans) and concluded that regardless 
of marrow stimulation technique, the quality of 
cartilage regeneration was poor and not that of 
hyaline cartilage in the native knee [95]. The 
authors also found that there is a lack of adequate 
basic science literature comparing these two 
techniques for focal cartilage lesions [95].

Subsequent reduction of irrigation fluid pump 
pressure can confirm appropriate depth of drill-
ing and release fat droplets and blood from the 
marrow cavity into the defect. This forms what 
has been referred to as the “crimson duvet” 
(Fig. 20.5).

Sclerosis of the subchondral bone can dimin-
ish the ability to access the underlying marrow 
and can also lead to fissuring and compaction of 
bone, instead of marrow access [96]. Hoemann 
et al. studied ex-vivo microfracture of medial and 
lateral condyles from total knee arthroplasty 
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Fig. 20.4 Microfracture: Microfracture holes are created using a 45° microfracture awl working from the periphery to 
the center of the lesion and ensuring that the instrument is perpendicular to the defect
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patients and showed that in extremely dense scle-
rotic bone, marrow access was only 40% follow-
ing microfracture [96].

20.4.4  Postoperative Management 
and Rehabilitation

Postoperative rehabilitation is surgeon dependent 
and may vary depending on lesion size and loca-
tion [11, 88]. Rehabilitation is important to estab-
lish an environment which promotes 
differentiation of recruited marrow progenitor 
cells into fibrocartilaginous repair tissue and pro-
tects the maturation process. In general, a period 
of protected weight bearing is recommended for 
6–8 weeks for tibiofemoral joint lesions [61]. In 
contrast, patellofemoral lesions can often be 
treated with immediate flat foot weight bearing 
as tolerated, with progressive range of motion 
and physical therapy.

Range of motion is usually initiated immedi-
ately post-operatively and is considered essential 
to the nutrition of the growing fibrocartilage. Use 
of a CPM device is prevalent in multiple studies 
and is common in practice [88, 97]. In animal 
studies, CPM has strong evidence and appears to 
enhance nutrient delivery to the growing carti-
lage and promote growth of hyaline cartilage 
[98]. Clinical evidence for the necessity of CPM 

use however is lacking and has minimal high- 
level evidence [85, 98, 99]. While no one proto-
col exists for CPM use, one review cited a 
common regimen utilizing CPM with an initial 
range of motion from 0° to 30° and progressing 
as tolerated for 6–8 h daily over 6 weeks [100].

Physical therapy is often recommended with 
the initial goal of restoring full motion, patellar 
mobility, and starting isometric quadriceps 
strengthening. Full weight bearing is reintro-
duced at the 6-week mark. The second phase of 
therapy focuses on isokinetic quadriceps 
strengthening and resistance training. The patient 
is generally cleared for resumption of full- 
unrestricted activities at 4–6  months 
post-operatively.

20.4.5  Complications

Cartilage injuries involve the entire osteochon-
dral unit. Microfracture and marrow stimulation 
techniques impact the architecture of the sub-
chondral bone within the lesion. Subchondral 
bone overgrowth is frequently observed (62% of 
primary cases and 93% of revisions) and is asso-
ciated with a 22% increase in failure rate at 
6  years post-microfracture [101]. Related risk 
factors for poor outcomes include pre-operative 
bone overgrowth, high BMI, lesions located on 
the lateral femoral condyle, and excessive 
debridement. Patients may experience progres-
sion of cartilage degeneration with return of 
symptoms and progression to OA.

Microfracture can trigger a secondary center 
of ossification leading to the formation of intral-
esional osteophytes (Fig.  20.6) [102]. In one 
study, intralesional osteophytes were present in 
54% of patients at 6 months and 70% of patients 
at 12 months [103]. The formation of bone cysts 
can also be present in up to 33% of patients [82].

Rarely, patients undergoing microfracture of 
trochlear defects may report catching or locking 
during the initial months of recovery as the 
patella rides over the trochlear defect [62]. These 
symptoms tend to improve as the defect popu-
lates with regenerative cells. Additionally, some 
patients report ongoing painless effusions that 

Fig. 20.5 Blood clot formation: Following microfrac-
ture, release of fat droplets and blood from the marrow 
cavity into the defect results in blood clot formation which 
has been referred to as “crimson duvet”
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can be treated conservatively [62]. Further 
research is required to determine if the rates of 
these complications can be decreased by 
improved drilling techniques or biological 
augmentation.

20.4.6  Outcomes

The efficacy of microfracture has been well doc-
umented in several short- and mid-term studies 
[72, 82, 104, 105]. Successful pain reduction and 
steady clinical improvements have been demon-
strated for the first 2 years after surgery, with the 
greatest improvements reported in the first five 
years following microfracture. Long-term data 
has shown mixed results with one 15-year fol-
low- up study demonstrating microfracture failure 
rate of 32.5% and radiographic analysis indicat-
ing that 50% of patients who had not experienced 
failure showed early OA. A study by Steadman 
et  al. showed notable improvement at 11-year 
follow-up in patients younger than 45  years of 
age with full-thickness chondral defects without 
associated meniscus or ligament pathology [85].

In a large systematic review of over 3000 
patients, Mithoefer et  al. showed that improve-

ment in knee function was consistent over the 
first 24  months after microfracture [82]. The 
authors noted that improvements in pain and 
function were seen in the early post-operative 
period and patient reported outcomes at 2 years 
after surgery were improved from preoperative 
scores, but only 67%–85% of patients noted con-
tinued improved outcomes between 2 and 5 years 
post-operatively [82]. Another systematic review 
validated previous results, showing that micro-
fracture failure rates range between 11% and 
27% at 5  years and 6%–32% at 10  years, with 
failure defined as the need for revision surgery or 
total knee arthroplasty [106]. A mid-term follow-
 up study of prospectively collected patient 
reported outcomes demonstrated clinically and 
statistically significant outcomes at 5.7 years and 
pointed to patient and defect-related characteris-
tics that may influence outcomes after microfrac-
ture [107]. Treatment of isolated femoral defects 
outperformed microfracture of tibial lesions. 
Male patients, patients treated with multisite 
microfracture, and patients treated for lesions 
larger than 3.6 cm2 showed less benefit. Combined 
offloading osteotomy and microfracture have 
demonstrated good mid-term results with 86% of 
patients avoiding conversion to total knee arthro-
plasty at 5-year follow-up [108]. In a study of 
110 patients, Solheim et al. showed that 45% of 
patients converted to total knee arthroplasty or 
had poor functional scores at median follow-up 
of 12 years [76]. Poor outcomes were most com-
monly seen in those with degenerative articular 
changes, long duration of knee pain prior to sur-
gery, poor preoperative functional scores, or who 
underwent partial meniscectomy at time of 
microfracture [76].

Outcomes following microfracture in ath-
letes have also been studied. Gobbi et  al. ana-
lyzed 61 athletes and showed improvement in 
patient reported outcomes at 2 years after sur-
gery and a reoperation rate of 11% [73]. The 
authors also noted that patients treated for 
lesions of 4 cm2 or less, had superior outcomes 
when compared to patients with larger lesions 
[73]. Other studies have identified defects in 
nonweight-bearing areas and duration of symp-
toms less than 1  year to be associated with 

Fig. 20.6 Intralesional osteophyte: Microfracture can 
trigger a secondary center of ossification leading to the 
formation of intralesional osteophytes
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improved outcomes after microfracture in ath-
letes [82, 109, 110]. Return to sport after micro-
fracture has been demonstrated in athletes 
treated for lesions less than 2  cm2 [110]. In a 
large meta-analysis of 2549 patients, 34% of 
whom underwent microfracture, Krych et  al. 
showed a 58% return to play at 9.1 months fol-
lowing microfracture [111]. This return to play 
rate was lower than that of osteochondral 
allograft transplantation (88%), OATS (93%) 
and ACI (82%) demonstrated in the same analy-
sis [111]. and slightly lower than return to play 
rates of 73%–95% from other reports of micro-
fracture in high level athletes [110, 112, 113].

With the advent of cartilage restoration tech-
niques, such as matrix-associated chondrocyte 
implantation (MACI), comparative studies have 
tried to redefine the contemporary indications for 
microfracture. A prospective study comparing 
these two techniques at two years for the treat-
ment of symptomatic cartilage knee defects 
greater than 3 cm2 in size showed statistically sig-
nificant improvement at 2  years of follow-up 
with MACI [104]. Yet, a cost-effectiveness analy-
sis of microfracture and autologous chondrocyte 
implantation at 5  years showed that microfrac-
ture is associated with both lower costs and lower 
cost per point increase in patient reported out-
come measures [114]. A randomized controlled 
study comparing MACI with microfracture 
showed similar outcomes between both groups at 
5-year follow-up [115]. Considering the relative 
technical simplicity and cost-effectiveness of 
microfracture and the lack of long-term data 
demonstrating a meaningful superiority of MACI 
over microfracture, there is likely still a role for 
microfracture in the treatment of smaller focal 
femoral chondral defects.

Several reasons for failure after microfracture 
have been proposed. Poor surgical technique or 
improper surgical indication may lead to failure 
especially in the case of large, uncontained carti-
lage lesions. Compaction of the subchondral 
layer or osseous overgrowth of subchondral bone 
has been associated with 93% of failures follow-
ing microfracture in one report [101]. Other fac-
tors such as noncompliance with post-operative 
rehabilitation protocols may also lead to failure 

after microfracture [63]. Whereas it is common-
place to consider realignment procedures, menis-
cal transplants, and ligamentous reconstruction 
in conjunction with other types of cartilage 
restorative procedures, it is still less common to 
perform these corrective procedures combined 
with a microfracture. These pathologies, when 
left uncorrected, likely lead to increased failure 
of this technique.

20.4.7  Augmentation 
of Microfracture

Various augmentation techniques with biological 
adjuvants have been suggested in order to reduce 
failure rates and improve outcomes following 
microfracture. In a systematic review, Arshi et al. 
analyzed 18 articles with 625 patients and com-
pared microfracture alone to microfracture with 
biological adjuvant [116]. The authors classified 
biological augments into either injectable or 
scaffold- based augmentation and showed that 
microfracture with injectable augmentation was 
associated with improved functional outcome 
scores compared with microfracture alone, while 
scaffolding-based augmentation trials showed 
similar post-operative improvements [116]. The 
authors highlight that the literature on biological 
augmentation is heterogenous and of limited 
quality evidence and therefore, make it difficult 
to draw conclusions on their use [116]. In a study 
assessing bone marrow stimulation for osteo-
chondral lesions of the talus, concentrated bone 
marrow aspirate with bone marrow stimulation 
was associated with similar functional outcomes, 
improved integration of repair tissue, and less 
evidence of fissuring than marrow stimulation 
alone [117]. Platelet-rich plasma (PRP) has also 
been suggested as a possible adjuvant in the treat-
ment of cartilage lesions. In a meta-analysis of 
seven studies, Boffa et al. showed that PRP did 
not provide a minimal clinically important differ-
ence when used as an adjuvant to microfracture 
for knee or ankle lesions [118]. Use of dehy-
drated allograft cartilage extracellular matrix 
scaffold within the microfractured defect has 
been reported to have higher percentages of 
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hyaline- like collagen in the repair tissue [119]. 
Due to heterogeneity in the literature and the 
low-level evidence currently available, more 
research is needed to better understand the effects 
of biological augmentation on outcomes follow-
ing microfracture.

20.5  Conclusion

Focal chondral lesions in the setting of early OA 
are a common cause of pain and dysfunction. 
History, physical examination, and advanced 
imaging can help guide surgeons when selecting 
the appropriate treatment for these lesions. 
Surgical options for the treatment of chondral 
injuries include arthroscopic lavage, debride-
ment, chondroplasty, and microfracture. 
Microfracture has been shown to have some 
short-term benefit in select patients, but many 
patients demonstrate continued pain and progres-
sion to radiographic OA at long-term follow-up. 
Studies assessing biological augmentation in the 
setting of microfracture are heterogeneous and 
comprised of low-level evidence. Further 
research assessing long term outcomes in appro-
priately selected may help to refine indications 
and improve techniques for these procedures.
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21.1  Introduction

Chondral lesions of the knee exist on a contin-
uum from isolated, focal defects to generalized 
osteoarthritis (OA), with intermediate disease 
states spanning these two conditions. These 
patients may have more subtle signs and symp-
toms that only manifest with higher-intensity, 
particularly impact activity [1, 2], and the preva-
lence of early OA may be higher than generally 
recognized. A study of over 25,000 young 
patients with a mean age of 39 years undergoing 
knee arthroscopy found chondral defects in 6 of 
10 patients, with degenerative changes in 29% 
[3]. Other studies have likewise noted that 6 in 
10 patients undergoing knee arthroscopy for any 
surgical indication exhibit chondral or osteo-
chondral lesions [4], with full-thickness lesions 
in 10% of these cases [5]. These patients are 
often reluctant to accept the lifestyle limitations 
of conservative treatment or the activity restric-
tions and long-term survivorship concerns 
inherent to arthroplasty, while also exhibiting 
lower satisfaction and higher implant failure 
rates after undergoing arthroplasty [6]. 
Nonsurgical treatments such as physical ther-

apy, nonsteroidal anti- inflammatory drugs, and 
injections may temporarily provide symptom 
palliation. Furthermore, knee arthroscopy with 
lavage, debridement, and chondroplasty does 
not reliably benefit this population of patients 
with early OA [7, 8].

Cartilage is known to diminish in function and 
quality with age, and the presence of focal chon-
dral defects can precipitate progression to 
OA. The presence of an asymptomatic chondral 
defect doubles the rate of cartilage loss relative to 
healthy knees [9], and is associated with disease 
progression in over 80% of knees over a 2-year 
period [10]. The pathological cascade of OA may 
begin with a reversible pre-OA state followed by 
onset of early OA and finally established OA 
[11]. In early OA, fibrillation and vertical fissur-
ing are seen within the articular cartilage, with 
progressive enlargement of the subchondral bone 
plate and subarticular spongiosa [12]. Early OA 
involves not only the cartilage but other soft- 
tissue structures including the menisci and 
synovium [12, 13]. It is not clear if or to which 
extent altered joint homeostasis in early OA 
interferes with the biological milieu necessary 
for successful cartilage repair. Although superfi-
cial chondral defects tend not to heal, they are 
less likely to be symptomatic than full-thickness 
defects, which generally heal with fibrocartilage 
[14]. Similarly, while smaller defects may be 
well-tolerated, larger and uncontained defects are 
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more likely to disrupt joint homeostasis and set 
into motion the degenerative process.

While cartilage restoration procedures are an 
established part of the armamentarium for treat-
ing younger patients with focal chondral defects, 
a subset of the orthopaedic literature has investi-
gated whether these surgical indications can be 
extended to patients with early OA. Multiple car-
tilage restoration techniques have been described 
including bone marrow stimulation, osteochon-
dral autograft transfer, osteochondral allograft-
ing, and autologous chondrocyte implantation. 
These techniques variably address the cartilage 
defect and/or underlying subchondral bone. Of 
these, osteochondral allografting is the lone tech-
nique that restores mature orthotopic hyaline car-
tilage on a microscopic level, recapitulates the 
native anatomy on a macroscopic level, provides 
immediate (rather than progressive) defect fill, 
and avoids donor site morbidity or two-stage pro-
cedure innate to other techniques [14–17]. Unlike 
most other cartilage repair techniques, osteo-
chondral allografting does not rely on lesion con-
tainment with “vertical walls” or an intact 
subchondral plate for success. It is also a dener-
vating technique, replacing painful subchondral 
bone with an aneural scaffold, often providing 
immediate pain relief. Osteochondral allografts 
are particularly versatile in the treatment of large, 
complex, or multiple lesions as this is a size- 
independent technique. Osteochondral allografts 
can also be adapted to complex topographies 
such as the patellofemoral joint or lesions with 
bone loss or associated subchondral abnormali-
ties [18]. Because of its versatility, this chapter 
will focus on the application of osteochondral 
allografting in the setting of early OA and com-
plex chondral lesions.

21.2  Indications 
and Contraindications

The application of cartilage restoration tech-
niques to early degenerative joints requires an 
appreciation for the adverse biomechanical and 
biochemical environment therein [19]. While 
most cartilage restoration techniques require 

well-shouldered lesions and/or vertical walls, 
joints with early OA are less likely to have 
healthy shouldering cartilage of consistent carti-
lage thickness [20]. Osteochondral allografting is 
most well-suited to large, high-grade 
(International Cartilage Repair Society [ICRS] 
score grades III/IV) osteochondral defects. 
Because it is a size-independent technique, osteo-
chondral allografting can be used to treat lesions 
greater than 2 cm2 in size, which generally is the 
upper limit for osteochondral autograft transfer. 
Its other advantages include the ability to restore 
bone stock, address diseased subchondral bone, 
and restore type II hyaline cartilage. 
Osteochondral allografts are also valuable in the 
revision setting after previous cartilage restora-
tion procedures have failed. Disadvantages to 
osteochondral allografting include the relative 
scarcity of donor tissue, logistical challenges and 
costs of graft procurement and storage, and theo-
retical risk of disease transmission. Chondrocyte 
viability and matrix structural integrity are pre-
served during cold storage for up to 14 days but 
show signs of degradation after 28  days, while 
the hyaline matrix remains relatively intact [21]. 
As such, 28 days is used as an upper threshold for 
acceptable graft transplantation in current tissue 
banking practice.

Regardless of the technique employed, con-
comitant contributory malalignment, ligamentous, 
or meniscal deficiency should be addressed in 
staged or simultaneous fashion in order to protect 
the repaired cartilage. Contributory malalignment 
refers to the weightbearing axis of the lower 
extremity falling through the affected compart-
ment of the knee. This should be addressed by 
unloading osteotomy in a staged or concomitant 
fashion, which has shown to be a safe and effective 
intervention to optimize outcomes of cartilage 
repair in general, and osteochondral allografting in 
particular [22, 23]. Contraindications to cartilage 
restoration procedures include uncorrected con-
tributory malalignment, ligamentous and/or 
meniscal deficiency. Additional contraindications 
include inflammatory or crystalline arthropathy or 
advanced, multicompartmental OA, particularly in 
patients whose age and activity level are appropri-
ate for arthroplasty solutions. Patient factors also 
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significantly impact the prognosis of cartilage 
repair, and should be considered when indicating a 
patient for surgery. These include (physiological) 
age, body mass index, activity level, prior surger-
ies, symptom duration, lesion chronicity, and 
tobacco use.

21.3  Preoperative Planning

A complete panel of standing radiographs should 
be obtained, including standing anteroposterior 
and posteroanterior 30 degree flexion 
(Rosenberg), true lateral, Merchant, and full-
length limb alignment views. Magnetic reso-
nance imaging (MRI) is also obtained to 
characterize both the chondral lesion and the 
degree of subchondral bone plate and marrow 
involvement beneath the ultimate repair site, in 
relation to the level of the physeal scar [24].  
When considering lesion factors in preoperative 
decision-making, it should be noted that MRI 
classically underestimates lesion size, and that a 
staging arthroscopy can be helpful in establishing 
lesion characteristics and treatment options. The 
ICRS system allows cartilage lesion mapping 
using a standardized topographic grid based on 
involvement of specific regions of the femoral 
condyles, tibial plateau, trochlea, and/or patella 
(Fig. 21.1), and to assess overall disease burden 
[24]. Relative lesion size must be considered in 
relation to the size of the femoral condyle or 
overall compartment, as a 1-cm2 lesion in a 
smaller patient, for instance, is not only more 
likely to be symptomatic [25] but also likely to 
cause greater disease burden and have more lim-
ited autograft donor options than the same lesion 
in a skeletally larger patient. Lesion location is 
another significant prognosticator. The femoral 
condyles are in general amenable to a wider 
range of cartilage restoration techniques, while 
the patellofemoral joint is more technically chal-
lenging because of the variable topography of the 
trochlea and patella. While allografts may be 
effectively size-matched, shape-matching in the 
patellofemoral joint is more challenging. Tibial 
plateau lesions should be carefully monitored as 

the native cartilage is thinner, and bipolar lesions 
are generally associated with poorer outcomes 
[25]. In our treatment algorithm, osteochondral 
allografts are the preferred treatment option in 
large lesions (particularly when presenting with a 
preeminent osseous deficiency), those with sig-
nificant marrow signal change on MRI indicating 
disrupted subchondral plate, lack of shouldering/
containment, and all revision situations, particu-
larly after prior microfracture which might cause 
intralesional osteophyte formation influencing 
outcomes of cell-based repairs [26]. In rare cases, 
tibial osteochondral allografts with attached 
meniscus can be used to address (sub-) total 
meniscus deficiency in combination with a post-
traumatic tibial (osteo-) chondral defect. This 
composite graft can address several of the key 
issues of meniscal allografting: the graft sizing/
matching and fixation, which can reliably be 
achieved with extraarticular compression screws 
across the graft/host interface.

When osteochondral allografting is 
employed, the donor allograft is matched with 
the recipient primarily based on size, and no 
HLA- nor blood type-matching is performed. 
Although retrieval studies have not consistently 
shown evidence of immunologic response, 
development of anti- human leukocyte antigen 
class I cytotoxic antibodies has been observed 
in allograft recipients [27]. While this response 
does not appear to have overt clinical signifi-
cance, overall bioburden of transplanted mate-
rial remains a concern when considering 
maximal graft size. An anteroposterior radio-
graph with a sizing marker is used to measure 
the width of the tibial plateau just below the 
joint surface, aiming for a ± 2 mm match. With 
femoral condyle lesions, the diseased condyle is 
often larger, wider, and flatter and best suited to 
a larger donor allograft. An attempt is made to 
match the radius of curvature of the recipient 
site, but generally it is easier to match a larger 
graft to a smaller recipient than vice versa. 
Lastly, when axial malalignment is present, the 
surgeon may consider staging an adjacent oste-
otomy in order to avoid insult to the microvas-
cularity of the recipient site.
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Fig. 21.1 The International Cartilage Research Society (ICRS) knee cartilage lesion mapping system. (Adapted from 
the ICRS Cartilage Injury Evaluation Package, With Kind Permission from ICRS)
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21.4  Surgical Technique

The patient is positioned supine with optional use 
of a leg or foot holder, which can facilitate 70° to 
130° of flexion as needed to expose the chondral 
lesion during the arthrotomy. A thigh tourniquet 
is generally employed, and use of tranexamic 
acid has gained popularity to optimize hemosta-
sis and visualization. Commonly, patients have 
undergone prior staging arthroscopy to confirm 
the lesion extent and the size requirements of the 
graft. Fresh osteochondral allografting generally 
requires an open approach for lesion exposure 
and graft transplantation. Most femoral condyle 
lesions can be accessed without eversion of the 
patella but large complex lesions may require 
advanced approaches including quadriceps snip, 
tibial tubercle osteotomy, or collateral ligament 
release. In most situations, a standard midline 
incision is fashioned from the center of the patella 
to the tibial tubercle. A medial or lateral parapa-
tellar arthrotomy is performed, depending on the 
lesion location, with dissection through the joint 
capsule, synovium, and fat pad (Fig. 21.2). Care 
is taken to avoid disrupting the anterior horn of 
the meniscus or the articular surfaces. For poste-
rior or particularly large lesions, the meniscus 
may need to be detached and reflected, leaving a 
small cuff of anterior meniscal horn and root for 
later reattachment. Retractors are carefully 
inserted, while protecting the cruciate ligaments 
and chondral surfaces, and the knee is moved into 
flexion so that the lesion is exposed within the 
arthrotomy site. The lesion is then probed to 
assess its extent and stable margins.

The two main techniques for the preparation 
and transplantation of osteochondral allografts 
are the press-fit dowel and shell techniques. The 
press-fit dowel technique is technically similar to 
osteochondral autograft transfer. This technique 
is most suitable for contained femoral condylar 
lesions between 15 and 35  mm in diameter 
(Fig.  21.3). Fixation devices are not generally 
required in circumferentially contained grafts 
with a stable press-fit, unless the lesion involves 
the intercondylar notch or is otherwise uncon-
tained (Fig. 21.4). Mechanical impaction of the 
graft should be avoided to minimize chondrocyte 

apoptosis [28]. Disadvantages of the dowel tech-
nique include poor applicability for far-posterior 
femoral and trochlear lesions due to the use of a 
circular coring system. In addition, ovoid-shaped 
and more complex geometric lesions require a 
greater amount of normal cartilage sacrifice at 
the recipient site to accommodate the circular 
donor plugs. Shell grafts are technically more 
difficult to perform and usually require fixation 
with bioabsorbable pins or small cannulated 
screws due to lack of containment. This powerful 
technique is suitable for complex defects requir-
ing whole patella or trochlea transplantation. 
Depending on the method used, a smaller amount 
of native host cartilage may be sacrificed.

Regardless of technique, several common 
principles should be observed and applied: The 
amount of transplanted allogeneic bone should 
be minimized, this subchondral portion should be 

Fig. 21.2 Medial parapatellar arthrotomy demonstrating 
standard intraoperative exposure of a degenerative carti-
lage lesion of the medial femoral condyle

21 Osteochondral Allografts in Early Osteoarthritis
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copiously pulse lavaged to remove antigenic 
bone marrow elements, and stable fixation must 
be achieved. In dowel allografts, attempts should 
be made to limit total graft thickness to 10 mm or 
less. Deeper cystic subchondral lesion compo-
nents can be curetted by hand and filled with 
autologous bone from the reaming or morselized 
allograft to minimize the amount of transplanted 
bone at the site, which is felt to be a rate limiting 
step in creeping substitution, remodelling, and 
ultimate integration of the osseous component of 
the graft. Conversely, patella or tibial shell grafts 
need a minimum thickness of 10  mm to avoid 
subchondral collapse and fracture. In any event, 
the subchondral portion of the composite allograft 
should be copiously pulse lavaged to remove 
marrow elements and debris to minimize biobur-
den of the graft and optimize osseous integration. 
Finally, grafts that are not inherently stable 
through a range of motion require secondary fix-
ation to ensure stability of the repair construct.

21.5  Post-operative Management

Toe-touch weight-bearing with range of motion 
as tolerated is typically allowed immediately 
after surgery unless otherwise dictated by con-
comitant meniscal procedure, ligament recon-
struction, or osteotomy. Bracing is seldom 
required except to protect concomitant proce-
dures or in patellofemoral repairs, for which 
flexion is limited to less than 30° for the first 
4–6  weeks, or in cases of bipolar tibiofemoral 
repairs in which an unloader brace is used to pro-
tect the compartment against excessive loads.

The rehabilitation program must factor in 
graft size and containment, fixation, and radio-
graphic evidence of graft incorporation. 
Incorporation is routinely assessed by serial post- 
operative radiographs not unlike for fracture 
healing. Early rehabilitation emphasizes progres-
sive ROM and quadriceps strengthening. At 
approximately 4  weeks, patients are allowed 
closed-chain exercises such as cycling. 

Fig. 21.3 Intraoperative view of above lesion being 
treated with multiple osteochondral allograft dowels. 
Please note minimal coring depth of the anterior recipient 
site extending just past the subchondral plate, to allow for 
bony ingrowth via creeping substitution

Fig. 21.4 Intraoperative view of same case, after place-
ment of the second, anterior osteochondral allograft 
dowel. Please note stable press fit of both grafts not 
requiring additional fixation devices
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Progressive weight bearing as tolerated can be 
allowed in the early post-operative period for 
smaller, well-contained lesions, or as late as 
3 months for more complex repairs. Continuous 
passive motion (CPM) is not routinely employed 
unless there are patient-specific concerns for 
stiffness. After functional rehabilitation is com-
plete, the patient is allowed to return to sports 
when functional rehabilitation allows, usually at 
approximately 6 months. Patients are cautioned 
against excessive impact loading of the allograft, 
particularly in the first year. The long-term out-
come is inversely related to the time to treatment 
and overall disease burden in the affected joint. 
Whereas young patients with a focal lesion can 
reasonably be expected to return to normal 
impact-loading activities and preinjury function, 
the goals in a salvage situation are usually to 
delay or perhaps obviate the need for arthroplasty 
and allow return to activities of daily living and 
low-impact recreational activities.

21.5.1  Outcomes

Clinical outcomes after osteochondral allograft-
ing have been amply reported in the literature 
[29–46]. Gracitelli et  al. [47] reported on 164 
knees in 163 patients (mean age: 32.6  years) 
treated with OCA transplantation after prior sub-
chondral marrow stimulation (SMS), osteochon-
dral autograft transplantation (OAT), and 
autologous chondrocyte implantation (ACI). 
Mean allograft size was 8.5  ±  7.9  cm2. 
Survivorship of osteochondral allografting in this 
study was 82% at 10 years and 74.9% at 15 years, 
with 89% of patients reporting being “extremely 
satisfied” or “satisfied.” They showed that despite 
a high reoperation rate, OCA transplantation is a 
successful salvage surgical treatment after carti-
lage repair procedures, showing improved survi-
vorship and functional outcomes of OCA 
transplantation after SMS, ACI, and OAT.

A systematic review of nine studies with gen-
erally low methodological quality with a total of 
502 patients investigated the clinical outcomes of 
younger patients with early OA, as measured by 
clinical or radiological criteria, who underwent 

cartilage repair [48]. The majority of the included 
patients underwent autologous chondrocyte 
implantation. At follow-up to nine years, failure 
rates ranged from 8% to 27.3%, with 2.5% to 
6.5% going on to require arthroplasty. These 
findings are also subject to high heterogeneity, 
with 46% to 100% of patients in those studies 
having undergone an index knee procedure and 
up to 67% undergoing concomitant procedures.

Chahal et  al. [49] performed a systematic 
review of clinical outcomes of 19 eligible studies 
resulting in a total of 644 knees with a mean age 
was 37 years and mean follow-up of 58 months. 
With regard to etiology, the most common indica-
tions for transplantation included post- traumatic 
(38%), osteochondritis dissecans (30%), osteone-
crosis from all causes (12%), and idiopathic 
(11%). Forty-six percent of patients had concomi-
tant procedures, and the mean defect size across 
studies was 6.3 cm2. The overall satisfaction rate 
was 86%. Sixty-five percent of patients (72 of 
110) showed little to no arthritis at final follow-
up. The reported short-term complication rate was 
2.4%, and the overall failure rate was 18%.

21.6  Complications

Although all allografts are harvested and screened 
in accordance with the standards of the American 
Association of Tissue Banks, allograft-associated 
infections remain a concern. Like all joint preser-
vation procedures, outcomes of osteochondral 
allografting can be limited by overall disease pro-
gression and degenerative burden in an arthritic 
joint organ. Allograft failure can occur due to non-
union or late fragmentation and collapse—
although bone-to-bone healing reliably occurs in 
well-fixed grafts, revascularization of the graft is 
more variable. Fragmentation and collapse typi-
cally occur in unvascularized areas of the allograft, 
heralded by new pain or mechanical symptoms, 
often paradoxically during the delayed phase of 
creeping substitution after the actual graft/host 
interface appears consolidated on initial radio-
graphs. However, subsequent imaging may show 
joint space narrowing and subchondral sclerosis 
or cyst formation. MRI can be useful for identify-
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ing comorbid joint pathology. Mechanical 
allograft failure often is accompanied by foci of 
graft collapse on MRI, although interpretation of 
this modality is challenging even at baseline 
because increased fluid signal intensity may also 
accompany normal, well- functioning grafts. 
Depending on the degree of symptoms and objec-
tive joint function, treatment options include 
observation, selective removal of the fragmented 
portion of the graft, revision allograft transplanta-
tion, or conversion to arthroplasty.

21.7  Summary

Early knee OA is increasingly recognized as an 
intermediate stage on the continuum between 
isolated chondral lesions and generalized OA, 
and represents a potential timepoint for surgical 
intervention and disease modification in these 
younger patients. Younger patients with early 
knee OA represent a challenging demographic 
because they are poor candidates for conservative 
treatment or arthroplasty, but may potentially 
benefit from more versatile cartilage restoration 
techniques that address larger and more complex 
lesions. Osteochondral allografting restores 
osteochondral architecture and bone stock pro-
viding reliable osseous integration, as well as 
native tissue characteristics with viable type II 
hyaline cartilage. This versatile procedure has a 
long, successful clinical track record of durable 
biologic resurfacing for a wide spectrum of joint 
pathology [50, 51]. Unique limitations of osteo-
chondral allografting include the logistical and 
financial aspects of their procurement, process-
ing, and storage, although generally accepted as 
highly cost-effective [52]. The surgical technique 
for osteochondral allografting is reproducible, 
particularly so with the advent of specialized 
instrumentation. Despite a relatively high reop-
eration rate shared with other cartilage restora-
tion procedures, patient satisfaction after 
osteochondral allografting is high and it remains 
a reasonable salvage option, particularly in 
patients of an age and activity level not optimally 
suited for prosthetic replacement.
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22.1  Introduction

Articular cartilage has very limited healing 
potential secondary to the poor regenerative 
capacity and avascular nature of cartilage and 
due to the presence of highly differentiated chon-
drocytes in the tissue [1]. Consequently, once 
articular cartilage is damaged, full recovery of its 
structure, function, and biomechanical properties 
is unlikely and is usually a step toward progres-
sion to osteoarthritis (OA) [2]. Articular cartilage 
injury comprises a spectrum of disease entities 
ranging from single, focal chondral defects to 
progressive degenerative disease, and end-stage 
OA. Consequently, the restoration of a symptom-
atic cartilage lesion is essential to avoid or slow 
down the OA progression.

Patients with early OA have been reported to 
have inferior outcomes with an increased prev-
alence of early failure after cartilage procedures 
[3, 4]. Both after cell-based procedures and 
after osteochondral autograft and allograft 
transplantation, the worst performing groups 
with regard to survival of the original graft are 

patients with early OA [4, 5]. The underlying 
reasons for this failure are unknown and likely 
multifactorial in nature. Contributing factors 
are age, duration of clinical symptoms (recur-
rent effusions and pain prior to chondral repair) 
[6, 7], the presence of severe preoperative mus-
cular atrophy and deconditioning [8, 9], and 
joint environment (synovial inflammation, sub-
chondral bone alterations).

Despite the aforementioned negative effects of 
early OA on the outcome of cartilage restoration 
procedures, symptomatic cartilage defects have 
to be restored in order to decrease the joint pain, 
improve function, and to avoid the development 
of chronic inflammation. Currently, neither cell- 
based procedures nor osteochondral autograft or 
allograft transplantation seems to be superior 
compared to one another in this patient popula-
tion; however, cell-based procedures tend to be 
more sensitive to inflammatory changes within 
the joint [10]. For instance, IL-1b is known to 
cause matrix degradation in cartilage and ele-
vated IL-1b levels seems to negatively influence 
the clinical outcomes following cell-based thera-
pies [10, 11].

In our opinion, therefore, establishing more 
stages of early OA with strict inclusion and 
exclusion criteria would be necessary. 
Subsequently, clinical outcomes following differ-
ent cartilage repair procedures could be com-
pared which might yield a sufficient therapeutic 
algorithm for such patient population.
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As a first step on this road, the purpose of this 
chapter is to introduce different cell-based 
 cartilage repair procedures that are currently used 
in patients with early OA.

22.2  Factors to Consider before 
Cell-Based Procedures

22.2.1  Importance of the Intact 
Subchondral Unit

The presence of articular cartilage within the 
knee joint is pivotal to the successful functioning 
of the knee itself. Not only does it provide a 
lubricated surface for the articulation of both the 
tibiofemoral and patellofemoral regions but also 
allows the transmission of loads with minimal 
friction [12]. Articular cartilage is a highly spe-
cialized tissue composed of the cell type chon-
drocytes. While these cells are exclusive to 
cartilage, they make up very little of its composi-
tion, with only 4% of cartilage wet weight con-
tributed to the existence of chondrocytes [13]. 
Rather, articular cartilage is primarily composed 
of water which accounts for 65–85% of its total 
weight. Other major components include the 
extracellular matrix (ECM) comprised of type II 
collagen (15–20% of weight) and proteoglycans 
(PGs) (3–10% of weight) [2]. Examining the 
ECM further, it is composed of three primary 
types of macromolecules: fibers (collagen and 
elastic), proteoglycans, and glycoproteins. These 
components work together to retain water within 
the ECM, which is imperative to maintain its 
unique mechanical properties [12, 13]. The 
nature of the ECM is directly related to the vol-
ume and function of the chondrocytes as the cells 
are responsible for the synthesis and maintenance 
of ECM components [13]. As part of its special-
ized nature, articular cartilage has a highly orga-
nized structure of four distinct zones: the 
superficial (tangential) zone, middle (transi-
tional) zone, deep (radial) zone, and calcified 
zone [13]. These different zones are character-
ized by the chondrocyte phenotype, cell shape, 
and ECM structure constituting that zone [14]. A 
notable feature within these zones is the tide-

mark—a thin basophilic line that separates the 
deep zone from the calcified zone. In other words, 
the tidemark designates the boundary between 
mineralized and unmineralized regions of articu-
lar cartilage and can be visualized on a slide 
stained with hematoxylin and eosin [13]. Beneath 
the calcified zone is the subchondral bone plate; 
their separation marked an evident landmark—
the cement line. An interface of calcified carti-
lage securely anchors the articular cartilage to the 
subchondral bone. This attachment creates a 
complex of cartilage and bone referred to as the 
“osteochondral unit.” It is important to mention 
this subchondral bone when discussing articular 
cartilage health, as their homeostasis is relevant 
to the discussion of joint health and potential 
treatment plants [15]. In practice, it is important 
to access the health and status of the subchondral 
bone prior to surgery using magnetic resonance 
imaging (MRI) (Fig.  22.1). The subchondral 
bone plays an essential role in supporting the 
articular cartilage in several various capacities. 
Mechanically, the subchondral bone is vital for 
the transfer of load as it attenuates the majority of 
the impact load felt by the knee joint (about 30%) 
in comparison to the load lessened by cartilage 
(1–3%) [16]. Furthermore, the subchondral bone 
is richly innervated by sensory and sympathetic 
nerve fibers, whereas the articular cartilage is not. 
These innervations have several functions includ-
ing the facilitation of bone regeneration and 
remodeling, articular surface homeostasis, and 
the generation of pain [17]. Subchondral bone 
also differs from articular cartilage in its ample 
vascularization. The rich network of blood ves-
sels within the subchondral bone are responsible 
for supplying at least 50% of key nutrients such 
as glucose, oxygen, and water to the cartilage by 
way of diffusion. The vessels are able to pene-
trate the calcified cartilage and support the deep 
layer metabolically in this way. Similarly, signal-
ing molecules can also be transferred between 
bone, cartilage, and surrounding tissue via this 
extensive vascularization network [18, 19]. With 
the numerous functions and dependability of sub-
chondral bone, it is easy to understand that any 
changes or damage to this area can potentially 
result in more significant injuries including 
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imbalanced osteochondral homeostasis between 
the various tissues and microenvironments of the 
joint. Some common clinical changes to the 
 subchondral bone include bone marrow edema, 
underlying subchondral cystic change, and intra-
lesional osteophyte and sclerosis. Bone marrow 
edema (BME) in particular is a stress response 
described as a nonspecific reaction of the bone to 
either an acute trauma or from chronic repetitive 
injury due to overload. BME may also represent 
nonhistological characteristics of tissue damage 
and repair including microtrabecular fracture and 
fracture healing [20–22]. Previous studies have 
shown that cartilage repair procedures are sensi-
tive to the status of the underlying subchondral 
bone. In cases where a previous microfracture 
surface treatment resulted in subchondral bone 
changes such as bone marrow edema or subchon-
dral sclerosis, there has been a considerable 
decline in long-term outcome results [22]. 
Furthermore, if the osteochondral unit is subject 
to repetitive microinjuries, there is a possibility 
of beginning a chronic repair mechanism. 

Ultimately, this mechanism leads to the forma-
tion of new, hardened bone just below the surface 
of cartilage (subchondral sclerosis), a common 
occurrence in patients following marrow stimula-
tion techniques (MST) in the joint. This poten-
tially provides the reason why in patients 
undergoing autologous chondrocyte implantation 
(ACI) with a history of MST, there is a three to 
eight times higher failure rate in addition to a 
decreased satisfaction rate [22–26].

22.2.2  Defect Characteristics

When a cartilage defect is discovered, there are 
several factors and elements that must be consid-
ered prior to treatment. Details about the defect 
size, location, containment, and chronicity must 
be indicated in order to determine if and how 
treatment can proceed [27].

The size and location of the cartilage defect 
have a significant impact on the surface treatment 
technique and plan chosen (Fig.  22.2). Smaller 

a b c
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Fig. 22.1 Fat-suppressed intermediate-weighted mag-
netic resonance imaging (3 Tesla) of normal and full 
thickness cartilage lesions with and without bone marrow 
changes in the tibiofemoral compartment. (a and b) 
Coronal and sagittal images of normal cartilage in the 

tibiofemoral compartment. (c and d)  Coronal and sagittal 
images of a full thickness cartilage lesion without under-
lying bone marrow changes. (e and f)  Coronal and sagittal 
images of a full thickness cartilage lesion with underlying 
bone marrow changes
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defects (<2–4 cm2) found on either the medial or 
lateral femoral condyle are primarily treated with 
marrow stimulation techniques (MST). These 
approaches seem to adequately fill small defects 
within this specific compartment of the knee joint 
however, it does have its disadvantages. MST 
leads to the formation of fibrocartilage repair tis-
sue, an inferior replacement of the native hyaline 
cartilage. This substitution of repair cartilage 
poses a problem as the fibrocartilage does not 
reflect the same mechanical strength properties 
as its predecessor, leading to its inability to han-
dle the repetitive load the knee joint consistently 
experiences [28–30]. In the event of larger lesions 
(>2–4 cm2) or any defects present in the patello-
femoral compartment, MST is not sufficient 
treatment for neither the size nor location of the 
defect. Instead, cell-based procedures such as an 
autologous chondrocyte implantation (ACI) or 
particulated juvenile allograft transplantation 
(PJACT) are utilized with several studies report-
ing satisfactory outcome results most notable in 
long-term follow-up [4, 31–35]. ACI has also 
been shown to have good results in the treatment 
of multiple lesions and bipolar defects [36].

Another detail to mark about any cartilage 
defect is its containment, or the status of the car-
tilage surrounding the lesion. It is imperative that 
there are healthy cartilage shoulders around the 
defect for several reasons including containment 
of the MST clot as well as to minimize any poten-
tial damage to the graft due to disruptive loads. In 
the event that there are no cartilage shoulders and 
a defect is uncontained, there are certain 

approaches that can be utilized to contain an 
uncontained defect. An example is the placement 
of an osteochondral allograft (OCA) on the 
uncontained side of the lesion. Small holes can 
be drilled through the bone to be suture sites for 
graft placement or the graft may be sutured to the 
synovium. In any case of cartilage defect, it is 
generally more beneficial to leave a minimally 
chrondromalacic cartilage border as opposed to 
removing a border entirely leaving the defect 
uncontained.

The chronicity of the lesion must also be exam-
ined prior to treatment. More specifically, the pres-
ence and severity of any osteoarthritis (OA) in the 
joint. Previous data has shown that cartilage resto-
ration or repair procedures result in unfavorable 
clinical outcomes when associated with advanced 
stage OA [4, 31–35, 37]. Due to this, patients with 
more than 50% of joint space narrowing are not 
recommended to undergo cartilage surface treat-
ments as the risk for failure increases.

22.3  Technical Aspects of Cell-
Based Treatment Options

22.3.1  Autologous Matrix-Induced 
Chondrogenesis (AMIC)

AMIC is a single-stage procedure which com-
bines microfractures with the use of a porcine 
collagen type I/III bilayer matrix, to protect the 
blood clot that results from subchondral bone 
stimulation [38]. This technique can be 

MST/ACI OATS ACI/PJACT OCA/Sandwich
ACI

Cartilage

Subchondral
bone

Fig. 22.2 Cartilage 
repair options for 
different cartilage 
defects
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performed open or arthroscopically. AMIC 
results in overall superior short-term outcomes 
compared to microfracture alone [38, 39]. 
However, long- term durability is still controver-
sial and has to be further evaluated. [39, 40]

22.3.2  Autologous Chondrocyte 
Implantation (ACI)

For larger lesions (>2–4  cm2) and those in the 
patellofemoral compartment, the repair tech-
nique of choice is an autologous chondrocyte 
implantation (ACI). In the United States, the cur-
rent generation of the ACI is termed MACI, for 
matrix associated chondrocyte implantation. 
Here, chondrocytes are first cultured onto a scaf-
fold of Type I/III bilayer collagen prior to ship-
ping. Previous studies report this cartilage repair 
procedure has a high satisfaction rate over long- 
term follow up, specifically showing good out-
comes in more than 80% of those with femoral 
condyle defects and more than 70% of those with 
patellofemoral [4, 34]. Bipolar lesions, for exam-
ple on the trochlea and patella, are also best 
treated with ACI [33, 41]. The primary advantage 
of ACI/MACI is that hyaline cartilage is pro-
duced within the defect as opposed to the replace-
ment fibrocartilage resulting from MST [42].

The ACI/MACI is a two-stage procedure. The 
first stage requires the patient to undergo a diag-
nostic arthroscopy of the joint. In addition, a 
small cartilage biopsy of a nonweight-bearing 
area of the joint is also taken during this 
arthroscopic assessment for further analysis. The 
second stage of ACI/MACI procedure is the 
actual implantation of the membrane (Fig. 22.3). 
This is frequently performed via an arthrotomy, 
or an opening of the joint enough to clearly 
expose the cartilage defect. It is imperative to 
properly prepare the defect prior to placement of 
the scaffold. Defect preparation includes radical 
debridement of all fissured articular cartilage sur-
rounding the full-thickness chondral injury. In 
surgery, small ring or closed curettes are utilized 
to debride the degenerated cartilage tissue to an 
adequate containment level. The goal of this 
debridement is to remove all fissured and degen-

erated tissue to eventually reach healthy con-
tained cartilage while avoiding puncturing the 
subchondral bone.

Incomplete debridement of the defect area has 
correlated with early failure and poor patient out-
comes following ACI/MACI surgery. 
Nondebrided fissured cartilage has the potential 
to poorly integrate adjacent cartilage which leads 
to the progression of disease or delamination of 
the repair tissue. Of equal importance to com-
plete cartilage debridement is the preservation of 
an intact subchondral bone. In the event that the 
subchondral bone is perforated, the risk of bone 
bleeding becomes evident as well as the potential 
for mixed marrow cells populating the chondral 
defect. The latter case would not only introduce a 
variety of cells into an extrinsic location but also 
overload the defect area with foreign cells as well 
as those chondrocytes attempting to repair the 
area [43].

While ACI/MACI has shown immense poten-
tial for cartilage repair, there are certain cases 
that require special attention. For example, con-
sider a patient that previously underwent an MST 
and has alterations of the subchondral bone such 
as sclerosis or intralesional osteophytes as a 
result. If an ACI/MACI still seems as the best 
technique for cartilage repair, the subchondral 
alterations must first be addressed before any 
enduring implantation is placed [44].

22.3.3  Particulated Juvenile 
Allograft Transplantation 
(PJACT)

In considering other cell-based procedures for car-
tilage repair, technology has made it possible to 
generate and use the prepackaged allograft, par-
ticulated juvenile allograft transplant (PJACT) 
[45]. The PJAC is prepared as 1 mm3 cubes of live 
juvenile chondrocytes in their native ECM from 
donors under the age of 13. A benefit of these 
younger chondrocyte cell is that their proteogly-
can production is 100 xs more plentiful than their 
adult chondrocyte counterparts with no associated 
immunologic reaction [46]. The cubes are stored 
within blister packs contained in a storage medium 
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and one blister pack can cover up to a 2.5  cm2 
defect area [31]. This PJAC, much like ACI/MACI, 
can be used as a repair technique for contained, 
focal cartilage lesions in the joint. Moreover, in 
particular cases where either an osteochondral 
allograft transfer system (OATS) or osteochondral 
allograft transplantation (OCA) is used but does 
not cover the entire defect, a PJAC can be used in 
conjuncture to fill in the spaces. Multiple studies 
have reported increased functional outcomes, his-
tologically filled hyaline- fibrocartilage, and near 
normal cartilage repair on MRI [35, 47].

The surgical procedure of PJAC implantation 
can be performed either open or arthroscopically. 
The initial step in each case is the same—the 
defect is identified and efficiently prepared prior 
to placement of the implant. This preparation 
includes extensive debridement of all fissured 
and undermined cartilage, confirmation of stable 
containment with vertical cartilage shoulders, 
and removal of the calcified layer without perfo-
rating the subchondral bone.

 1. Open technique: Implantation of PJAC via an 
open surgical technique can be performed by 
two approaches:

 (a) In situ gluing: The PJAC is applied 
directly to the defect. Fibrin glue is then 
applied to the graft to fix it in place.

 (b) Ex situ gluing: A foil mold is first made of 
the defect itself. Then, the PJAC graft is 
distributed within the mold followed by 
fibrin glue. The glue is then allowed to 
cure or harden for approximately 
3–10 min. The whole PJAC/glue complex 
is then removed from the mold. A fresh 
layer of fibrin glue added to the bottom of 
the complex which is then transported to 
the defect.

The first approach, in situ gluing, is often 
considered the better option. This is because 
there is less manipulation of the PJAC/glue 
complex and the possibility of better fixation 
and fuller coverage of the defect. For either 
approach in the open implantation of PJAC, it 
is important to keep in mind the uniform siz-
ing that 1 package of graft covers 2.5 cm2 of 
the defect. This implies that larger defects will 
need multiple grafts. Furthermore, the PJAC/
glue construct must be thinner than the sur-
rounding healthy cartilage shoulders. This is 
to minimize any potential for disruptive loads 

a b c
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Fig. 22.3 Surgical images of an autologous chondrocyte 
implantation for a cartilage defect on the patella. (a) 
Monopolar focal patellar cartilage defect with friable 
fibrocartilage. (b) The cookie cutter (with defect size 
marked on the handles) is gently pushed down to the level 

of the calcified cartilage layer to create a contained defect 
with stable and vertical edges. (c, d) The cutter is used to 
cut the appropriate size graft from the MACI sheet. (e) 
The MACI is secured to the bone with glue and the periph-
ery is sealed. (f) Glue is set and the MACI is stable
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that could result in the graft being damaged or 
destroyed.

 2. Arthroscopic technique: In the case of an 
arthroscopic approach, the joint is first emp-
tied of fluid. Then, the PJAC graft is loaded 
onto a 2.4–4  mm arthroscopic cannula and 
delivered onto the defect. A probe is used to 
smooth and shape the surface of the graft, and 
fibrin glue is injected into the defect area 
using a needle to fix the graft into place. Once 
the glue has been given time to set, the stabil-
ity of the graft can be tested with passive 
movements of the joint. It is important that the 
joint is not filled with fluid for arthroscopy 
following the placement of the PJACT.  The 
introduction of fluid increases the risk of the 
graft dislodging or dissociating from the 
defect. If there remains any concern for the 
graft’s stability following the fixation of the 
fibrin glue, a collagen I–III membrane can be 
put in place to protect the PJAC.

Studies investigating the long-term follow-up 
and effects of the PJACT are continuing to exam-
ine any potential graft failures and their underly-
ing causes. One such study has been recently 
completed by Tan et  al. [48] as they evaluated 
four patients with failed PJACT. Of the four, two 
allografts failed to integrate into the surrounding 
cartilage and two had failures associated with 
impingement. Further histological inspection of 
patients with large lesions (>15 mm), the repair 
tissue from the allograft displayed Type I colla-
gen with depleted PGs and Type II collagen. A 
common underlying theme that all studies have 
found is that an intact subchondral bone is neces-
sary for a successful cartilage surface treatment.

22.4  Postoperative Rehabilitation 
After Cell-Based Procedures

A crucial element of a successful cell-based car-
tilage repair recovery process is the postoperative 
rehabilitation program. In general, the post- 
operative rehabilitation plan for cell-based proce-
dures is very long and involved with a structured 
outline subjects should follow. This phased rehab 

program is very important as the graft needs the 
time and protection to mature and join with native 
tissue correctly. There are in general four post- 
operative recovery stages of an ACI/MACI reha-
bilitation that follows implantation. The first of 
these phases is the proliferative stage from sur-
gery to up to 6 weeks following. Here, the chon-
drocytes continue to proliferate and the graft 
tissue begins to fill the defect. Next, the transition 
stage is from 6 to 12 weeks and soft, primitive 
tissue repair occurs. From 12 to 26 weeks is the 
early maturation stage, characterized by the 
repair beginning to solidify. Here, the ECM 
mainly consists of type-II collagen and aggrecan 
along with other matrix proteins. Lastly, the late 
maturation stage holds the fully matured chon-
drocytes and matrix occurring from 26 weeks to 
3 years [4, 49]. Up until this last stage, the graft 
must be protected from too much weight bearing- 
load as is very sensitive and vulnerable, most par-
ticularly to shear forces. This is just one of the 
many reasons that the rehabilitation for this pro-
cess is so lengthy and orderly.

Consequently, the rehabilitation plans have 
centered on the post-surgical phases of weight 
bearing status. A 2012 study by Ebert et al. [50] 
put forth an “accelerated” rehabilitation study 
where the patient would be allowed to become 
progressively weight bearing after 6–8 weeks of 
nonweight bearing. Instead, the following reha-
bilitation protocol outline in generally recom-
mended. In the first 6 weeks following surgery, 
early motion is heavily emphasized. This is 
achieved by using continuous passive motion 
(CPM), active and isometric straight leg raises, 
and touchdown weight-bearing as tolerated. A 
stationary bike can be attempted by 3 weeks post- 
surgery. Any delay in the start of this early reha-
bilitation may potentially lead to limited knee 
motion and arthrofibrosis. Beginning week 7 and 
continuing until week 12, patients progress from 
partial to full weight bearing status. Prospectively, 
patients are weight-bearing as tolerated with the 
exception of two conditions—the lesion is very 
large (>8 cm2) or any additional procedures, such 
as a meniscus repair or transplant, were com-
pleted that nullify any earlier weight bearing sta-
tus. From 4 months on, functional activities such 
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as bicycle, treadmill, elliptical, outdoor walking, 
hiking, and swimming are permitted. Beginning 
at 12–14 months post-surgery, jogging is allowed 
under the condition of a normal knee examina-
tion and near normal MRI. Running is not per-
mitted until 12–18  months while cutting sports 
such as football, basketball, or soccer are not 
allowed until after 18 months post-surgery. While 
this outline provides reliable guidance for the 
rehabilitation post cartilage repair, individual 
protocols must consider each patient’s own surgi-
cal reconstruction, the maturation of the graft, 
and their previous activity level.

While it is safe to have a general outline for all 
cell-based procedures, the exact plan should be 
sculpted to the individual patient’s needs and 
goals as they move through their rehabilitation 
program.

An indirect consequence of this surgery that 
effects the overall outcome is the recovery of 
muscle control and strength in the operative leg, 
particularly concerning the quadriceps muscle. 
The quadricep muscle, specifically, is so affected 
because after surgery the knee joint is immobi-
lized causing the muscle to rapidly atrophy. 
Regaining strength takes a lot of time and effort 
through an intensive rehabilitation protocol 
[51]. Howard et  al. [52] conducted a study to 
examine quadricep strength following ACI pro-
cedure. In analyzing both eccentric and concen-
tric muscle strength, they found that the recovery 
of quadricep strength takes up to 1 year follow-
ing surgery. Even at that time point, some quad-
specific tasks such as sit-to-stand and step-up 
and over may not fully return to normal activity 
levels. It is apparent that this considerable loss 
of muscle function must be addressed when 
continuing rehabilitation. New therapies have 
recently come forward providing ways to pos-
sible overcome this muscle weakness. Such 
potential techniques moving forward to com-
pact quadricep weakness are high intensity 
quadriceps training and blood flow restrictive 
therapy. In the latter, a cuff is placed on the 
operative limb to partially restrict incoming 
arterial blood flow to muscle but greatly restrict 
outgoing venous flow from the muscle itself 
[53, 54].

A study by Toonstra et al. [55] collected data 
from seven patients through open-ended semi- 
structured interviews. All the subjects had under-
gone ACI procedure and were presently at various 
points in their rehabilitation program. The study 
reported three major themes concerning the reha-
bilitation protocol itself and the subjects’ atti-
tudes toward it. Generally, the patients felt that 
their overall recovery was an emotionally and 
lengthy process that eventually makes them opti-
mistic to reach their future goals. While the road 
to recovery is a large commitment in the case of 
cell-based cartilage repair procedures, the even-
tual outcomes show immense potential for 
improvement.

22.5  Definition of Partial 
and Complete Cartilage 
Repair Failure

As with any surgical case, there is always the risk 
of eventual treatment failure. In the instance of 
cell-based cartilage repair procedures, failure can 
be broadly characterized as recurrent pain symp-
toms and decrease in patient reported function 
and outcome as measured by patient reported 
outcome measure (PROM) instruments provided 
post-operatively.

The state of the graft can be accessed for any 
failure post-implantation by either MRI or an 
additional arthroscopic surgery. Potential fail-
ures of any cartilage repair graft include the 
inability of the graft to adequately fill the defect, 
any fibrous filling, or a partial or complete 
delamination of the graft itself. Both a partial 
and complete graft failure allude to an issue 
with the graft structure but to varying degrees of 
severity. A partial graft failure is defined as the 
removal of less than 25% of the graft area of less 
than 25% of the defect being underfilled. 
Conversely, a complete graft failure indicates 
more than 25% of the implanted graft being 
removed or the defect being underfilled. An 
unrelated but still important type of failure is 
progression of disease passed the status of the 
baseline. An example of this is the development 
of cartilage lesions within other compartments 
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of the knee joint than were initially affected. 
Furthermore, the appearance of any joint space 
narrowing or osteophyte formation which may 
suggest an increase in the severity of OA symp-
toms. Decision-making of which procedure to 
choose to revise a failed cartilage repair proce-
dure is complicated and excides the scope of the 
current chapter. However, given the fact OA is a 
spectrum disease of entity, patients who under-
went cartilage repair for symptomatic cartilage 
defect is highly likely to progress to definitive 
OA and undergo some sort of revision to carti-
lage repair surgery.

22.6  Conclusion

Articular cartilage is a key element of normal 
joint function. In early OA this may be one of the 
earliest tissues to be affected and it is often the 
focus of early treatment. While cartilage repair is 
no exact cure or defense against the inevitable 
presence of OA, there are several techniques to 
treat focal cartilage defects once they occur and 
therein providing better functional outcomes and 
hopefully delaying OA progression. Cartilage 
repair in early OA is of importance both with 
regard to the prevention of rapid progression but 
also with regard to the longevity and success of 
the cell-based cartilage repair. Previous studies 
have shown that in patients with early OA, carti-
lage repair treatment report poor outcomes and 
increased failure due to a multitude of reasons. 
For this reason, the establishment of defined set 
of guidelines, accurately describing the stages of 
early OA are immensely helpful to provide the 
best patient specific care possible.
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23.1  Introduction

Chondral and osteochondral defects of the knee 
associated with joint degeneration are renowned 
for being challenging to address [1].

In the past years, different techniques have 
been adopted with the aim of treating joint sur-
face lesions (JSL) associated to osteoarthritis 
(OA). Initial strategies such as microfracturing 
and arthroscopic debridement had not entirely 
satisfactory outcomes because of their inability 
to modify the course of the disease [5–9].

Another method approached for the treatment 
of lesions in joints with OA was matrix-assisted 
autologous chondrocyte implantation (MACI) 
which resulted in promising short-term results 
but worsening outcomes in the long term. Some 
of the issues of the MACI technique are the two- 
step surgical approach, issues with ex-vivo culti-
vation, and high costs of cell expansion [10–14].

Scaffolds have been proposed in order to keep 
the healing process of cartilage active and at the 
same time protect it from physical insults [2–4].

More recently, cell-free biomimetic scaffolds 
have been adopted to assist the regeneration of 
cartilage and the underlying subchondral bone in 
JSL. The advantages of this product are its avail-
ability and single-step surgical procedure. 
Nowadays, only a few scaffolds have been 
approved for clinical use, among those used there 
are monophasic and biphasic types [2, 15, 16].

Currently, there are several new technologies 
being developed for the treatment of osteochon-
dral defects of weight bearing joints, among 
which, cell-based or acellular matrix-based tech-
nologies and biologic agents. Biomimetic scaf-
folds are being increasingly used, in particular it 
has been seen a tendency toward the development 
of multiphasic scaffolds able to promote regen-
eration of both the subchondral bone and carti-
lage layer.

Scaffold-based technologies have demon-
strated to provide an environment for cell prolif-
eration and differentiation into proper lineages 
capable of repairing the osteochondral defect. 
Properties of the ideal scaffold are still a subject 
of study, with the purpose of increasing the heal-
ing capacities of cells and signaling factors to 
obtain a superior tissue quality and, therefore, 
better clinical outcomes. The idea of creating a 
cell-free implant that is capable of providing the 
joint with appropriate stimuli that induce orderly 
and durable tissue regeneration is attractive, new 
biomaterials have been recently proposed to 
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induce “in situ” regeneration after direct trans-
plantation onto the defect site [17].

Tissue engineering aims to create 3D grafts by 
exploiting the patient’s own stem cells and porous 
biomaterials as a template for tissue development 
[18]. To obtain better results in terms of tissue 
regeneration, the scaffold should mimic the biol-
ogy, architecture, and the structural properties of 
native tissues in order to facilitate cellular migra-
tion, attachment, proliferation, and differentiation. 
Furthermore, important functional properties of a 
scaffold include biocompatibility and biodegrad-
ability through safe biochemical routes in order to 
avoid long-term complications due to the persist-
ing presence of non-autologous material.

In case of osteochondral lesions of the knee, 
surgical treatment can be challenging. The diffi-
culty arises since two different tissues are 
involved, bone and cartilage, with different abil-
ity to heal. A successful strategy to “engineer” 
osteochondral tissue is based on mimicking the 
natural contour of the articulating surface, achiev-
ing native mechanical properties and functional 
load-bearing ability, in order to lead to integra-
tion with the host cartilage and underlying sub-
chondral bone. Surgical intervention that involves 
cartilage transplant has a downside, it is unable to 
protect chondrocytes that become overstressed 
and differentiate in fibroblasts, which ultimately 
leads to fibrous and weak cartilage with accumu-
lation of type I collagen. As mentioned above, 
scaffolds are capable of protecting and micro-
stimulating the chondrocytes simultaneously. 
This method will yield a more functional carti-
lage with the presence of aggrecan and collagen 
type II and avoid weakening and loss of function 
of the cartilage. In the case of acellular scaffolds, 
similar results are obtained with the same mecha-
nism but with the addition of initial migration of 
neighboring chondrocytes in the scaffold area.

23.2  Chemical–Physical 
Composition of Agili-C

The scaffold can be defined as coral based 
implant, where the coralline skeletal material is 
composed of calcium carbonate in the crystalline 

form of aragonite. Corals are marine inverte-
brates from the Anthozoa class that include over 
7000 species, 6 of which are used for medical 
applications: Porites, Acropora, Lobophyllia, 
Goniopora, Polyphyllia, and Pocillopora.

Coral exoskeletons (aragonite) are remark-
ably similar to human bone, including their 3D 
structure and pore interconnections in the crys-
talline form of calcium carbonate. These fea-
tures, together with the high inter-connecter 
macroporosity required for vascular tissue 
ingrowth, make aragonite a suitable material for 
bone repair [19].

The calcium carbonate structures are gradu-
ally resorbed and replaced by functional bone tis-
sue. Coral derivatives are commonly used as 
bone graft substitute and bone-void fillers.

These peculiar features allow bone marrow 
and synovial mesenchymal stem cells (MSC) 
adhesion, differentiation, and proliferation into 
chondrocytes, ultimately promoting articular car-
tilage restoration [20].

Agili-C scaffold consists of a porous, inter-
connected calcium carbonate (aragonite) derived 
from purified, inorganic coral exoskeleton: the 
lower part of the implant is composed of sole 
inorganic aragonite, while a square grid pattern 
of 2 mm deep-drilled channels is made in the top 
part of the scaffold.

Histology performed by an independent labo-
ratory in a series of preclinical studies on the goat 
model (with evaluation performed at 6 and 
12 months after implantation) confirmed the abil-
ity of Agili-C to regenerate hyaline cartilage, as 
demonstrated by the presence of collagen type II 
and aggrecan, and the lack of collagen type I in 
the repair tissue, alongside the reconstruction of 
the subchondral bone, with a gradual increase in 
tissue maturation over time. Further in-vitro anal-
ysis [21] revealed the potential of the chondral 
phase of Agili-C implant to recruit autologous 
chondrocytes from the surrounding healthy carti-
lage: these chondrocytes migrate inside the 
 scaffold and contribute to the deposition of extra-
cellular matrix (ECM) rich in collagen type II 
and aggrecan. Ultimately, the formation of a 
layer populated by progenitor-like cells on the 
surface of the implant was documented. Based on 
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the encouraging findings emerged from in vitro 
[21] and animal trials, a pilot clinical study on 
humans was performed [22] to confirm the safety 
of use and the potential to provide clinical 
improvement. The positive results from the pilot 
trial prompted a larger, multicenter observational 
study to be started.

Results of the application of Agili-C scaffold 
can be found in the following multicentric study 
of the duration of 2 years (Fig. 23.1).

23.3  Scaffold Preparation 
and Sterilization

The basic scaffold consists of coralline aragonite. 
Following a mechanical process, a square grid 
pattern of 1 to 2 mm deep channels is drilled in 
the chondral phase of the scaffold, using Bungard 
CCD, a CNC drilling, a routing machine, and an 
appropriate drill bit. This scaffold configuration 
was originally developed in the shape of cylin-
ders. It is 10-mm high with variable diameters 
available, from 10 to 17.5  mm, to match the 
lesion size.

After extensive purification processes, needed 
to treat and remove trapped particles, debris and 

organic remnants, the implants are sterilized by 
25 kGy gamma radiation.

23.4  Patient Selection 
and Evaluation

Eight European hospitals took part in the multi-
centric study. Patients’ enrollment took place 
between 2016 and 2017, during which time all 
the patients were informed on the degenerative 
changes of their knee.

All the patients have been prospectively evalu-
ated before the surgical procedure and during the 
follow-up visits at 6, 12, 18, and 24  months. 
During these visits, they have been clinically 
evaluated and interviewed to assess their symp-
tomatology, actual physical status and knee 
functioning.

23.5  Surgical Technique 
and Rehabilitation Protocol

Standard knee arthroscopy is initially performed 
to ensure the patient’s eligibility. A mini arthrot-
omy is performed to expose the lesion. CartiHeal 
surgical toolset is used to prepare the implanta-
tion site, creating a 12 mm deep cavity with per-
pendicular shoulders. The implant is then inserted 
through press-fit implantation in the opposite 
site, 2 mm below the articular cartilage. In case of 
multiscaffold implantation, it is important to 
keep at least a 5  mm bone bridge between the 
implants. Implant stability is ultimately tested 
with cyclic knee bending.

The rehabilitation protocol included toe-touch 
weight bearing using crutches for 4  weeks, fol-
lowed by increasing partial weight bearing aimed 
at reaching full weight bearing after 6  weeks. 
Cryotherapy and continuous-passive-motion 
(CPM) are started during the first 2 days and con-
tinued for 3 weeks. During the first 48 h, cryother-
apy in combination with a continuous-passive-motion 
(CPM) device are applied and continued for 
3 weeks (Fig. 23.2).

Fig. 23.1 The Agili-C aragonite-based scaffold. The sur-
face of the scaffold is represented by the micro-drilled 
layer, which is implanted 2  mm below the surrounding 
cartilage in a press-fit manner. (Reproduced with permis-
sion from Â© Cartiheal, Inc. All rights reserved)
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Fig. 23.2 A 32  year-old female with mild OA and an 
osteochondral defect on her LFC. Patient treated with a 
single aragonite-based implant. (a) Baseline MRI; (b) 
intraoperative view on the defect; (c) Agili-C implanta-

tion; (d) 6  months’ MRI; (e) 12  months’ MRI; (f) 
24  months’ MRI; (g) 6  months’ X-ray; (h) 12  months’ 
X-ray; (i) 24  months’ X-ray. (Reproduced with permis-
sion from Â© Cartiheal, Inc. All rights reserved)
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23.6  Histology

The following specimen was taken from a patient 
who underwent total knee reconstruction and was 
sent to an independent lab for CGP histological 

analysis. Newly formed cartilage was found on 
most of the surface of the scaffold, along with 
restoration and integration of the subchondral 
bone plate with the surrounding naive bone 
(Fig. 23.3).

a

d

g h l

e f

b c

Fig. 23.3 Histologic evaluation of the explanted speci-
men. (a) Paragon stain; (b) Safranin-O-Fast Green stain; 
(c) Collagen type II marker; (d) Safranin Hematoxilin 
Eosin stain; (e) Masson trichrome; (f) Collagen type I 

marker; (g) Paragon stain; (h) Paragon stain; (i) The har-
vested condyle. (Reproduced with permission from Â© 
Cartiheal, Inc. All rights reserved)
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23.7  Results

Significant improvement in all KOOS sub-
scales was recorded (Pain: 49.6 ± 13.1, ADL: 
56.1  ±  18.4, Sports: 22.8  ±  18.8, QoL: 
23.5 ± 16.5, Symptoms: 55.4 ± 19.9) compared 
to the 24 months’ follow-up (Pain: 79.5 ± 21.1, 
p < 0.001; ADL: 84.1 ± 21.4, p < 0.001; Sport: 
60.8  ±  31.9, p  <  0.001; QoL: 54.9  ±  30.4; 

p < 0.001; Symptoms: 77.7 ± 21.2, p < 0.001). 
IKDC-subjective score also improved from 
37.8  ±  14.7 at baseline to 65.8  ±  23.5 at 
24 months (p < 0.001). MRI evaluation showed 
a significant increase in defect filling over 
time, up to 78.7 ± 25.3% of surface coverage 
after 24  months. Treatment failure requiring 
revision surgery occurred in eight patients 
(9.3%).

Total number of patients 86
Age (mean ± SD) 37.4 ± 10.0
BMI (mean ± SD) 26.1 ± 3.5
Sex 60 M (69.8%)/26 F (30.2%)
Previous surgery in the affected 
knee

48 (55.8%)

ICRS grade Grade 3: 21 (24.4%)
Grade 4: 65 (75.6%)

Lesion size in cm2 (mean ± SD) 3.0 ± 1.7
Lesion location
Medial femoral condyle 44 (51.2%)
Lateral femoral condyle 15 (17.4%)
Trochlea 13 (15.1%)
Multiple sites 14 (16.3%)
K/L grade Grade 2: 75 (87.2%)

Grade 3: 11 (12.8%)
Concomitant procedures 19 pts. (22.1%)

2 HTO, 8 partial meniscectomy, 1 meniscal suture, 4 debridement of other 
superficial lesions (ICRS grade I or II), 3 loose body removal, 1 synovial plica 
removal

Baseline 6 Months 12 Months 18 Months 24 Months
p (24 m vs. 
basal)

KOOS pain 49.6 ± 13.1 73.0 ± 21.1 77.5 ± 19.6 78.1 ± 21.1 79.5 ± 21.1 <0.001
KOOS ADL 56.1 ± 18.4 78.7 ± 20.9 82.5 ± 18.9 83.5 ± 20.3 84.1 ± 21.4 <0.001
KOOS sport 22.8 ± 18.8 48.1 ± 29.5 55.5 ± 29.9 56.0 ± 31.9 60.8 ± 31.9 <0.001
KOOS symptoms 55.4 ± 19.9 71.9 ± 21.7 75.9 ± 19.8 76.1 ± 22.0 77.7 ±  21.2 <0.001
KOOS QoL 23.5 ± 16.5 44.7 ± 27.6 48.7 ± 26.3 52.4 ± 27.7 54.9 ± 30.4 <0.001
KOOS overall (average of 
all 5 subscales)

41.5 ± 14.3 63.3 ± 21.7 68.0 ± 20.9 69.2 ± 22.8 71.4 ± 23.6 <0.001

IKDC 37.8 ± 14.7 55.4 ± 21.5 62.2 ± 20.6 63.6 ± 21.6 65.8 ± 23.5 <0.001

23.8  Adverse Events

• Fifteen patients were affected by knee swell-
ing and pain.

• Three patients suffered knee stiffness.
• One patient experienced delayed surgical 

wound healing.

• Three patients experienced knee pain follow-
ing physiotherapy sessions.

• Two patients had knee trauma during 
follow-up.

• One patient had a loose body removed that 
caused sporadic locking episodes.

• One patient experienced patellar tendinitis.
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• One patient struggled with quadriceps 
weakness.

• One patient presented with synovial hypertro-
phy and exuberant intra-articular scar tissue.

23.9  Conclusion

The Agili-C scaffold has shown promising clini-
cal and radiologic results at 2 year evaluation for 
the treatment of ICRS grade III and IV defects in 
knees affected by osteoarthritis, owing to its 
unique ability to promote osteoinduction and 
osteotrnansduction.

Despite the hostile joint environment, it has 
been shown that the scaffold may be able of 
enhancing the healing process of the osteochon-
dral unit.

Taking into consideration the category of 
patients treated with the aragonite-based scaf-
fold, the failure rate of 9.3% can be considered 
acceptable [20].

Further research should revolve around com-
parison between the randomized controlled stud-
ies with surgical standard of care to ascertain the 
superior treatment option.

Undoubtedly, longer term evaluation is essen-
tial to establish the longevity and soundness of 
the results.
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Potential Gene Therapy Options 
for Early OA

Henning Madry, Xiaoyu Cai, Tamás Oláh, 
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24.1  Introduction

Osteoarthritis (OA) represents a high-burden 
noncommunicable disease (NCD) and is a prin-
cipal cause of chronic disability in adults [1]. It 
is the most common inflammatory and degenera-
tive disease of synovial joints. More than 500 
million people worldwide suffer from its debili-
tating clinical symptoms and ~80% of the elderly 
population shows radiographic signs. The inci-
dence of OA is further rising because of an aging 
population and the epidemic of obesity, espe-
cially in more economically developed countries 
[2]. The total age-standardized disability-
adjusted life- years (DALY) rates considerably 
rose by 35% and age-standardized DALY rates 
by 4% between 1990 and 2015, [3] attesting to 
the ever-growing epidemiological and socioeco-
nomic priority of OA.

The debilitating pain and the progressive loss 
of joint function are the two major clinical signs, 
leading to a considerably impaired quality of life. 
Irreparable degeneration of the articular cartilage 
is the major hallmark of early OA. However, OA 
is not a simple degenerative disease where the 
cartilage wears away with time. Rather, it is a 
progressive and complex derangement of the 

homeostasis resulting in an imbalance of the 
entire osteochondral unit and other tissues consti-
tuting a joint. Cartilage degradation is therefore 
not a discrete phenomenon, but part of a complex 
remodeling of joints. OA has a multifactorial eti-
ology with risk factors including genetics, age, 
obesity, joint injury, knee malalignment, female 
sex, and joint loading. The recent failure of sev-
eral clinical trials aiming to provide novel 
disease- modifying OA drugs (DMOADs) and 
biological interventions underscore the need for 
novel therapies. Especially the early phase of OA 
represents a valuable target for a molecular 
disease- modifying approach as a game-changing 
strategy for OA patients. Such early interventions 
are largely lacking, as most current therapeutic 
procedures aim at the advanced stage, including 
total joint replacement (TJR), while in early 
stages, unspecific conservative treatment options 
such as nonsteroidal anti-inflammatory drugs 
(NSAIDs) or opioids for pain relief, physiother-
apy for the maintenance of a reduced joint func-
tion are applied, all aiming to delay TJR. However, 
they are frequently associated with adverse 
events especially in comorbid patients when used 
at long-term or high doses. Moreover, although 
TJR appears as an attractive “solution” for OA, it 
principally ignores the underlying causes and 
may lead to serious secondary problems, partly 
because of a disproportionate indication for 
younger patients. This chapter outlines potential 
gene therapy options for early OA.
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24.2  Principles of Gene Therapy 
for Early Osteoarthritis

The early phases of OA are probably the most 
relevant to be treated with gene therapy 
approaches since the structural destruction and 
erosion just begin and there is still cartilage 
remaining that can respond to a gene-based treat-
ment. As early OA mainly affects the articular 
cartilage, this tissue is a key target for gene ther-
apy in early OA.  However, although cartilage 
damage itself is important, the altered cellular 
and humoral inflammatory and immunological 
patterns contribute to the progressive damage in 
early OA and thus gene therapy approaches may 
also target other tissues, most importantly the 
synovial membrane to interfere with the subse-
quent affection of the articular cartilage. For 
ex  vivo approaches, articular chondrocytes are 
important and have been clinically used, although 
mesenchymal stromal cells (MSCs), fibroblasts, 
and bone marrow aspirates are also of interest.

24.3  The Normal 
Osteochondral Unit

24.3.1  Articular Cartilage

Hyaline articular cartilage is a connective tissue 
with a smooth, shiny, white surface, covering the 
ends of the articulating bone partners in diarthro-
dial joints [4, 5]. Its main function is to provide a 
smooth, low-friction surface for articulation and 
to facilitate load transmission to the underlying 
subchondral bone [5]. The extracellular matrix 
(ECM) of the articular cartilage is composed of a 
fluid phase (~80% of its total weight), mostly 
water, and a structure forming solid phase of col-
lagens (75% of the dry weight), predominantly 
type-II collagen (>90% of all collagens), provid-
ing tensile strength, and proteoglycans (20–30% 
of the dry weight), most abundantly aggrecan, 
providing compressive resilience by entrapping 
large quantities of water through their hydro-
philic glycosaminoglycan side chains [4, 6, 7]. 
The dense ECM encapsulates a small volume 
(~2%) of chondrocytes, the only cell type of this 

tissue, with an important role of producing and 
maintaining the ECM [5]. Based on the pheno-
type of the chondrocytes and the composition of 
the ECM, the articular cartilage can be divided 
into four zones: superficial (tangential), transi-
tional (middle), deep (radial), and calcified zone 
[8]. Hyaline cartilage is an avascular, aneural, 
and alymphatic tissue [9, 10]. These characteris-
tics with the limited motility and proliferative 
ability of mature chondrocytes result in an 
extremely low regenerative capability.

24.3.2  Subchondral Bone

Located below the articular cartilage, the sub-
chondral bonetransmits loads, maintains the joint 
shape, and mechanically and metabolically sup-
ports the cartilage [11]. The two tissues are 
chiefly held together by three-dimensional inter-
digitation [12]. The subchondral bone has a dense 
vascularization and innervation [13]. 
Anatomically it can be divided into the subchon-
dral bone plate (cortical bone) and the subarticu-
lar spongiosa (trabecular bone). The subarticular 
spongiosa is more porous and metabolically 
active than cortical bone, [7] and it is connected 
to the cartilage, across the subchondral plate by 
narrow canals and wider ampullae [13]. MSCs 
can be found in the bone marrow of the subarticu-
lar spongiosa, and if OA erosion exposes the sub-
chondral bone plate, they migrate into the OA 
defect site and initiate an insufficient fibrocarti-
laginous repair response [14]. The subchondral 
bone and the articular cartilage, thus, form a tight 
functional association, termed as the osteochon-
dral unit [15, 16].

24.4  Structural Changes 
to the Osteochondral Unit 
in Early OA

The course of OA begins with increased water 
content and swelling of the ECM, and increased 
metabolic activity of the chondrocytes, accompa-
nied by surface fibrillations and primary osteopo-
rotic changes of the subchondral bone [7, 10, 17, 
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18]. Disruption of the chondrocyte pericellular 
matrix exposes the cells to components of the 
interterritorial matrix, which deregulates chon-
drocyte function [6, 19]. Chondrocytes become 
apoptotic or form clusters, and in an attempt at 
repair, increase their synthetic activity, release 
catabolic enzymes including aggrecanases, which 
enhance matrix degradation and proinflammatory 
mediators, which contribute to synovial prolifera-
tion and vascular penetration, disrupting the tissue 
integrity and facilitating bone formation [1, 20]. 
The depletion of proteoglycans is followed by the 
erosion of the collagen network, resulting in 
deeper fissures, clefts, and delamination of the 
cartilage [6, 7, 18]. Hypertrophic changes of the 
cells result in expression of type-X collagen, 
expansion of the calcified zone, tidemark duplica-
tion, and reinitiation of endochondral ossification 
[1, 7, 21].

Parallel with the appearance of degenerative 
changes of the articular cartilage, OA struc-
tural changes develop in the subchondral bone 
too, beginning with an increased subchondral 
bone plate porosity and primary osteoporotic 
changes of the trabecular bone [17, 18]. 
Decreased mineralization and trabecular vol-
ume, number, and connectivity characterize 
this early stage of the disease [18]. The initial 
loss of subchondral bone is followed by sub-
chondral sclerosis and an increasing subchon-
dral trabecular volume and complexity, 
together with the formation of osteophytes 
which stabilize the joint [7, 18]. Later in the 
trajectory of OA, more pronounced subchon-
dral bone changes develop including bone mar-
row lesions, cysts, and bone attrition [6].

24.5  Gene Delivery Methods 
to Articular Cartilage

The accessibility of different upgraded gene 
transfer techniques has successfully focused on 
the chondrocytes in vitro and in situ/in vivo when 
their impermeable ECM encompasses the cells. 
Such methods depend on either nonviral com-
pounds or viral contaminant vehicles that utilize 
normal passage pathways in cells.

Gene therapy uses the delivery of deoxyribo-
nucleic acid (DNA) into cells, which can be 
accomplished by several methods. The two major 
classes of methods are widely used (1) those that 
use naked DNA or DNA complexes (nonviral 
methods) and (2) those that use recombinant 
viruses (sometimes called biological nanoparti-
cles or viral vectors). Generally, most viral vec-
tors and nonviral vectors have been unable to 
transduce the articular chondrocytes surrounded 
by their local ECM directly. Interestingly, they 
have been an incredible possibility for an assort-
ment of ex  vivo gene transfer methods. 
Recombinant adeno-associated viral (rAAV) vec-
tors are the only known class of gene vectors that 
can penetrate the dense extracellular cartilagi-
nous matrix with high efficiency and make them 
particularly suited for approaches to improve the 
structural qualities of articular cartilage.

24.5.1  Viral Vectors

Different viral vectors have been employed to 
treat orthopedic lesions, including gene vehicles 
based on adenoviruses [22], retro/lentiviruses 
[23, 24], and the adeno-associated virus (AAV) 
[25–27]. Episomal adenoviral vectors are highly 
efficient to modify both in chondrocytes (~100% 
transduction efficiencies) and MSCs (~80% 
transduction efficiencies) but only over limited 
periods (some days to 1–2 weeks) while provok-
ing detrimental host immune responses [28], as a 
primary concern to use in clinical applications, 
particularly in the treatment of OA. Additionally, 
intraarticular injection of such vectors is less 
available to the articular cartilage and mainly 
focuses on the synovial cells. The use of a helper- 
dependent adenovirus (HDAd) mediated intraar-
ticular gene therapy approach for long-term 
expression of interleukin-1 receptor antagonist 
(IL-1Ra) as sustained symptomatic and disease- 
modifying therapy for OA was investigated in 
mouse and horse models, demonstrating safe 
symptomatic and disease-modifying effects [29].

Retroviral vectors have the advantage of 
integrating their DNA into the host genome, 
allowing them to maintain gene expression for 
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more extended periods. These retroviral vectors 
may cause insertional mutagenesis and actua-
tion of oncogenes. Likewise, retroviral vectors 
transduce just dividing cells and may not appro-
priate with a limited host range and low effi-
ciencies (<20% in MSCs before cell choice) 
[30]. Lentiviral vectors, a subclass of retrovi-
ruses, might be alternatives as they can inte-
grate into the genome of nondividing cells (up 
to 95% in chondrocytes and 70% in MSCs), 
allowing for long-term transgene expression. 
However, again, there is a risk for insertional 
mutagenesis and safety regarding their typical 
origin [31, 32].

AAV is a nonpathogenic, replication-defec-
tive human parvovirus manipulated to generate 
small rAAV vector particles by completely 
replacing the viral sequences making them less 
immunogenic than adenoviral vectors. rAAV 
vectors are mostly maintained under stable epi-
somal forms, allowing for long-term transgene 
expression (several months to years) and avoid-
ing the risk of insertional mutagenesis. rAAV 
vectors can transduce both dividing (MSCs up 
to 65–92%) and nondividing (chondrocytes up 
to 95%) cells at relatively high efficiencies, 
favoring direct approaches in vivo. As some cell 
types remained relatively refractory to conven-
tional rAAV vectors, intense research has been 
performed to generate hybrid, pseudotyped, chi-
meric, and self-complementary adeno associ-
ated viral vectors (scAAV). These vectors 
appeared to be capable of overcoming the rate-
limiting step of conversion from single- to dou-
ble-stranded DNA. The problem of the limited 
capacity of rAAV has been apprehended by tak-
ing advantage of the virus’s ability to form cir-
cular concatamers. Consequently, rAAV became 
a preferred gene transfer method for cartilage 
repair [33–37]. Considerably, these vectors are 
already being engineered to treat experimental 
OA in vivo [38–40], for example, to overexpress 
insulin-like growth factor I (IGF-I) [41–43]. 
Delivery of rAAV vectors within biomaterials 
protects the AAV capsid epitopes from the 
action of neutralizing antibodies in  vivo 
[44–46].

24.5.2  Nonviral Vectors

Although viral nucleic acid transfer systems have 
been more popular, significant effort has gone 
into enhancing the transfection efficiency of non-
viral delivery, making nonviral approaches prom-
ising tools for further application in basic, 
translational, and clinical studies on OA; thus 
nonviral gene delivery technologies have the 
potential to transform the future development of 
disease-modifying therapeutics for OA [47].

Nonviral vectors involve complexing thera-
peutic DNA to various macromolecules, includ-
ing plasmid cationic lipids and liposomes 
[48–50], polymers [51], polyamines and polyeth-
yleneimine [52, 53], and nanoparticles [54]. 
Nonviral systems prevent the potential of acquir-
ing replication competence inherent to viral vec-
tors, can be repeatedly administered, carry large 
therapeutic genes, are relatively easy to produce 
on a large scale, have low immunogenicity, and 
are less expensive compared to viral gene trans-
fection. Different industrially accessible proce-
dures might be applied to focus on the 
chondrocytes or different OA cell populations, 
such as the lipid-based reagent FuGENE® 6 for 
chondrocytes [55] and a polyamine formulation 
for MSCs [56]. Despite having advantages, non-
viral vectors have not yet replaced viral vectors 
due to relatively low efficiency on ex-vivo modi-
fied cells and the inadequacy to alter chondro-
cytes promptly in the cartilaginous ECM [57].

24.5.3  Strategies of Gene Therapy 
for Early OA

The major strategies of gene therapy for OA are 
in  vivo and ex  vivo approaches (Fig.  24.1). In 
vivo gene transfer directly applies the gene vector 
to the tissue of interest, which then produces the 
therapeutic gene product, while ex  vivo gene 
transfer is based on providing a cell population 
that is overexpressing and producing the thera-
peutic gene product. Ex vivo gene transfer neces-
sitates therefore the in vitro manipulation of the 
target cells.
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24.6  Gene Transfer to Articular 
Chondrocytes In Vitro

Articular chondrocytes are in the major focus of 
gene therapy approaches for early OA, although 
also synovial cells, MSCs, meniscal fibrochon-
drocytes, tendon/ligament cells, muscle, and 
bone cells are of interest [58]. Numerous strate-
gies based on the mechanisms involved in early 
OA have been followed. Of particular interest is 
the stimulation of chondrocyte proliferation and 
survival via transfer of inhibitors of apoptosis 
(bcl-2) [59], growth factors genes (e.g., IGF-I, 
bone morphogenetic proteins  – BMPs, basic 
fibroblast growth factor  – FGF-2,) [33, 60–66], 

telomerase (hTERT) [67, 68], but also heat shock 
protein 70 (HSP70) [69], superoxide dismutase 
(SOD) and catalase [70], siRNAs [71], 
IkappaBalpha [72], or Dickkopf (Dkk), Wnt 
inhibitory factor (WIF), β-catenin, or sclerostin 
[73–75]. Another logical interesting approach is 
the stimulation of anabolic pathways to return to 
normal levels of individual ECM molecules like 
type-II collagen and proteoglycans. Especially 
growth and transcription factors or signaling 
molecules have been tested, including IGF-I, 
FGF-2, BMPs, parathyroid hormone-related pep-
tide—PTHrP, SOX factors [76], Indian 
Hedgehog—Ihh, zinc-finger protein 145—
ZNF145 [16, 33, 34, 61, 64, 66, 68, 77–109]. 

Gene therapy for
early knee osteoarthritis

Genetically
modified cells

Genetically
modified cells

and biomaterials

In vivo Ex vivo

Nonviral vectors Viral vectors

Naked DNA

Liposome

Polymers

Polyamines

Polyethyleneimine

Nanoparticles

Adeno-associated
viral vector

Adenoviral vector

Articular
chondrocyte

Mesenchymal
stromal cell

Solid scaffold

Hydrogel
Retroviral vector

Fig. 24.1 Strategies of gene therapy for early OA.  In 
vivo gene therapy approaches, including nonviral and 
viral vectors, directly transfer the gene vector into the tis-
sue of interest in vivo, leading to the local overexpression 
and production of the therapeutic gene product. Ex vivo 

gene transfer, including genetically modified cells alone 
or in combination with biomaterials such as hydrogels, is 
based on providing in vivo and in vitro gene-manipulated 
cell population that is overexpressing and producing the 
therapeutic gene product
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Particularly, relevant for early OA is also the 
inhibition of inflammatory and catabolic path-
ways that may be present, for example, by appli-
cation of inhibitors of matrix-degrading enzymes 
[110–112] or of proinflammatory cytokines [37, 
38, 40, 80, 85, 113–123], and also chondropro-
tective cytokines IL-4 and IL-10 [116, 124]. 
Many of these approaches have been also used in 
combined gene transfer tactics, for example, by 
coupling anabolic with anti-inflammatory strate-
gies [79, 80, 85, 100, 101, 108, 120, 125–128].

24.7  Translational Investigations 
of Gene Therapy for Early OA 
In Vivo

Translational investigations of gene therapy for 
early OA in vivo examined various pathological 
aspects of OA [129–135]. Direct gene transfer 
strategies have been tested by either (1) systemic 
delivery or (2) intraarticular vector administra-
tion via intraarticular injection or direct applica-
tion of the gene vector to cartilage following an 
arthrotomy. The classical approach of intraarticu-
lar injection achieves restricted and transient 
transduction of the synovium, being more adjust-
able inhibits inflammatory and catabolic path-
ways [96, 136, 137]. The small rAAV vectors are 
particularly useful as they can directly transduce 
the chondrocytes within their ECM. Direct gene 
transfer in experimental models of OA was per-
formed using sequences to inhibit cartilage 
destruction like IL-1Ra [40, 116, 119, 138–140], 
IL-10 [116], HSP70 [69], gene silencers [141, 
142], inhibitors of angiogenic and inflammatory 
pain processes [143, 144], antagonists of trans-
forming growth factor-beta (TGF-β) and BMPs 
(to inhibit the formation of osteophytes [145, 
146], antagonists of the canonical Wnt pathway 
[74], or kallistatin or angiogenic inhibitors [147, 
148]. Recent approaches also use rAAV vectors 
overexpressing IL-1Ra as a secrete therapeutic 
products, showing elevated IL-1Ra levels in the 
synovial fluids of injected joints by >40-fold over 
endogenous levels sustained for at least 6 months 
[149]. A test of efficacy in an equine model using 
scAAV.IL-1Ra gene-delivery led to a 30–40% 

reduction in lameness and ~25% improvement in 
total joint pathology, which included reduced 
joint effusion and synovitis, and improved repair 
of osteochondral lesions [150].

However, it is unclear whether the loss of 
ECM and cells may be fully compensated 
although the breakdown of the cartilage could be 
contained, supporting the idea of a combined 
approach based on an additional stimulation of 
ECM synthesis by providing gene vectors coding 
for anabolic factors [79]. A current study showed 
that such combinatorial gene therapy protects 
against cartilage degeneration in post-traumatic 
OA. Combined delivery of helper-dependent ade-
noviruses expressing IL-1Ra and proteoglycan-4 
(PRG4) preserved articular cartilage better than 
monotherapy in both models [151]. This 
improved protection was associated with 
increased expression of proanabolic and cartilage 
matrix genes together with decreased expression 
of catabolic genes and inflammatory mediators. 
In addition to improvements in joint tissues, this 
combinatorial gene therapy prolonged protection 
against thermal hyperalgesia compared to mono-
therapy, extending both physiological and func-
tional protection in a model of post-traumatic OA 
[151].

Gene therapy for follistatin (FST) was recently 
shown to mitigate systemic metabolic inflamma-
tion and post-traumatic arthritis in high-fat diet- 
induced obesity. A single injection of rAAV-FST 
was administered in mice after several weeks of 
high-fat diet feeding [152]. The FST gene ther-
apy mitigated the severity of OA following joint 
injury and improved muscle performance and 
decreased obesity-associated metabolic inflam-
mation. As rAAV gene therapy shows an excel-
lent safety profile and is currently in clinical trials 
for a number of conditions, such an approach 
may allow the development of therapeutic strate-
gies not only for OA but also, more broadly, for 
obesity and associated metabolic conditions, 
including diseases of muscle wasting [152].

Targeting the articular inflammatory response 
in posttraumatic joints and thereby protecting 
cartilage from degradation and OA, a gene ther-
apy approach using an rAAV vector to overex-
press IL-10  in the joint was described [153]. 
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Although intraarticular levels of IL-10 were 5- 
to 60-fold greater than control, and no perturba-
tions of IL-10 in the systemic circulation were 
noted, further supporting the use of AAVs as 
gene therapy vectors for the treatment of joint 
disease [153].

Indirect gene transfer strategies via applica-
tion of ex vivo modified cells can, in theory, not 
also provide a therapeutic protein but also a call 
population capable of resurfacing the damaged 
surface. Moreover, no free vector particles are 
introduced and the modified cells can be tightly 
controlled in vitro, although performing the addi-
tional in  vitro steps also complicates testing, 
require relatively invasive techniques of prepara-
tion, with a limited supply and possibly impuri-
ties and/or changes in cell phenotype upon 
expansion [154, 155]. Synoviocytes were used 
for such ex vivo avenues in OA models by trans-
porting inhibitors of inflammatory and catabolic 
processes (IL-1Ra alone or with IL-10) [118, 
156]. Progenitor cells are more easily isolated 
and maintain multilineage potential and capabil-
ity of differentiation and expansion [157, 158]. 
For example, intraarticular injection of muscle- 
derived stem cells that were modified via com-
bined retroviral gene transfer of BMP-4 with 
sFlt-1 improved microstructural cartilage repair 
for up to 12 weeks in a rodent OA model [159].

Although the subchondral bone is involved in 
early OA [160], gene therapy approaches in this 
context have mainly been studied so far in focal 
osteochondral defect settings [57]. It is imagin-
able that a gene therapy approach targeting the 
subchondral bone is also of value for early OA, 
for example, as direct rAAV-mediated overex-
pression of human FGF-2 via improved the repair 
of the subchondral bone besides the articular car-
tilage in a lapine osteochondral defect model [16, 
33, 34, 61, 64, 66, 68, 77–109]. Yet, elaborated 
gene therapy approaches do not always provide 
cartilage protection in OA models, but may 
instead result in increased ectopic bone forma-
tion [161]. For example, the anti-inflammatory 
and chondroprotective effects of tumor necrosis 
factor-inducible gene 6 (TSG-6) could not reduce 
cartilage damage compared to the controls when 
an adenoviral TSG-6 expression vector was 

injected into joints of C57BL/6 mice with 
collagenase- induced OA [161]. Instead, ectopic 
bone formation was found in the TSG-6 treated 
group, highlighting the importance of always 
considering also the bony compartment of the 
osteochondral unit [161]. Likewise, when rat sti-
fle joints received a rAAV containing the Wnt- 
inhibitor Dkk-1 or a Wnt10b transgene, 
osteophytosis was decreased by Dkk-1, but 
unchanged by Wnt10b [162]. Destabilization of 
the joint negatively influenced bone architecture, 
increased osteophytosis, and decreased soft tis-
sue integrity. Dkk-1 exacerbated the negative 
effects of destabilization, whereas Wnt10b had 
little effect on these parameters. Therefore, nei-
ther Wnt10b nor Dkk1 showed positive benefits 
on the progression of OA, suggesting that thera-
peutic strategies aimed at altering Wnt signaling 
in OA must consider the complexity of these 
effects [162].

24.8  Current Clinical Gene 
Therapy Trials 
for Osteoarthritis

Historically, the first human clinical gene therapy 
trial in the musculo-skeletal field was applied for 
rheumatoid arthritis (RA) of the metacarpo- 
phalangeal joints using the intraarticular injec-
tion of autologous synoviocytes transduced 
ex vivo via retroviral gene transfer of a cDNA of 
IL-1Ra into metacarpo-phalangeal joints of 
patients prior to open synovectomy [58, 163–
165]. Local transgene expression was confirmed 
without undesired events, and even some clinical 
improvements in phase II studies were reported 
[58]. Since recombinant IL-1Ra was produced, 
such an approach has also potential value for 
early OA by inhibiting inflammation.

The first clinical trial for OA was performed in 
patients with end-stage (Kellgren and Lawrence 
grade 4) knee OA [166, 167], providing impor-
tant lessons also for early OA approaches 
(Table 24.1). It was reported and repeatedly pub-
lished [170, 171] that chondrocytes of a cell line 
established from human juvenile allogeneic 
chondrocytes (a single new-born donor with 
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polydactyly) were modified via retroviral- 
mediated gene transfer to overexpress a cDNA 
encoding TGF-β1 [58]. As TGF-β1 stimulates 
chondrocyte proteoglycan synthesis [172], pro-
liferation [173], and cartilage repair [174], this 
approach is also of value for early OA.  TGF-β 
was released following retroviral transduction 
and overexpression [81] and the safety of the 
approach was reported to be confirmed in rabbit 
and goat models [175]. To avoid the risk of ran-
dom integration into the genome and resulting 
carcinogenic effects distinctive of retroviral vec-
tors, the transduced cells were reported to be irra-
diated prior to in  vivo application [58]. These 
irradiated, TGF-β1-transduced chondrocytes 
were then were reported to be combined at a ratio 
of 1:3 with nontransduced, nonirradiated human 
juvenile allogeneic chondrocytes from the same 
cell line [58] and injected as a single intraarticu-
lar injection (total volume: 3.5 ml) into the knee 
subsequently to aspiration of the synovial fluid 
[167]. Initially, a multicenter, single-blind, phase 
IIa clinical trial was conducted (27 patients, late- 
stage knee OA [176]. Here, it was reported that 
patients received doses of either 6  ×  106 or 
1.8  ×  107 TGF-β1-transduced allogeneic chon-
drocytes (1:1 ratio). It was published that both 
groups had improved clinical outcomes (pain, 
function, physical ability) without serious 
adverse events [176]. As high intraarticular levels 
of TGF-β1 may cause synovitis, pannus forma-
tion, cartilage erosion, joint effusion, and osteo-
phyte development in animal models [177, 178], 
the safety of such an approach is of paramount 
importance. However, only minor side effects 

like swelling, effusion, and minor reactions local-
ized to the injection site (edema, pain, warming 
sensation, or itching) were observed in an phase I 
safety trial in patients with advanced knee OA 
(full-thickness cartilage erosion) without serious 
and treatment-related adverse events [167]. Joint 
swelling and arthralgia resolved or were improv-
ing at the study end. An anaphylactic shock of 1 
patient was ascribed to a severe hypersensitivity 
anaphylaxis to a cryopreservation medium (CS- 
10) [179]. Possibly the limited transgene expres-
sion of up to 2  weeks that was caused by the 
irradiation avoided major undesirable side effects 
[179]. A subsequent placebo-controlled random-
ized trial [179] (54 patients, mean age 58 years, 
body mass index <30, moderate knee OA of 
Kellgren and Lawrence grades 2–3) reported that 
at the final follow-up of 24 weeks after intraar-
ticular injection, the treatment group showed sig-
nificantly greater improvements (IKDC and VAS 
scores) compared to baseline. Patients who 
received the placebo were also reported to have 
improved IKDC and VAS scores, but signifi-
cantly less compared with the gene treatment. 
The KOOS scores also significantly improved in 
both groups when compared to baseline without 
difference significant difference between the 
groups [179].

Based on the website of the company Kolon 
TissueGene [180], the composition of the cell- 
based product is rather based on a mixture of 
TGF-β1-transduced and irradiated 293 cells with 
normal allogeneic articular chondrocytes. 293 
cells are more precisely referred to as human 
embryonic kidney (HEK) 293 cells. The cell line 

Table 24.1 Clinical trials of currently tested gene therapy approaches in OA patients

Strategy
Route of 
application Vector Modified cells Gene

ClinicalTrials.
gov Identifier References

In vivo i.a. Plasmid 
DNA

– IL-10 NCT03477487 [168]

In vivo i.a. rAAV 
vector

– IL-1Ra NCT02790723 [58, 169]

Ex vivo i.a. Retroviral 
vector

A mixture of TGF-β1-transduced and 
irradiated human embryonic kidney 
293 cells with normal human 
allogeneic articular chondrocytes

TGF- 
β1

NCT03203330 [170]

OA osteoarthritis, i.a. intraarticular, IL-10 interleukin 10, IL-1Ra interleukin-1 receptor antagonist, AAV adeno- 
associated virus, TGF-β1 transforming growth factor beta1, NCT national clinical trial
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was generated by exposing cultures of normal 
human embryonic kidney cells to sheared frag-
ments of adenovirus type 5 (Ad5) DNA [181]. 
The basis of this cell transformation was the inte-
gration of ~4.3 kB of viral Ad5 DNA sequences 
into human chromosome 19 (19q13.2) [182]. 
HEK 293 cells are widely used for small-scale 
recombinant protein production and in viral vec-
tor propagation including the production of retro-
viral vectors and adenoviral vaccines [183]. 
When injected in immunocompromised mice, 
293 cells were tumorigenic with varying fre-
quency and size among different studies [184]. 
Probably because of inconsistencies with the 
reported source for the injectable genetically 
modified cells, the phase III clinical trial [170] in 
the United States started in 2018 (ClinicalTrials.
gov Identifier: NCT03203330) was suspended 
for a while by the FDA [185]. On ClinicalTrials.
gov, the recruitment status is currently posted as 
active, not recruiting (Last Update Posted: May 
13, 2020) [186].

Another gene therapy trial [58] using a self- 
complementary AAV vector carrying an IL-1Ra 
transgene (sc-rAAV2.5IL-1Ra) (ClinicalTrials.
gov Identifier: NCT02790723) [187] is currently 
recruiting participants [58, 169]. Nine partici-
pants with moderate knee OA in this nonrandom-
ized phase I study evaluating the safety will 
receive sc-rAAV2.5IL-1Ra as an intraarticular 
injection. A previous preclinical safety and bio-
distribution study carrying a rat IL-1Ra transgene 
(sc-rAAV2.5rIL-1Ra) or human IL-1Ra trans-
gene (sc-rAAV2.5hIL-1Ra) in Wistar rats with 
mono-iodoacetate (MIA)-induced OA showed 
that vector genomes persisted in the injected 
knees for up to 1 year with only limited vector 
leakage to systemic circulation and uptake in tis-
sues outside the knee [188]. Low levels of IL-1Ra 
expression were observed in the vector-injected 
knees [188], and the gene therapy vector demon-
strated an overall favorable safety profile [188].

Another phase I dose-escalation study (32 
participants, 6  months follow-up) in subjects 
with severe knee OA was recently completed 
(ClinicalTrials.gov Identifier: NCT03477487) 
[189] to evaluate the safety, tolerability, and effi-
cacy of a plasmid DNA encoding a variant of 

human IL-10 (XT-150). IL-10 is an anti- 
inflammatory cytokine that potently and broadly 
suppresses proinflammatory cytokine activity, 
and a 6-month toxicology study upon intraarticu-
lar injections of the plasmid vector in canine sti-
fle joints was without pathologic findings [168]. 
Moreover, a translational, placebo-controlled 
study reduced pain measures in dogs without 
adverse findings [168].

24.9  Outlook

The field of gene therapy for OA has seen sig-
nificant development over the past 10  years. 
Several gene therapy trials are now ongoing, 
using either ex vivo approaches to deliver TGF-
β1 or the more potent in vivo strategies, apply-
ing either rAAV vectors encoding for IL-1Ra or 
plasmid DNA encoding for IL-10. These anti- 
inflammatory strategies are also applicable to 
early OA, especially post-traumatic OA, 
together with stimulation of classic anabolic 
pathways to stimulate chondrocyte proliferation 
and ECM production. rAAV vectors are particu-
larly well adapted to target in a direct and dura-
ble manner, the articular chondrocytes affected 
in OA in situ for such approaches. Among the 
different growth factors, IGF-I represents a key 
candidate able to stop the loss of chondrocyte 
phenotypic stability in early OA because it is 
mitogenic for chondrocytes and simultaneously 
stimulates the expression of type-II collagen 
and proteoglycans, while the responsiveness to 
IGF-I is reduced in OA.

Ongoing clinical trials will lead to a better 
understanding of the mechanisms of repair 
induced by gene-based approaches. So far, there 
is no evidence that undesired events might occur 
as all clinical trials have shown a good safety pro-
file. Placed in the context of the recent failure of 
clinical trials aiming to provide novel disease- 
modifying OA drugs, a gene-based approach will 
have to be measured by providing both quantita-
tive structural improvements (e.g., reduction of 
cartilage loss) and clinical benefit for our patients 
Moreover, if pathological imbalances such as 
axial malalignment or an instable joint are  present 
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no gene-based therapy may succeed if such 
underlying problems are not properly addressed.

For the future, we propose that ongoing and 
novel gene therapy approaches will be extended 
to the early phases of OA, targeting structural 
destruction and erosion at an early phase. Besides 
chondroanabolic treatments using growth or tran-
scription factors, anti-inflammatory gene therapy 
approaches will also be developed to target path-
ological processes during the onset of early OA.
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Surgical Management for Early 
Arthritis in the Shoulder

Jhillika Patel and Carolyn M. Hettrich

25.1  Introduction

Early arthritis of the shoulder can present a treat-
ment dilemma for physicians, especially when 
the patient is young or has high activity require-
ments. Nonoperative management for the early 
Osteoarthritis (OA) will typically include physi-
cal therapy, NSAIDs, and glucosamine supple-
mentation. If the patient remains unacceptably 
symptomatic, the next step in management can 
include ultrasound-guided corticosteroid injec-
tions or platelet-rich plasma (PRP) injections. 
When conservative management fails, surgical 
intervention can be considered. Surgical proce-
dures traditionally have included debridement ± 
biceps tenotomy or shoulder arthroplasty. For 
patients who have focal cartilage defects, tech-
niques such as microfracture, autologous chon-
drocyte implantation (ACI), and osteochondral 
autologous transfer system (OATS) can be 
considered.

The latter treatment options for the early 
osteoarthritis attempt to alter disease progres-
sion, and slow progression while restoring shoul-
der function and reducing pain. The hope is that 
these can delay shoulder arthroplasty, but this has 
not been shown to date. Clinical research is still 

being performed for these procedures, with some 
case series reporting positive outcomes and very 
few complications.

25.2  Arthroscopic Debridement 
(Chondroplasty) and Biceps 
Tenotomy

Arthroscopic debridement provides a minimally 
invasive option to possibly achieve pain relief 
and restore motion in patients with shoulder 
arthritis. In most cases, the procedure provides 
short-term relief from symptoms [1]. This can be 
done in combination with the techniques dis-
cussed later. This procedure is most suited for the 
early stages of osteoarthritis for which the gle-
noid and the humeral head are concentric with 
visible joint space on a radiograph. When the 
joint incongruity is severe or for patients with 
large osteophytes, the procedure will not be 
effective [2]. Patients with a higher preoperative 
arthritis grade, chondral lesions greater than 
2 cm2, bipolar lesions, and a joint space narrow-
ing of less than 2  mm were associated with 
arthroscopic failure and are then recommended 
for arthroplasty [3].

Bigliani et  al. concluded that arthroscopic 
debridement was beneficial for treating early gle-
nohumeral osteoarthritis of the shoulder. 
Concomitant procedures in this study included 
lavage of the glenohumeral joint, debridement of 
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labral tears, partial synovectomy, and subacro-
mial bursectomy [2]. About 80% of the patients 
in this study who underwent arthroscopy reported 
an excellent or good outcome. Ten of the 12 
patients who indicated preoperative stiffness saw 
an improvement in range of motion [2]. A meta- 
analysis on arthroscopic debridement concluded 
that unipolar lesions of the glenoid or humeral 
head were associated with better Western Ontario 
Osteoarthritis of the Shoulder (WOOS), ASES, 
and SANE scores postoperatively than bipolar 
lesions [2].

The comprehensive arthroscopic management 
(CAM) procedure was developed by Millet et al. 
to address glenohumeral osteoarthritis in young, 
high-demand patients. The procedure involves 
starting with glenohumeral debridement fol-
lowed by chondroplasty, synovectomy, loose 
body removal, osteoplasty, optionally capsular 
release (if needed), and axillary nerve neurolysis 
[4]. Depending on the patient’s pathology sub-
acromial decompression, subcoracoid decom-
pression, and biceps tenodesis may be added to 
the CAM procedure [4]. A recent study of 38 
patients who underwent CAM procedures with 
5- and 10-year follow-up, demonstrated an 
improvement in ASES score from 63.3 to 89.6 
after 5 years and to 80.6 after 10, concluding that 
patients experienced reduced pain and improved 
function [5].

Bicep injuries that lead to shoulder pain can 
also be relieved by surgical management 
through biceps tenotomy. Boileau et al. retro-
spective study on 68 patients treated 
arthroscopically with biceps tenotomy resulted 
in the mean constant score increase from 
46.3 ± 11.9 to 66.5 ± 16.3 postoperatively [6]. 
Patients also had an improvement in the func-
tional range of motion, with a significant 
increase in postoperative external rotation 
resulting in a higher degree of patient satisfac-
tion (78%) [6]. A prospective randomized con-
trol trial involving 114 patients investigated the 
outcomes after biceps tenotomy and showed a 
significant improvement in ASES and WORC 
scores of 32.3% and 37.3%, respectively, at 
24 months postoperatively [7].

25.3  Microfracture

Microfracture traditionally has been the preferred 
procedure to treat small unipolar humeral lesions 
on the cartilage. This cartilage damage does not 
heal easily because of its avascularity and the low 
migration of chondrocytes into these regions. As 
such, spontaneous healing of these sites is rare 
and can lead to further degeneration and osteoar-
thritis [8]. Microfracture involves penetrating the 
subchondral bone at the articular lesion site to 
stimulate clot formation. The pluripotent mesen-
chymal stem cells in the clot are derived from the 
bone marrow to produce fibrocartilage within 
this defect [9]. The advantage of the procedure is 
technically simple, easily available, has minimal 
morbidity, and is low cost, making it an attractive 
first-line treatment for articular cartilage injuries 
[9]. The downside is that it forms fibrocartilage 
and not hyaline cartilage.

An ideal patient for this treatment is <40 years 
old, with minimal damage to the cartilage, lesions 
isolated to the articular surface, no bone loss, and 
whose surrounding cartilage is intact [8]. Full- 
thickness symptomatic chondral defects in the 
articular portion of the glenohumeral joint are 
amenable to microfracture [8]. Better results are 
obtained for lesions less than 2  cm2 in area. 
Microfracture is contraindicated if the underlying 
bone is also injured if it is a bipolar lesion, or 
there is significant osteoarthritis [10].

Millet et al. reported on 31 shoulders that had 
undergone microfracture. Six of these failed and 
underwent a subsequent surgery and were excluded 
from the data analysis. For the remaining 25 shoul-
ders, there was on average a 20-point improvement 
in ASES score. When both the glenoid and the 
humerus were treated, the improvement in ASES 
score was 19 points, when only the glenoid was 
treated the improvement was 17 points, and when 
the only humerus was treated the improvement was 
32 points. As the size of the lesion increased, the 
improvement on ASES score was lower indicating 
a negative relationship with size. The mean VAS 
scores decreased postoperatively from 3.8 to 1.6, 
with a significant improvement in activities of daily 
living, work, and sports [11].
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Another study looked at 54 patients who either 
underwent humeral head resurfacing, or resurfac-
ing of the humeral head with microfracture of the 
glenoid. The patients were followed for 10 years. 
As compared to a baseline relative Constant score 
of 58.1% for resurfacing alone, the mean relative 
Constant score for the humeral resurfacing with 
glenoid microfracture was significantly higher at 
77.7% [12]. The pain scores improved for all 
patients.

Frank et al. studied the efficacy of microfrac-
ture for average glenoid defects of 1.66  cm2 
(range, 0.4–3.75  cm2) and humeral defects of 
5.07  cm2 (range, 1.0–7.84  cm2) [13]. At 2  year 
follow-up, there was a significant decrease in 
VAS pain scores (from 5.6 to 1.9) and statisti-
cally significant improvements in the ASES (44.3 
to 86.3) and SST (5.7 to 10.3) scores were 
reported with 93% of the patients indicating sat-
isfaction with the procedure [13].

25.4  Autologous Chondrocyte 
Implantation (ACI)

Both autologous chondrocyte implantation (ACI) 
and osteochondral autologous transfer systems 
(OATS) constitute restorative techniques that 
may present as options for the early osteoarthri-
tis. Restorative procedures aim to re-establish the 
hyaline cartilage at the location of the chondral 
lesion. These procedures have been more thor-
oughly studied in the knee but may present as 
viable options for the shoulder. In the first step of 
ACI, the surgeon harvests chondrocytes from 
nonarticulating areas of a patient’s shoulder or 
nonweight-bearing cartilage in the knee. These 
harvested cells are isolated and cultured for about 
3–5 weeks to obtain sufficient quantities of chon-
drocytes, which are 5–ten million cells. During a 
second surgical procedure, the chondrocytes are 
injected into the cartilage lesion in the shoulder. 
These cells are held in place by a periosteal mem-
brane which is secured by fibrin adhesive and 
sutures [14].

As discussed in other chapters, ACI in the 
knee has yielded favorable outcomes. Early stud-
ies in the shoulder are promising but limited in 

their significance due to small sample sizes and 
warrant additional investigation. Boehm reported 
on seven male patients who underwent ACI for 
symptomatic focal grade IV cartilage lesions of 
the humeral head who were followed for an aver-
age of 32 months. After ACI, the patients reported 
their subjective pain score on the VAS scale to be 
0 at rest and 0 (0–2) during exercise, the median 
Constant score was 95 (80–100), and the median 
ASES score was 97 (90–100), demonstrating 
good outcomes. Subjects reported a significant 
improvement in median Subjective Shoulder 
Value, from an average of 60% preoperatively to 
95% postoperatively [15]. Buchmann et al. report 
prospectively on four subjects undergoing ACI 
for humeral full-thickness chondral large defects 
or large symptomatic glenoid lesions. The mean 
VAS (0.3/10), the mean constant score 
(83.3  ±  9.9), and the mean ASES index 
(95.3  ±  8.1) represented satisfactory shoulder 
function [16]. All patients gained satisfactory 
shoulder function and had satisfactory coverage 
of the chondral lesion with fibrocartilaginous 
repair tissue formation on post-operative MRI 
[16]. Scheibel et al. followed eight patients pro-
spectively who experienced symptomatic focal 
grade IV cartilage lesions of the humeral head 
and were treated with ACI.  At a mean of 
32.6 months postoperatively, all subjects demon-
strated clinical improvement and only minor 
degenerative radiographic changes [17]. Clinical 
improvements were seen in these patients 
Constant scores which increased from 73.9 (57–
89.6) to 88.7 (82.4–95.4) and ADL (activities of 
daily living) rate which increased from 12.9 
(7–18) to 19.1 (18–20) [17]. While the authors 
concluded ACI to be a viable treatment option for 
focal cartilage lesions in the shoulder, they 
advised that it should be restricted to young, 
active, symptomatic patients [17].

25.5  Osteochondral Autologous 
Transfer System

Osteochondral autologous transfer system (OATS) 
can also treat focal cartilage lesions in the shoul-
der. Typically, shoulder arthroscopy is performed 
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first to measure the cartilage defects and to create 
recipient sites for press-fit autologous chondrocyte 
graft from the knee [18]. The autologous grafts are 
then typically harvested from the knee using lat-
eral mini-arthrotomy from the outer edge of the 
lateral femoral condyle. These are then transferred 
to the prepared sites in the shoulder. The donor 
cavities in the knees can be left empty or back-
filled with allograft plugs [18].

OATS is ideally suited for small lesions (100–
250  mm2) [14]. In addition, patients with a full- 
thickness osteochondral lesion of the glenohumeral 
joint are good candidates. This approach is suited 
to young adults (<40 years old) and active patients. 
In addition, OATS is an effective treatment option 
for patients who may have osteochondritis disse-
cans (OCD) of the humeral head [14].

Habermeyer et  al. reported on patients who 
underwent OATS for treatment of chondral 
defects of the shoulder measuring 156 ± 60 mm2 
[19]. After 8–47  months, the Constant score 
increased to 89 ± 5 from a baseline of 74 ± 10, 
and good integration of osteochondral plugs with 
congruent tissue was observed on MRI [19]. At a 
mean follow-up of 8.75 years, the Constant score 
for these patients increased to 91  ±  5. The 
Samilson and Prieto grading for osteoarthritis 
showed an increase of at least one grade for all 
patients in the initial study, however, no signifi-
cant change was observed at longer follow-up. 
All plugs showed full integration with the sur-
rounding tissue on MRI, and there was no 
reported correlation between the size of the 
defect, the number of graft plugs, and the devel-
opment of osteoarthritis [20].

In the reported studies, the osteochondral 
plugs were harvested from the knees. This is 
advantageous as it does not require two separate 
surgeries/anesthetics, but it does violate the knee 
joint, and there remains a risk of knee morbidity 
in a previously well-functioning knee [20].

25.6  Platelet Rich Plasma (PRP)

Platelet-rich plasma (PRP) is a common autolo-
gous biologic treatment used in musculoskeletal 
treatments. The PRP contains natural growth fac-
tors (transforming GF Beta, basic fibroblast GF, 

and platelet-derived GF), numerous cytokines, and 
anti-inflammatory mediators which can stimulate 
healing [21]. Depending on the tolerance for an 
inflammatory response either a leukocyte rich PRP 
(LR-PRP) or a leukocyte poor PRP may be chosen 
[21]. The PRP use varies between clinicians and 
given the variation in dosing, formulations, con-
centrations of growth factors, and the presence of 
leukocytes, it is difficult, if not impossible to make 
comparisons between studies.

Shoulder osteoarthritis leads to the gradual 
thinning of the articular cartilage with degenera-
tion of the soft tissues. Oxidative stress-triggered 
angiogenesis and synovial matrix degradation 
induce joint inflammation in patients with osteo-
arthritis. TGF-β1, Ang-1, and Ang-2 are critical 
components in a PRP treatment to address this 
inflammation [22].

Kothari et al. compared PRP to corticosteroid 
and ultrasound therapy in 195 patients with 
shoulder arthritis. At 12 weeks, PRP showed sta-
tistically significant better VAS and QuickDash 
scores over corticosteroid and ultrasound therapy. 
Patients receiving PRP also had significantly bet-
ter active and passive shoulder range of motion 
[23]. It is important to note that the PRP is pallia-
tive and is not regenerative.

25.7  Summary

25.7.1  Osteoarthritis in the Shoulder

Early arthritis of the shoulder can lead to debili-
tating pain and a decrease in patients’ quality of 
life. Surgical procedures that can be considered 
for global OA include debridement, biceps tenot-
omy, and shoulder arthroplasty. For patients who 
have focal cartilage defects, techniques such as 
microfracture, autologous chondrocyte implanta-
tion (ACI), and osteochondral autologous  transfer 
system (OATS) can be considered. In addition, 
biologic treatments such as platelet-rich plasma 
(PRP) can be used for possible palliative pain 
relief. As early work is promising, more investi-
gative work should be done focusing on the 
shoulder to further evaluate these surgical tech-
niques for improving function in patients experi-
encing OA.
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