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There is a trend among book authors to thank every famous 
person who has inspired them and of course I would like to do 
the same as without their inspiration I would not be where I am 
today. But during 2020 the world faced the nightmare of Covid 
and we were all forced to spend more time at home with our 
families, and for me Isakos is a big family. Despite this 
challenging period, together with my friends we have found the 
inspiration and the energy to write this book.

—Alberto Gobbi and John G. Lane

I dedicate my first book as a co-editor to my parents, who have 
always been with me and helped me achieve my dreams. To my 
three children Nicolás, Antonia, and Federico, especially to my 
wife Lucrecia for their unconditional love and understanding of 
my many hours of work.

—Ignacio Dallo
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Before I proceed, I would like to thank Alberto Gobbi and his co-editors for 
giving me the privilege and honor of introducing this book.

This book delves into the knowledge of articular wellness with the help of 
recognized experts in the musculoskeletal system.

Joint function may be a well-known concept, but there is still a long way 
to go to have a deeper understanding of biologics, articular homeostasis, 
synovia, and the cross-talking concept between the cartilage and its subjacent 
tissue when the knee function is compromised.

“The concept that subchondral bone can act as an effective shock absorber 
is not new. It was established by Dr. Physick in 1827 that a ball made of 
cancellous bone absorbs the energy applied to it, as contrasted with an ivory 
ball.” However, one realizes that in spite of this idea from way back, the 
importance of the subchondral bone has suffered neglect for decades. This 
book aims to give the subchondral bone the attention it deserves especially 
during the process of osteoarthritis.

When subchondral bone is altered, there can be a variety of reasons such 
as inflammation, edema, avascular necrosis, and other factors. In the same 
manner, different evaluation and diagnostic systems are available that are 
fundamental for an accurate assessment.

At the present time, prosthetic treatment continues to be the first treatment 
option. However, biologic treatments are gaining momentum, and new 
therapies are appearing which broaden our horizons to improving quality of 
life in a population with a longer life expectancy. Regeneration is the ultimate 
goal, and to achieve this, scaffold cells and signaling proteins are imperative, 
all of this under genetic control.

The characteristics of each articulation have not been forgotten by the 
editors. The shoulder, elbow, wrist, hip, knee, and ankle joints have all 
been given due focus. Of course, we cannot forget rehabilitation, which 
plays a fundamental role in the restoration of function and is also tackled 
in the book.

Foreword
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To the reader, I hope this introduction transmits the importance and rele-
vance of this work to update and increment our current knowledge of the 
subchondral bone, the subjacent tissue to cartilage.

Again, I would like to express my gratitude to Alberto and the co-writers 
of this publication.

Ramon Cugat
Orthopaedic Surgical Department 

Hospital Quiron Barcelona 
Barcelona, Spain
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“But out of limitations comes creativity”—Debbi Allen

Joint osteoarthritis (OA) is one of the largest economic burdens that we face 
in the modern-day world. This global epidemic is in part due to the “baby 
boomer” generation that are now suffering from aging-related disease and 
conditions, such as joint OA, that significantly reduce quality of life and 
“healthspan.” The limited capacity to self-regenerate essential structures 
within the joint is the number one reason joint preservation is so challenging 
following traumatic injury or progressive wear-and-tear. Due to this inherent 
regenerative limitation, the precedence of developing effective preservative 
treatment modalities has been set forth by the World Health Organization to 
reduce the burden of joint OA and improve overall health during the aging 
process. As a result, there have been tremendous strides made in the develop-
ment of novel joint preservation strategies to maintain the structural compo-
nents and restore biomechanical function. The challenge, as with most 
biologically and biomechanically complex systems, is to establish a basis 
through scientific evidence to support these preservation strategies.

Like many others in the scientific community that have risen to this chal-
lenge, my laboratory over the last 25 years has been dedicated to improving 
and enhancing musculoskeletal tissue repair after injury, disease, and aging. 
Although it has been speculated for numerous years that the high regenerative 
potential of adult stem cells is due to their multipotentiality, current findings 
appear to indicate that very few donor cells actually differentiate and partici-
pate in the regeneration of these injured musculoskeletal tissues; rather, the 
vast majority of cells reconstituting the regenerated tissues are host-derived. 
This concept is further supported by results that have shown that interrupting 
paracrine signaling (i.e., by blocking VEGF and angiogenesis) of implanted 
stem cells decreases regeneration and repair capacity in injured, well-vascu-
larized tissues, such as skeletal muscle and bone [1]. Indeed, several blood 
vessel cells, immune and inflammatory cells, circulating progenitor and resi-
dent cells play a role in the regeneration and repair processes at the site of 
injury; however, the identity of the host cells involved in the repair processes 
following stem cell transplantation remains unclear. My laboratory and oth-
ers have also demonstrated that blood vessel walls harbor pericytes which are 
at the origin of mesenchymal stem cells (MSCs) (1). We therefore believe that 
promotion of angiogenesis accelerate musculoskeletal tissue repair by creat-
ing a supply of adult stem cells in the regenerating area [1]. Unlike most 
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musculoskeletal tissues that are well- vascularized and require angiogenesis 
for repair, articular cartilage is a hypovascular tissue that requires reduced 
angiogenic activity for successful adult stem cell-mediated repair in articular 
cartilage [2, 3]. In the case of articular cartilage repair with adult stem cells, 
the implanted stem cells also exert a paracrine effect on the local microenvi-
ronment, which has a beneficial effect on articular cartilage repair. The host 
cells participating in the articular cartilage repair process are likely derived 
from the bone marrow, synovial cells, and other joint derived cells [2, 3]. To 
this end, it is clear that the interplay between stem cells and the host micro-
milieu act as a unit and highlights the importance of preserving the “niche” 
while developing regenerative therapies.

While many stem cell therapies for OA are under investigation, none are 
currently FDA- approved for modifying the course of the disease. Of the 
many adult stem cell treatments available for the treatment of OA, bone 
marrow stem cells (BMSCs) in bone marrow concentrate (BMC) are the most 
clinically translatable and already in clinical use since they can be harvested 
using a minimally invasive approach and do not require in vitro expansion. 
There is, however, significant potential for improving the therapeutic efficacy 
of BMSC/BMC treatment for OA. The number of senescent cells in BMC 
increases with age, and these cells release pro-inflammatory cytokines/
chemokines, proteases, as well as other senescence-associated secretory 
phenotypes (SASP) that can impair stem cell function and likely contribute to 
the development and progression of OA [4]. Compounds (senolytic agents) 
have been identified that specifically kill senescent cells, abrogating systemic 
SASP factors and leading to improved outcomes for a variety of 
musculoskeletal disorders including joint OA [5]. Our group has recently 
demonstrated that blocking fibrosis with oral losartan (a TGF-β1 inhibitor) 
can improve cartilage repair by promoting regeneration of hyaline cartilage 
while reducing the amount of fibrocartilage [6]. Thus, it is believed that 
combining senolytic and/or anti-fibrotic agents with orthobiologic therapies 
(i.e., BMC, BMSCs, and platelet-rich plasma [PRP]) will lead to significantly 
better outcomes than stem cell treatment alone, representing a new 
treatment paradigm for joint preservation.

It is generally understood that not all degenerative and age-related 
orthopedic disorders can be treated with biological therapies alone; sometimes 
surgical intervention is necessary to repair damaged structures or address 
biomechanical abnormalities that create destructive loading in the joint. 
These combinatorial approaches, incorporating cell-based and biological 
therapies along with FDA-approved medications (i.e., losartan, anti- 
angiogenic drugs, senolytic agents) to block or remove certain deleterious 
factors and cells, respectively, can restore the homeostatic functions of the 
joint after surgical intervention, facilitating recovery and tissue regeneration. 
These new therapeutic solutions (in isolation or combined with surgical pro-
cedures) as well as current concepts on the osteochondral pathology and 
characterization are well described in this volume.

Introduction to Joint Function Preservation
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Dr. Alberto Gobbi, a dominant figure in the orthopedic field, brought together 
knowledgeable scientists and clinicians to assemble the Joint Function 
Preservation volume to contribute their professional insight and review 
contemporary solutions on managing and improving joint preservation and func-
tion. Dr. Gobbi is a pioneer in the development of new biological therapies also 
known as “OrthoBiologics” for degenerative disease like OA. This volume intro-
duces several biologically and surgically based clinical solutions to preserve the 
local niche, improve the regenerative potential of stem cells as well as biome-
chanical function of the joint’s osteochondral unit. This volume also places 
emphasis on the fundamental biology of the osteochondral unit and the joint’s 
milieu to improve our understanding of its dynamic function and healing 
responses in an injured state. This information is important to highlight when 
discussing joint preservation solutions to delay the progression of OA and re-
establish the biological niche. The preservation of the osteochondral unit and 
joint function is the focal point of this volume and the basis of many orthopedic 
practices.
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The osteochondral unit is composed of hyaline cartilage connected through a 
zone of calcified cartilage to the subchondral cortical bone. It transfers load- 
bearing weight over the joint to allow normal joint articulation and movement 
and must withstand a combination of compressive, tensile, and shear stresses. 
The dynamic relationship between cartilage and bone is crucial for joint 
health and integrity. Damage and degeneration of the osteochondral unit can 
severely limit patients’ quality of life, impacting joint function and leading to 
several disabling diseases, such as osteoarthritis. Joint pain is often the 
primary symptom of osteochondral unit disease. Early detection and diagnosis 
are important for the appropriate treatment. This book is a state-of-the-art 
guide on osteochondral unit and analyzes a fascinating area of medicine that 
will continue to grow.

The molecular biology and mechanical properties of the osteochondral 
unit are vital aspects of many surgical disciplines.

Basic research into the complexities of cartilage/bone crosstalk and the 
in  vivo development of the osteochondral unit is fundamental to the 
improvement of joint therapies and tissue restoration.

This book provides a comprehensive review of some of the most important 
scientific and clinically relevant topics in biology, biomechanics, mechanisms 
of healing, and surgical strategies.

It is hoped that this book will become a valuable resource for clinical 
understanding, postgraduate research, and resident training.

The book is written by distinguished contributors who have graciously 
provided new techniques and experimental findings in their respective fields.

Milan, Italy Alberto Gobbi  
San Diego, CA, USA  John G. Lane  
Roma, Italy  Umile Giuseppe Longo  
Milan, Italy  Ignacio Dallo   
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Joint Function and Dysfunction

Abigail L. Campbell, Mathew J. Hamula, 
and Bert R. Mandelbaum

1.1  Introduction

Articular cartilage is a vital component of an 
intricate system that constitutes the knee. The 
purpose of cartilage is to provide a low friction 
surface for motion as well as a cushion on which 
to transmit forces efficiently and effectively. It 
lacks access to either abundant nutrients or pro-
genitor cells rendering it vulnerable to injury and 
with little capacity to mount a regenerative 
response. Partial-thickness defects generally do 
not involve injury to the vasculature; however, 
chondroprogenitor cells in marrow and blood 
cannot enter the damaged region. Therefore, 
these defects have a limited healing potential and 
typically progress. On the other hand, full- 
thickness lesions that penetrate the subchondral 
bone have a higher likelihood of intrinsic repair 
though typically will go on to heal with fibrocar-
tilage with inferior mechanical properties to 
native articular cartilage [1]. Understanding and 
treating dysfunction of the osteochondral unit of 
the knee requires a fundamental knowledge of 
physiology and pathophysiology.

Chondropenia, literally meaning “deficiency 
of cartilage,”, describes dysfunction of the oste-
chondral unit that ranges from mild structural 

abnormalities to full-blown osteoarthritis. The 
thickness and volume of articular cartilage fol-
lows a paradigm somewhat analogous to Wolff’s 
Law, in that form and mass follow function in 
bone remodeling. Cartilage demonstrates a 
directly proportional change in thickness that has 
a linear dose–response correlation with repetitive 
loading activities. If the integrity of the func-
tional weight-bearing unit is lost, either through 
acute injury or chronic microtrauma in the high- 
impact athlete, a chondropenic response is initi-
ated that can include loss of articular cartilage 
volume and stiffness, elevation of contact pres-
sures, and development or progression of articu-
lar cartilage defects.

Age, obesity, overuse, hormonal factors such 
as menopause, and trauma are the main risk fac-
tors for the onset of chondropenia [2, 3]. The 
chondropenic cascade leading to chondral lesions 
and joint degeneration can also be exacerbated by 
the presence of additional pathology such as liga-
mentous instability, malalignment, and meniscal 
injury [4].

Abnormal mechanical stress increases not 
only nitric oxide (NO) production, but also 
matrix metalloproteinase (MMP) activity [5]. 
Abnormal joint forces also disturb chondrocyte 
metabolism via surface mechanoreceptors such 
as integrins, which stimulate pro-inflammatory 
cytokine activity and synthesis [3, 6].

As athletes experience higher rates of knee 
injury as well as repetitive and abnormal loading 
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of the joint, they are therefore at greater risk to 
develop chondropenia [7]. Athletes are in fact at 
significant risk for symptomatic degenerative 
joint disease relatively early on in their lives [8–
12]. Acute injury has a significant effect on carti-
lage, and long-term follow-up studies reveal that 
articular cartilage defects in athletes show a 
direct link between chondral damage and the 
development of osteoarthritis [11].

Cartilage injuries of the knee are ubiquitous 
and affect over one third of athletes compared to 
less than one fifth of the general population [8]. 
These injuries can cause significant morbidity 
and are frequently career-ending. Acute chondral 
injuries occur in 9–60% of anterior cruciate liga-
ment (ACL) ruptures and over 90% of patellar 
dislocations [8, 13]. Articular cartilage defects of 
the femoral condyles have been observed in up to 
50% of athletes undergoing anterior cruciate lig-
ament (ACL) reconstruction with an increased 
propensity in female athletes [7, 14].

Focal cartilage defects have been reported in 
60–67% of individuals undergoing knee arthros-
copy [15, 16]. Even when treated with state-of- 

the-art surgical modalities, it is often difficult to 
return to previous levels of performance. 
Cartilage injury can portend a poor prognosis 
even in healthy athletes. A 2018 ESSKA study of 
31 high-level athletes undergoing matrix- 
associated cartilage transplantation reported that 
at 10-year follow-up, only 58% of patients 
returned to pre-injury level of sport [17].

Micro- or macro-trauma creates a catabolic 
environment for cartilage: inflammatory cytokine 
production of interleukins-1β, -6, and -8, tumor 
necrosis factor-α, MMPs 1, 3, 13, and nitric oxide 
(NO) disrupt the biochemical homeostasis, 
decreasing collagen formation and increasing 
degradation [3, 18–20].

The aforementioned factors of repetitive load-
ing, hormonal influence, abnormal loading, and 
altered mechanics contribute to deleterious effects 
on the osteochondral unit. The clinical results of 
these changes manifests in “falling off” the dose–
response chondropenic curve proposed by the 
senior author [21]. Specifically, performance level 
or response is decreased as a function of dose 
(activity), as cartilage volume is lost (Fig. 1.1).

Aging

ACL/MM injury

Estrogen deficient

Obese

Osteoarthritis

Normal

Male

Athlete

PERFORMANCE

CHONDROPENIA/
CARTILAGE
INJURY

D
O
S
E

RESPONSE

Fig. 1.1 “Dose–response” Chondropenic curve. Correlation model between performance levels (response) and activity 
performed (dose) as function of joint degeneration
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Cartilage injuries have the potential to limit 
patients’ livelihood and athletes’ future in their 
respective occupations, even when addressed 
operatively. It is therefore imperative for the 
managing physician to maximize their armamen-
tarium of conservative treatments. This chapter 
will discuss evaluation and management of dys-
function of the osteochondral unit, with a focus 
on the active patient. Operative techniques will 
not be addressed in depth: the focus will be 
patient care from presentation to postoperative 
issues. Management strategies will be discussed 
in the context of the chondral management para-
digm: chondroprotection, chondrofacilitation, 
and resurfacing including an algorithm for rec-
ommended care.

1.2  Clinical Evaluation 
and Classification

Clinical evaluation begins with a thorough his-
tory and physical examination. Care should be 
taken to elicit any history of trauma, either recent 
or remote, swelling, instability, or mechanical 
symptoms. Medical history is also relevant: med-
ications, hormonal abnormalities, and systemic 
diseases can affect the function of the knee. The 
physical examination should specifically include 
evaluation for the presence of swelling, effusion, 
pain to palpation, catching, locking, and special 
tests to evaluate for concomitant pathology. 
Range of motion is important and noting any pain 
with mid-range, terminal flexion, or terminal 
extension.

Imaging is a crucial adjunct in assessing 
patients with chondral disease. Plain radiographs 
are able to evaluate for osteochondral defects, 
loose bodies, joint space narrowing, alignment, 
and patellofemoral anatomy. Advanced imaging 
in the form of magnetic resonance imaging 
(MRI) is the current standard of diagnostic imag-
ing affording great detail of chondral lesions and 
underlying bony involvement. Despite advances 
in MRI technology, chondral lesions may still 
remain undetected until arthroscopy. One 
 potential application of the Nanoscope (Arthrex, 
Naples, FL) is to assist with diagnosis in cases 

where the MRI is not sensitive enough to pick up 
a lesion. Patient selection is important, however, 
since it can be difficult to tolerate in the office 
setting without sedation or pain medication.

The purpose of any classification system is 
three-fold: distinguish subtle differences in 
pathology by capturing relevant factors, facilitate 
communication between clinicians, and guide 
management. There are several classification sys-
tems today including the Outerbridge, Bauer and 
Shariaree, and cartilage severity score (CSS). 
Our preferred method is the CSS which provides 
a scoring system out of 100 including all of the 
articular surfaces of the knee as well as meniscal 
integrity. We have found that it is helpful in con-
veying to patients the severity of cartilage injury 
whether focal or global. There is also a compre-
hensive method developed by the International 
Cartilage Repair Society (ICRS). This score 
accounts for nine variables: etiology, defect 
thickness, lesion size, degree of containment, 
location, ligamentous integrity, meniscal integ-
rity, alignment, and relevant factors in the patient 
history.

1.3  Indications for Non- 
operative Management

With the recent advances in cartilage restoration, 
it may seem trivial to discuss the non-operative 
management of chondral lesions. However, there 
are substantial advances in treatment modalities 
that avoid invasive procedures and significant 
recovery time and rehabilitation. Additionally, 
with surgical management there is no guarantee 
of return to pre-injury levels of function. First, it 
is important to discuss the indications and contra- 
indications for non-operative management.

The indications for non-operative management 
are essentially patients with no significant relative 
or absolute contra-indications. Patients can con-
sider non-operative treatment of symptomatic car-
tilage lesions in the absence of any significant red 
flag symptoms such as mechanical symptoms of 
locking or catching secondary to a loose body or 
concurrent reparable meniscal tear. Those with 
partial-thickness or full-thickness cartilage lesions 
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can consider an initial trial of non-operative man-
agement as long as the risks and benefits are dis-
cussed thoroughly. Relative contra-indications of 
non-operative management include concomitant 
ligamentous or meniscal injury that may predis-
pose the knee to more rapid degeneration. Any sig-
nificant osteochondral or chondral loose body is 
an absolute contra- indication to non-operative 
management and should undergo arthroscopic 
loose body removal. Furthermore, there is a role 
for non-operative treatments of patients who may 
at some point benefit from surgical intervention 
and for postoperative patients to optimize out-
comes and prevent revision surgery.

1.4  Chondroprotection, 
Chondrofacilitation, 
and Resurfacing: 
A Framework 
for Management

When considering management of osteochondral 
unit dysfunction in the active patient, it is helpful 
to have a framework that captures the nuances of 
pathophysiology and provides guidance for treat-
ment options. Murray et al. [22] outlined in a pre-
vious paper three general categories to address 
chondral pathology:

 1. Chondroprotection: strategies that aim to pre-
vent loss of existing cartilage.

 2. Chondrofacilitation: strategies that seek to 
facilitate intrinsic repair of damaged articular 
cartilage.

 3. Resurfacing: improvements in chondral sur-
face function are sought through replacement 
rather than intrinsic repair of cartilage defects 
with hyaline cartilage. These include autolo-
gous chondrocyte implantation (ACI) in all of 
its current permutations, autograft and 
allograft transplantation, and synthetics 
including scaffolds that fill the defect.

This chapter is not intended to delineate oper-
ative techniques but will focus on patient man-

agement from presentation to postoperative care. 
There is a significant cohort of patients that 
require either chondroprotection or chondrofa-
cilitation postoperatively after a resurfacing pro-
cedure. Broadly speaking, we will discuss three 
groups of patients: non-operative treatment 
entirely, patients that will go on to need cartilage 
repair, postoperative patients from a cartilage 
repair or resurfacing that benefit from chondrofa-
cilitation and chondroprotection in order to maxi-
mize outcomes and prevent the need for revision 
surgery.

1.5  Chondroprotection

The aim of chondroprotection is to promote car-
tilage homeostasis and prevent the chondropenic 
cascade that can ultimately lead to loss of struc-
tural integrity. As such there are numerous treat-
ment recommendations with varying degrees of 
supporting evidence. These methods can be char-
acterized as dynamic modifications or pharmaco-
logical interventions.

1.5.1  Prevention

The goal is to address any modifiable risk factors 
with the best protocols to date. Injury prevention 
programs such as the FIFA 11+ are recommended 
to reduce risk of intra-articular knee injury, par-
ticularly in the female athlete [23].

1.5.2  Acute Injury: Aspiration

In the presence of acute injury with hemarthro-
sis present, for example, ACL rupture, carti-
lage is exposed to myriad pro-inflammatory 
molecules [24]. In the setting of acute injury, 
aspiration of the knee is recommended to 
remove the pro- inflammatory mediators in the 
acutely injured knee. This may mitigate the 
catabolic effects discussed in this chapter’s 
Introduction.
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1.5.3  Weight Loss/Exercise

Joint function is an interplay between motion and 
the forces that act on it. However, there are limits 
to modifications that we can recommend as clini-
cians that have overwhelming supporting evi-
dence. For early osteoarthritis (OA), for example, 
there is evidence to support lower extremity mus-
cle strengthening for pain and offloading effects 
[25–28]. Weight loss can reduce peak loads in the 
knee joint and abductor moment at the knee by a 
scale of 2.2 kg decrease in peak load for every 
1 kg of weight loss [29].

In addition to the weight loss benefits dis-
cussed previously, exercise is recommended for 
knee cartilage disease by the Osteoarthritis 
Research Society International and the American 
College of Rheumatology [30, 31]. A 2020 ran-
domized trial published in the New England 
Journal of Medicine found physical therapy 
superior to glucocorticoid injection for knee 
osteoarthritis at 1 year, with those receiving ther-
apy having less pain and functional disability 
(WOMAC) than those who received glucocorti-
coid injection [32]. Exercise programs in patients 
with exacerbations of knee osteoarthritis have 
been shown to improve symptoms with a rela-
tively low rate of poor effects [33, 34]. Favorable 
inflammatory biomarker profiles were found with 
exercise programs in randomized studies [35]. 
Exercise may have an epigenetic effect as well. 
MicroRNA–target interactions have been impli-
cated in cartilage disease as well as muscle 
homeostasis related to exercise [36].

Blood flow restriction therapy is being utilized 
for various orthopedic applications, and there is 
some early evidence that it may improve pain 
while minimizing joint stress in knee osteoarthri-
tis [37, 38]. Exercise is therefore recommended 
as a staple of first-line management for cartilage 
disease of the knee. Regarding the use of bracing, 
there is no level I evidence to support its effect 
and all available studies are equivocal [39].

1.5.4  Supplements

Glucosamine is a monosaccharide that in  vitro 
has been shown to increase chondrocyte aggre-

can production and decrease inflammatory and 
degradative mediators [40–42]. Chondroitin sul-
fate is a structural component of cartilage that 
adds compression strength to the cartilage matrix. 
Animal studies have demonstrated a chondropro-
tective effect by anti-inflammatory and anti- 
degradative effects, as well as stimulation of 
hyaluronic acid and proteoglycans [43–45].

There are dozens of studies assessing chondroi-
tin sulfate and glucosamine supplementation for 
the use in cartilage disease of the knee. Examining 
oral supplementation in humans, a meta-analysis 
and systematic review of all randomized studies 
was conducted in 2018 reported that the use of 
either glucosamine or chondroitin sulfate signifi-
cantly improved visual analog scale (VAS) pain 
scores, but did not have this effect when combined 
and did not affect Western Ontario and McMaster 
Universities Osteoarthritis Index (WOMAC) score 
[46]. However, two randomized studies reported 
reduction on joint space narrowing with chondroi-
tin sulfate [47, 48]. Based on available evidence, 
chondroitin sulfate supplementation may improve 
symptoms and mitigate progression of cartilage 
degeneration in the knee.

Curcumin, a compound found in turmeric, has 
been studied for use in the knee for its potential 
anti-inflammatory effect. In animal studies, cur-
cumin administration has a chondroprotective 
rather than chondrofacilitative action, leading to 
an increase in the number of chondrocytes and 
collagen content but not increasing cartilage 
thickness [49, 50]. However, despite its promis-
ing results in recent animal studies, there is little 
evidence in clinical outcomes with human use. It 
has been shown to be safe for use in humans for 
the indication of knee chondral disease [51].

1.5.5  Estrogen

Estrogen plays a well-understood role in the 
modulation of bone density. Its effect on cartilage 
has only been recently elucidated. Animal studies 
have demonstrated that estrogen inhibits degra-
dation of cartilage’s extracellular matrix, and that 
estrogen therapy can reduce the degree of carti-
lage degeneration [52, 53]. A large cohort study 
in humans identified post-menopausal status as 
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an independent risk factor for cartilage degenera-
tion [54]. Certain estrogen receptors have been 
implicated in cartilage catabolism by upregulat-
ing matrix metalloproteinases [55, 56]. Due to 
this relationship, female patients in peri- or post- 
menopausal age groups experiencing knee pain 
due to cartilage disease should be referred to an 
endocrinologist or women’s health specialist for 
hormonal evaluation. Developing a relationship 
with a local physician in this specialty is highly 
recommended to optimize patient care.

1.5.6  Steroid

Steroid injections are frequently performed in 
the knee. While the short-term improvement in 
pain has been established for use in the knee 
[57], there is evidence that extended use may 
have deleterious effects on articular cartilage 
[58, 59]. While there is concern for possible cat-
abolic effect on cartilage, there is also evidence 
that intra-articular steroid injections in the knee 
may have an anabolic effect [60]. We recom-
mend intra-articular steroid injection for use dur-
ing a flare of knee pain in the absence of acute 
injury, and one should not fear intermittent use 
as this treatment can be very effective for acute 
pain. However, the treating provider should keep 
in mind that a steroid injection is not a solution 
for an osteochondral unit injury or dysfunction 
in the knee.

1.5.7  Future Directions 
in Chondroprotection

The positive effects of exercise continue to be 
elucidated as well as supplementation that may 
be related to diet. Whole body health including 
diet and exercise will likely become a focus of 
both preventative and treatment approaches for 
cartilage injury and disease. As there are no sim-
ple and infallible invasive solutions to cartilage 
injury, prevention in the context of overall health 
and wellness is likely to become the focus of 
early management, thereby providing cartilage 
care before treatment becomes necessary.

1.6  Chondrofacilitation

Once structural damage has occurred, the goal is 
to facilitate intrinsic repair by creating a harmony 
between the innate biology and the local articular 
cartilage milieu. The goals of injectable therapies 
are to deliver essential growth factors or temper 
inflammation in order to promote the regenera-
tion or healing response of functional hyaline 
cartilage. These elements may be used as sole 
non-operative techniques or as adjuncts to surgi-
cal techniques. The focus of this section will be 
to discuss them in the three groups of patients 
previously outlined.

1.6.1  Hyaluronic Acid

Hyaluronic acid (HA) is a major component of 
synovial fluid that has anti-inflammatory effects 
and may stimulate proteoglycan production. 
Initially developed as an avian-derived product, 
most HA is now produced by biological fermen-
tation. HA has multiple functions in the native 
knee: lubrication, load absorption, fluid homeo-
stasis, and analgesia [61]. Its mechanism of 
action in cartilage disease specifically comprises 
proteoglycan and glycosaminoglycan synthesis, 
anti-inflammatory effect, mechanical lubrication, 
and analgesia [62]. HA can be utilized as a 
multiple- injection series or one injection only, 
based on molecular weight and concentration.

There are myriad products available today 
including high molecular weight and extended- 
release. Both molecular weight and HA concen-
tration can influence HA’s efficacy, which should 
be taken into consideration when reading litera-
ture on this subject. Animal studies show promis-
ing data in its chondrofacilitative effects [50, 63, 
64], including a benefit in early administration 
after acute cartilage injury [65]. Human studies 
examining intra-articular HA have been widely 
published, with positive clinical benefits in ran-
domized trials [66, 67]. Of three randomized tri-
als comparing HA and placebo that assessed 
structural changes on knee MRI, two trials 
reported no difference in joint space width loss 
between HA and placebo [68, 69], while one 
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found significantly less joint space loss in both 
medial and lateral compartments [70]. Clinically, 
HA has been shown to delay total knee arthro-
plasty [62, 71].

For these reasons, HA is a valuable asset to the 
provider managing knee pain due to cartilage 
acute injury or chondropenia. In our clinic, we 
often administer HA with steroid in the first of a 
three-injection series. The addition of steroid to 
this first injection has anecdotally improved 
patients’ pain faster and allowed earlier return to 
activities. HA can also be combined with PRP, 
though evidence behind combination therapy is 
currently limited. This combination will be dis-
cussed further in this chapter.

1.6.2  Platelet-Rich Plasma

Platelet-rich plasma (PRP) in its current iteration 
has been demonstrated to be safe and contains 
significant concentrations of autologous growth 
factors and proteins that may augment intrinsic 
repair [72]. The current definition includes quan-
titative criteria, specifically requiring PRP to 
contain more than one million platelets per mil-
liliter (mL) of serum as this critical concentration 
shows the most promise in terms of stimulating a 
healing response [73, 74]. The other factor in 
PRP formulations is the white blood cell concen-
tration, with leukocyte-rich PRP (LR-PRP) and 
leukocyte-poor PRP (LP-PRP). While the use of 
PRP to treat cartilage injuries has rapidly 
expanded over the last decade, there remains a 
sparsity of evidence for use in isolated setting in 
the treatment of chondral lesions. Lui et al. [75] 
conducted a study showing superior cartilage 
healing with intra-articular injections of PRP 
compared to HA in a rabbit model with 5  mm 
focal chondral defects. Further animal studies on 
autologous conditioned plasma and platelet- 
enriched fibrin scaffolds have shown similar 
superior results [76, 77]. Additionally, combining 
PRP with HA has been shown to increase the 
release of growth factors [78].

There is limited clinical evidence to support 
the use of PRP in vivo for chondral lesions and 
OA.  In some head-to-head comparisons, hyal-

uronic acid injections seem to outperform PRP 
alone in terms of pain relief [79–82]. Other stud-
ies, including recent meta-analyses and random-
ized controlled trials, have overall shown more 
consistent evidence for LP-PRP for intra- articular 
use in the treatment of chondral lesions and OA 
compared with placebo and hyaluronic acid [80, 
83–86]. In general, LP-PRP likely produces less 
of an inflammatory response than LR-PRP within 
the intra-articular environment which may ulti-
mately prove more therapeutically beneficial.

Further studies on standardized formulations 
are needed to make definitive recommendations 
on isolated PRP for the non-operative treatment of 
chondral lesions. However, PRP has been reported 
to improve cartilage regeneration when used 
alongside microfracture and osteochondral 
allograft implantation. In a mouse model, LR-PRP 
injection was compared to saline injection in fem-
oral condylar focal cartilage defects and found 
increased cartilage regeneration and collagen II in 
the repair tissue in the PRP group. This suggests 
that there is a role for PRP at least as an adjunct, 
particularly in patients who may at some point 
benefit from a cartilage restoration procedure or 
following a surgery in order to enhance chondro-
facilitation. A recent study by Everhart et al. [87] 
demonstrated an improved healing rate in menis-
cal repairs with the use of PRP at the time of sur-
gery although there was no difference when a 
concomitant anterior cruciate ligament (ACL) 
reconstruction was performed. For now, there is a 
growing body of evidence that PRP is helpful in 
conjunction with surgical procedures and can 
facilitate intrinsic repair of cartilage lesions. 
There is still not enough evidence to recommend 
its isolated use on focal chondral lesions. 
However, it may provide a useful temporizing 
measure for an athlete’s mid-season as a non-sur-
gical treatment option prior to an arthroscopic 
debridement or cartilage restoration procedure.

1.6.3  Bone Marrow Aspirate 
Concentrate

Bone marrow aspirate concentrate (BMAC) has 
gained popularity and widespread use as it is rela-

1 Joint Function and Dysfunction



8

tively easy to harvest and one of the few treatment 
options acceptable under the US Food and Drug 
Administration (FDA) guidelines [88]. It can be 
used to give growth factors to the injury site, such 
as vascular endothelial growth factor, platelet-
derived growth factor, transforming growth factor-
beta, and bone morphogenic proteins. This is in 
addition to the mesenchymal stem cells (MSCs) 
present in the concentrate. BMAC shows a lot of 
potential, particularly in the treatment of osteo-
chondral lesions of the tibial plateau where the use 
of osteochondral allograft is limited by size, shape, 
or location. There are several studies on the use of 
BMAC in chondral lesions [89–94], the vast 
majority with promising results. In general, there 
were more favorable results when BMAC was 
used with a scaffold. Given that some studies were 
inconclusive or showed negative results with 
BMAC alone, there is currently limited use for 
BMAC in isolation for the treatment of chondral 
lesions. However, in conjunction with a scaffold, 
including even HA, there is some promising data 
showing improvement in function. BMAC has 
been reported as a valuable augment to microfrac-
ture, matrix-associated chondrocyte implantation, 
and osteochondral allograft implantation. It has 
also improved cartilage repair compared with 
microfacture in an animal model [95]. At this time, 
BMAC is a valuable addition to our armamentar-
ium when combined with scaffolds. Its role in the 
non-operative paradigm is confined to intra- 
articular injection combined with HA in patients 
who can tolerate the harvest in the clinic setting.

1.6.4  Cellular-Based Therapies

Cellular-based therapies are an attractive option 
in cartilage restoration. It is important to be cog-
nizant of nomenclature when it comes to this het-
erogeneous group of therapeutic agents. Stem 
cells are defined as undifferentiated progenitor 
cells that are capable of proliferation, regenera-
tion, self-maintenance, and replication [96]. 
Mesenchymal stem cells (MSCs) are of particu-
lar interest in the treatment of chondral lesion due 
to their accessibility and greater homogeneity in 
cell division [97]. The Mesenchymal and Tissue 

Stem Cell Committee of the International Society 
for Cellular Therapy in 2006 defined the minimal 
criteria for a human cell to be classified as an 
MSC: (1) the ability to adhere to plastic when 
maintained in standard culture conditions; (2) 
expression of CD105, CD73, and CD90; (3) the 
lack of expression of CD45, CD34, CD14, or 
CD11b, CD79alpha or CD19, and HLA-DR sur-
face molecules; and (4) the ability to differentiate 
into osteoblasts, adipocytes, and chondroblasts 
in  vitro [4]. Chang et  al. also postulated that 
MSCs also have an anti-inflammatory effect 
based on preclinical trials in small mammals 
[96]. The two most popular options due to ease of 
collection are adipose-derived and bone marrow- 
derived MSCs.

Adipose-derived stem cells (ASC) are rela-
tively easy to harvest and result in a high yield of 
stem cells [98]. They have been shown to differ-
entiate into chondrocytes in vitro and in vivo [99]. 
Intra-articular injections of ASCs have been 
reported to improve patient-reported outcomes 
for knee osteoarthritis as well as increase cartilage 
volume [100]. ASCs have been found to induce 
chondrocyte proliferation and extracellular matrix 
production as well [101]. This promising therapy 
still has limited clinical studies however.

Bone marrow-derived MSCs (BMSCs) are 
even more appealing due to their ease of collec-
tion. Sites of extraction include the iliac crest, 
tibia, or femur. One issue is that yield is typically 
low and the stem cells must be isolated and 
expanded in cell culture prior to utilization and 
this process can take up to 3  weeks. There are 
several animal models showing the positive effect 
of MSCs when combined with a matrix or scaf-
fold [102, 103] as well as intra-articular injection 
of MSCs [104]. Gobbi et al. reported BMAC use 
in combination with a collagen scaffold and 
found 80% filling of defects and improved clini-
cal outcomes at 3 years [105]. Although it seems 
highly promising, there is still a sparsity of litera-
ture showing clinical efficacy in humans. Chahla 
et  al. [106] conducted a systematic review of 
studies evaluating the intra-articular injection of 
cell-based therapies in the knee. Only six studies 
were included, several of which were level III 
designs. While no major adverse events were 

A. L. Campbell et al.



9

reported, the improvement was modest and the 
quality of evidence was poor. Better studies are 
needed to definitively say that cellular-based 
therapies are recommended for the non-operative 
management of chondral lesions.

1.6.5  Osseous Involvement

Chondropenia results from a dose–response 
repetitive injury that leads to loss of articular car-
tilage volume. Once chondral lesions and osse-
ous changes begin to occur the pathogenesis of 
osteoarthritis is well under way. Lesions can 
either extend through the full-thickness of the 
cartilage and involve the bone, or simply be 
accompanied by changes in the subchondral 
bone. Some of the structural changes that have 
been observed in the subchondral bone in severe 
osteoarthritis include bone marrow lesions, loss 
of mineralization, and progressive replacement 
of the marrow with fibroneurovascular mesen-
chymal tissue [107–109]. There is a growing 
interest in understanding and addressing both the 
osseous and chondral components of joint degen-
eration. Bone marrow lesions in osteoarthritis 
represent a late finding in degenerative joint dis-
ease and have been treated with various medica-
tions aimed at preventing bone resorption or 
promoting bone regeneration with varying 
degrees of success in clinical studies [110–115]. 
While no studies exist looking at the effect of 
bracing on bone marrow lesions in the tibiofemo-
ral joint, a randomized controlled trial showed 
decrease in bone marrow lesion volume with 
6 weeks of a pull-on patella sleeve in the patel-
lofemoral joint [116].

There has been some recent investigation into 
combining intraosseous infiltration of injectable 
therapies combined with intra-articular to allow 
infiltration into the cartilage from both internal 
and external pathways, thereby treating the entire 
osteochondral unit. Early clinical results of com-
bined intra-articular and intraosseous PRP ther-
apy are promising [117, 118], but long-term data 
is not yet available. In the presence of subchon-
dral bone edema, this may provide an effective 
solution to address the inflammatory pathways 

related to pain and edema. The goal will be to 
intervene in this process early on and alter the 
natural history of joint degeneration before the 
onset of osteoarthritis.

1.6.6  Future Directions 
in Chondrofacilitation

The goal of facilitating intrinsic cartilage repair 
without surgical intervention is an ambitious one. 
As we continue to improve our understanding of 
the chondropenic cascade and catabolic process 
of joint degeneration, there will be more potential 
opportunities for therapeutic interventions. An 
example of this is Wnt signaling, which has been 
established as an important factor in the patho-
genesis of osteoarthritis. It contributes to differen-
tiation of osteoblasts and chondrocytes, as well as 
the production of catabolic proteases. A relatively 
novel Wnt pathway inhibitor, small- molecule 
04690 (SM04690) has been shown in a rodent 
model to induce the differentiation of functional 
chondrocytes and increase cartilage thickness and 
cartilage regeneration [119]. Additionally, 
Deshmukh et al. showed protection from cartilage 
catabolic activity. This novel therapeutic agent is 
currently undergoing phase 2B trials and has 
already demonstrated safety in human applica-
tions [120]. It is an exciting prospect to be able to 
stimulate chondral genesis, in addition to chon-
drofacilitation and chondroprotection.

There may not be a single therapy that pro-
vides effective treatment of cartilage lesions in 
the making. However, given the complexity of 
cartilage homeostasis, and by extension chondral 
pathology, it is more likely the answer will be 
some combination of therapies. The more imme-
diate future may focus on combining the healing 
pro-inflammatory effects of PRP or mesenchy-
mal stem cells of BMAC with a scaffold such as 
HA in a way that could target the chondral lesion 
effectively. As our understanding of the current 
modalities improves, we may be on the precipice 
of a transformation in our non-operative approach 
to cartilage lesions. Additionally, chondroprotec-
tion of cartilage restoration or resurfacing proce-
dures is of paramount importance.
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1.7  Chondrorestoration 
and Resurfacing

While this is not an operative technique guide, we 
will briefly discuss operative strategies for articu-
lar cartilage injury in the athlete. As chondrofacili-
tative strategies seek to support and augment the 
body’s ongoing attempts to produce hyaline carti-
lage from the site of injury, chondrorestoration and 
resurfacing approaches originate from within the 
lesion itself through transplantation (allogenic or 
autologous) or implantation of autologous chon-
drocytes. The literature is influenced by the fact 
that most studies use different techniques, out-
come measures, and differing lengths of follow-up 
precluding definitive comparison. As such, current 
AAOS, OARSI, and NICE guidelines conclude 
that there is no clear superiority for any specific 
technique and recommend that treatment strate-
gies should be based on individual patient factors. 
We will outline the key chondrorestorative and 
resurfacing options, their indications, and avail-
able results. The goal is restoration and resurfacing 
is creating a surface of hyaline cartilage. The addi-
tion of biologic augmentation is often indicated, as 
described in the previous section.

1.7.1  Microfracture

For lesions less than 2 cm2 that do not have under-
lying osseous defects, microfracture can be per-
formed. Perforation of subchondral bone generates 
conduits to the vascularized bone marrow allowing 
migration of marrow cells and intrinsic repair. The 
main drawback is the limited durability of the new 
articular surface, which is predominantly fibrocar-
tilage. While short-term outcomes are good [121], 
the long-term data behind microfracture has been 
disappointing [122, 123]. The focus has shifted to 
augmenting and optimizing microfracture rather 
than performing it as a stand-alone procedure. As 
larger microfracture holes have been associated 
with bony impaction and walling off of marrow, 
nanofractures have been described using thinner 
awls (1 mm) that protrude to a controlled depth of 
9 mm. Preservation of trabecular architecture with 
this technique has been confirmed using high- 

definition CT [124]. Concomitant use of PRP or 
BMAC may improve outcomes over microfracture 
alone as well [95, 125].

1.7.2  Osteochondral Autograft 
Implantation

Indications for osteochondral autograft implanta-
tion are for osteochondral lesions <2  cm2. 
Osteochondral implantation replaces mature hya-
line cartilage with autograft tissue including a 
segment of underlying bone. There are several 
commercially available systems. Defects have 
been successfully addressed in young athletes 
although long-term results in this population are 
still unclear. In a 17-year prospective multicenter 
study, good to excellent results were reported in 
91% of femoral, 86% of tibial, and 74% of patel-
lofemoral mosaicplasty in athletes [126]. A pro-
spective, randomized study reported significant 
superiority of osteochondral transfer over micro-
fracture at 3 years [127]. Limitations include the 
potential for incongruity and graft height mis-
match that can result in early wear [128].

1.7.3  Osteochondral Allograft 
Implantation

Indications for osteochondral allograft implanta-
tion are for >2 cm2 full-thickness chondral defects 
with or without osseous defect or 
AVN.  Osteochondral allograft transfer (OALT) 
procedures avoid the challenges of matching 
chondral thickness, geometry, and donor-site 
morbidity that limit autologous transfer proce-
dures. Several studies have shown that trans-
planted bone is well-incorporated by the host 
with good articular cartilage function. A 91% 
success rate was reported at 5  years, 85% at 
7.5 years, and 75% at 10 years with femoral and 
patellofemoral allografting, with overall better 
outcomes on condyles than the patellofemoral 
joint similar to other cartilage techniques [129, 
130]. Although osteochondral allograft trans-
plantation has better durability than microfrac-
ture, there remains a long-term decrease in graft 
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survival [131]. While concern is present in using 
osteochondral implantation techniques following 
microfracture, a recent study found similar out-
comes, satisfaction, and reoperation rates for 
both autologous chondrocyte implantation and 
osteochondral allograft transplantation following 
failed microfracture [132].

Concerns about graft sterility, rejection, access 
to allograft, and cost are limiting factors. As with 
autologous osteochondral plugs, graft subsidence, 
lack of integration, and peripheral chondrocyte 
death may occur. If graft incorporation occurs, 
however, good to excellent outcomes are gener-
ally achieved with accelerated return to sport [92].

1.7.4  Autologous Chondrocyte 
Implantation

Indications for autologous chondrocyte implan-
tation (ACI) are focal lesions of 1–10  cm2, or 
failed microfracture. Contra-indications include 
>8 mm depth of bone loss, kissing lesions, osteo-
arthritis, and inflammatory arthritis. ACI is a two- 
step procedure: first, harvesting chondrocytes 
from a healthy non-weight-bearing portion of the 
knee, second, implantation of culture-expanded 
autologous chondrocytes under a periosteal flap 
(first-generation ACI), a collagen membrane 
(second-generation ACI), or onto a membrane 
carrier or porous scaffold prior to implantation 
(third-generation ACI, MACI).

Good to excellent results have been reported 
in 85–92% of patients at 2  years, with femoral 
condyle lesions generally producing better results 
than defects in the patellofemoral joint [133]. 
Sustained improvements seen in large, symptom-
atic, full-thickness lesions of the distal femur 
treated with ACI have been reported in the major-
ity of patients at up to 10 years [134]. A recent 
long-term study reported increased stiffness of 
the repair tissue in the first 5 years following ACI, 
most rapidly in the first 2 years, with final stiff-
ness similar to hyaline cartilage [135]. When per-
formed in elite athletes, ACI resulted in a 
successful return to sport extending to 5  years 
and beyond [136, 137]. The main disadvantage of 
ACI is the time required for tissue maturation, 

therefore extending ultimate return-to-sport time; 
however, promising short-term data has recently 
been reported for single-stage procedures [138].

1.7.5  Rehabilitation and Return 
to Sport

Rehabilitation aims to return the patient to sport, to 
prevent subsequent or further reinjury, and to mini-
mize the risk of cartilage degeneration. An indi-
vidualized approach should be taken, and it should 
be recognized that not all athletes will return to pre-
injury levels of function after cartilage surgery.

Rehabilitation must be adapted to the type of 
chondrorestorative or resurfacing procedure per-
formed and each athlete’s sport-specific demands. 
Additional procedures performed must also be 
taken into consideration. We utilize a stepwise 
approach consisting of an initial protection and 
joint activation phase, a progressive joint loading 
and functional restoration phase, and finally an 
activity restoration phase. The length of rehabili-
tation is not time-based, and rather depends on 
the athlete’s performance within each stage. A 
key benefit of osteochondral grafting is that early 
weight-bearing can be tolerated. This is not the 
same with ACI/MACI or microfracture, where 
the repair construct has to be given time to mature 
and incorporate. Combined procedures (ACL 
reconstruction, tibial osteotomy, meniscal proce-
dures) do not adversely affect the return-to-sport 
rate following cartilage repair although rehabili-
tation can be modified addressing the concomi-
tant procedure [139].

Prospective studies have shown that 33–96% 
of athletes return to sport after ACI, with 60–80% 
returning to the same level. Average return-to- 
sport time following ACI is 18–25 months [140]. 
Return to competition has been reported in 
59–66% of athletes after microfracture, with 57% 
returning to their pre-operative level of perfor-
mance at 8–17  months [121, 141]. Sporting 
return has been reported in 91–93% of athletes 
after osteochondral transfer at mean 6.5–7 months 
[127]. There has been higher return-to-sport rate 
reported for osteochondral autograft implanta-
tion compared to microfracture [142].

1 Joint Function and Dysfunction
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Eighty-eight percentage of athletes returned to 
partial activity and 79% returned to full activity 
after knee osteochondral allograft transplantation 
at average 9.6  months [143]. Regardless of the 
technique used, the time to return to sport is lon-
ger for younger and more competitive athletes 
[144]. The absence of prior surgery, higher pre- 
injury level of sport, and shorter pre-operative 
duration of symptoms correlate with higher 
return-to-sport rates [145].

1.8  Treatment Algorithm

We offer our current treatment algorithm focus-
ing on full spectrum management of osteochon-
dral unit dysfunction in the athlete, based on the 
principles of chondroprotection, chondrofacilita-
tion, and resurfacing. Asymptomatic lesions, so 
long as there are no absolute indications for sur-
gical management, should be monitored and 
treated with conditioning, minimizing high- 
impact joint loading when possible, and injury 
prevention protocols. Diet and exercise can also 
play a pivotal role in maintaining functionality.

Once cartilage lesions become symptomatic, 
first-line treatment should include a comprehensive 
analysis and discussion of dietary and exercise pro-
grams. This may include supplementation as dis-
cussed in the Chondroprotection section of this 
chapter. Chondroprotective measures include con-
ditioning, weight loss, medications, supplements, 
and endocrine evaluation. Chondroprotection also 
involves identifying concurrent pathology such as 
meniscal tears, instability, and malalignment and 
potentially third-line treatment of surgical 
management.

Second-line modalities can be broadly catego-
rized as chondroprotective or chondrofacilitative. 
Chondrofacilitation should be individualized to 
the patient and pathology. Non-operative man-
agement is outlined in Fig. 1.2.

Third-line treatment comprises surgical 
management of osteochondral unit dysfunction, 
accompanied by appropriate targeted rehabili-
tation, incorporating the chondroprotective and 
chondrofacilitative elements described in these 
sections. In cases with structural injury, surgi-
cal management is indicated as outlined in 
Fig. 1.3.

Symptomatic Ostechondral 
or Osseous Lesion

Symptomatic Full Thickness 
Cartilage Lesion

Symptomatic Partial Thickness 
Cartilage Lesion

Asymptomatic Cartilage Lesion
Conditioning &

Injury Prevention
Diet & Exercise

Chondroprotection:
Conditioning & weight loss
Medications/supplements

Endocrine evaluation
HA

Chondroprotection of 
Femur/Tibia:

Identify concurrent pathology
Address meniscal pathology,

instability, malalignment
Conditioning, pharmacologics,

endocrine

Chondroprotection of 
Femur/Tibia:

Concurrent pathology
Conditioning, pharmacologics,

endocrine

Chondroprotection of 
Patella/Trochlea:

Identify concurrent pathology
Conditioning including

taping and pelvic stabilization
Pharmacologics and endocrine

Chondroprotection of 
Patella/Trochlea:

Concurrent pathology
Condition, pharmacologics,
endocrine Bracing & Taping

Chondrofacilitation:
PRP (+/-HA)

BMAC
ADSC

Chondrofacilitation:
Identify concurrent pathology

including osseous involvement
IA PRP (+/-HA), BMAC, ADSC

Chondrofacilitation &
Osseofacilitation: Concurrent 

pathology Characterize
osseous involvement

IA & IO PRP (+/-HA), BMAC, ADSC

Fig. 1.2 A non-operative treatment algorithm for the 
management of cartilage lesions based on chondroprotec-
tion and chondrofacilitation in chondral, osteochondral, 
and osseous lesions. HA hyaluronic acid, PRP platelet- 

rich plasma, BMAC bone marrow aspirate concentrate, 
ADSC adipose-derived stem cells, IA intra-articular, IO 
intraosseous
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Fig. 1.3 A treatment 
algorithm for the 
management of articular 
cartilage defects in 
athletes based on 
protection of existing 
cartilage, 
chondrofacilitation, and 
chondrorestoration/
resurfacing. ACI 
autologous chondrocyte 
implantation, PF 
patellofemoral, OCD 
osteochondral defect, 
AVN avascular necrosis. 
*Athletes undergoing 
tibiofemoral realignment 
osteotomy should be 
counseled on the poor 
prognosis of competitive 
sporting return
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As our understanding and therapeutic tech-
niques continue to evolve, this algorithm will 
expand significantly. From Murray et  al. [146]
(Mandelbaum KSSTA).

1.9  Summary and Conclusion

A multitude of non-operative modalities exist 
for the prevention of chondropenia and treat-
ment of cartilage lesions. It is an exciting pros-
pect as orthopedic surgeons and other 
practitioners become more critical of current 
surgical solutions for cartilage lesions or seek to 
help patients who previously would not have 
had any worthwhile treatment options. The goal 
is an ambitious one to prevent chondropenia and 
protect chondral surfaces by stimulating regen-
eration of native functional hyaline cartilage 
using growth factors and anti-inflammatory 
therapies. Surgical techniques aimed at restor-
ing chondral surfaces still play a crucial role, 
and the focus should be to facilitate and protect 
cartilage restoration or resurfacing procedures. 
Currently, there is no single satisfactory all-
encompassing treatment for the broad spectrum 
of chondral lesions. Therefore, an individual-
ized approach is required that fully involves the 
patient in the discussion. The aims are to maxi-
mize the potential for athletes and patients to 
return to their full sporting or working activi-
ties, prevent reinjury, and minimize the progres-
sion of joint degeneration.
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2.1  Introduction

The Bio is not new but it is now a key component 
in the practice of modern orthopaedics and sports 
medicine; nowadays, there is a growing interest 
on the use of biologic treatments which incorpo-
rate tissue engineering strategies: cells, scaffolds, 
and signaling molecules [1, 2]. Furthermore, 
patients are currently seeking “stem cells” or 
regenerative medicine treatments in response to 
both unmet treatment needs and marketing efforts 
that are often outpacing clinical evidence and 
regulatory control [3–5]. With the advent of 
injectable therapies using endogenous growth 
factors and cells inserted directly into the tissue 
to potentially facilitate healing, decrease inflam-
mation, and subsequently provoke an analgesic 
effect after an injury or illness. Injections have 
the advantage of being “minimally invasive” with 
relatively low risk of complications. Commonly 
used biological approaches include platelet-rich 
plasma (PRP), bone marrow aspirate concentrate 
(BMAC), adipose tissue, and allogenic amniotic 

fluid. These injectable treatments may contribute 
to a regenerative microenvironment with the 
potential to improve healing rates and function in 
patients with musculoskeletal problems; how-
ever, to date, only symptomatic improvements 
have been reported, and structure modifying 
treatments are lacking. The American Academy 
of Orthopaedic Surgeons (AAOS) defined these 
biological as substances that can be found natu-
rally in the body that aid in injury healing [6]. 
The term bio-orthopaedic includes all the bio-
logical treatment options for different orthopae-
dic conditions [7].

The application of biological therapies has the 
potential to facilitate the healing mechanism of 
tissues with limited healing potential and vascu-
larity such as tendons, cartilage, meniscus, and 
ligaments. However, in order to understand and 
advance the field of biologic treatments it is 
important to understand the potential and limita-
tions of the different components in tissue engi-
neering approaches. The term “stem cell” has 
been overused based on the consensus of the 
expert’s opinion [8]. Although stem and progeni-
tor cells contribute to homeostasis, remodeling, 
and repair of tissues, there currently is no avail-
able stem cell treatment in orthopaedics. 
Therefore, it is recommended that the use of min-
imally manipulated cell products and tissue- 
derived culture-expanded cells be referred to as 
“cell therapy,” to allow a better representation to 
the nature of these treatments. Basic science 
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research has provided proof of the concept that 
some cell therapy approaches (e.g., bone marrow- 
derived mesenchymal stem cells (MSCs)) may 
downregulate inflammation and produce an anal-
gesic effect. Nonetheless, despite studies show 
promising clinical results for cartilage injuries 
and ligaments tears, conclusive clinical evidence 
is still missing [9]. As such, there is a continued 
need for high-quality basic science and clinical 
investigation into the safety and efficacy of bio-
logical therapies including cell-based therapies. 
It is recommended that physicians and institu-
tions offering biologic therapies establish patient 
registries for surveillance and quality assess-
ments. Several clinical trials are currently being 
performed evaluating these noninvasive therapies 
despite limited understanding of the underlying 
pathologic basis of the disease and without a 
complete characterization of their components. 
Additional studies are needed to identify optimal 
formulations and in defining the ideal dose and 
timing of orthobiologics for various orthopaedic 
conditions [10].

2.2  Bio-Orthopaedics 
and Orthobiologics 
Treatments

Orthobiologic nomenclature can be somewhat 
confusing and, in many cases, even misleading 
depending on the product being discussed. Lack 
of consensus on how to describe orthobiologics 
has led to challenges in interpreting the literature 
and comparing one orthobiologic product to 
another. Bio-Orthopaedics is the modern branch 
of orthopaedics that include all orthobiologic 
treatments aimed to enhance the biologic 
response of connective tissues in an effort to opti-
mize the repair process and improve clinical out-
comes [11]. Accurate nomenclature and reporting 
of currently available orthobiologics will facili-
tate advancement in the field. Different tissue 
sources have been used to obtain orthobiologic 
therapies including blood, bone marrow, and fat 
among others. For example, platelet-rich plasma 
(PRP) is a blood-derived product, where the 
blood is centrifuged to allow density separation 

of its components [12, 13]. There are multiple 
ways of preparing PRP: manual and commercial. 
Depending on the protocol used, the final prepa-
ration will vary [14]. This autologous product can 
then be used within the same patient to treat a 
variety of conditions. Several classification sys-
tems have been published to further describe the 
various PRP products based on the concentra-
tions of the specific contents of the final product 
and the methods used to obtain them [12]. The 
most recent classification systems generally 
include an absolute number for platelet concen-
tration, the presence of leukocytes or white blood 
cells and neutrophils, red blood cell presence, 
and if activation of platelets occurs synthetically 
by exogenous agents or naturally [15]. Some ver-
sions have additional detail about the preparation 
of the product and how it was applied to the 
patient [16]. Overall, various terminologies 
describing PRP and methods of classifying the 
numerous types of products exist, but no nomen-
clature standardization for PRP has been 
established.

Bone marrow aspirate concentrate (BMAC) is 
obtained by the centrifugation of bone marrow 
aspirate (BMA). This process concentrates the 
mononucleated cells and increases the ratio of 
stem and progenitor cells. Oftentimes BMAC is 
referred as a “stem cell” therapy; however, it is 
important to mention that only 0.01 to 0.0001% 
of the heterogenous nucleated cells present in 
BMAC is actually a stem or progenitor cell [17]. 
The composition describes the cellular makeup 
of the aspirate that is obtained from an average 
individual, which has been reported to be mainly 
neutrophils and erythroblasts in addition to other 
cell types, and low percentage of stem and pro-
genitor cells (Tables 2.1 and 2.2) [18, 19].

The International Society for Cellular Therapy 
proposes minimal criteria to define human mes-
enchymal stem cells (MSCs). First, MSC must be 
plastic-adherent when maintained in standard 
culture conditions. Second, MSC must express 
CD105, CD73, and CD90, and lack expression of 
CD45, CD34, CD14 or CD11b, CD79alpha or 
CD19, and HLA-DR surface molecules [20]. 
Third, MSC must differentiate to osteoblasts, 
adipocytes, and chondroblasts in vitro. Recently, 
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as per Arnold Caplan, it is more appropriate to 
call MSCs as medicinal signaling cells, as these 
cells in vivo respond to the injury or disease by 
secreting bioactive factors that have immuno-
modulatory effect, providing promising thera-
peutic options [21].

The DOSES tool for describing cell therapies 
(Fig. 2.1) must be utilized by clinicians, research-
ers, regulators, and industry professionals to 
improve transparency and to allow clinicians and 
patients to understand the characteristics of cur-
rent and future cell preparations [22–24]. 
Adipose-derived therapies have recently receive 
more attention in the field due to its ease of use 
and the basic science finding that among all 
potential sources it has one of the highest concen-
trations of stem and progenitor cells per nucle-
ated cells [25]. However, not all adipose-derived 
therapies are equal since some of them only 
employ mechanical fragmentation of fat, while 
others employ enzymatic digestion, and culture 
expansion techniques. Micro-fragmented fat 
(MF) is a term used to describe the minimally 
manipulated product of the mechanical break-
down of adipose tissue into tiny particles without 

requiring additives or ex  vivo expansion. This 
process creates a product that has stem and pro-
genitor cells and claims to maintain the vascular 
niche and extracellular matrix. Differently, stro-
mal vascular fraction (SVF) refers to the product 
obtained from the enzymatic digestion of adipose 
tissue with collagenase and then centrifugation to 
remove adipocytes and free fat, producing a het-
erogeneous mixture of cells that includes stem 
and progenitor cells [26]. Overall, these methods 
result in products that have been referred as 
adipose- derived stem cells (ASCs) or adipose- 
derived mesenchymal stem cells (AMSCs), and 
they are currently being studied for their efficacy 
in treatments of various orthopaedic conditions.

The use of amniotic tissue-derived products 
is an orthobiologic treatment that has also 
recently gained interest. Amniotic membranes 
(AM) and amniotic fluid are types of products 
within this area of biologics that contain many 
elements potentially useful for orthopaedic 
regenerative medicine [27]. AM is obtained 
from the placenta of donors that have undergone 
a cesarean section and stored for later use by 
cryopreservation or dehydration. AM contains 

Table 2.1 Summary of growth factors in bone marrow aspirate concentrate (BMAC)

Growth factor/
cytokine Principle action Signaling pathway
TGF β1, TGF β2, 
TGF β3

Chondrocyte proliferation + differentiation SMAD-2 and SMAD-3

BMP-2 Chondrocyte proliferation, matrix synthesis, and 
hypertrophy

SMAD-1, SMAD-5, SMAD-8, 
TAK-1

BMP-7 Increase ECM production Mitogen-activated kinases (JNK, 
P38, ERK1/2)

IL-8 Inflammatory response; MSC homing to site of injury; 
increased VEGF production; chondrocyte hypertrophy

Mitogen-activated kinase; P38

VEGF Promotes angiogenesis to sub-chondral, bone and 
supports cartilage growth

HIF-1, Runx2

PDGF Wound healing, collagen synthesis, angiogenesis, 
suppression of IL-1β, enhanced BMP signaling

ERK 1/2, downregulation of NF-kB 
signaling

IGF-1 Increased synthetic and metabolic activity-increased 
collagen and proteoglycan synthesis
Chondrogenic differentiation

PI-3 K, ERK 1/2

FGF-2 Chondrogenic differentiation, MSC homing ERK 1/2, STAT1/P21
FGF-18 Chondrogenic differentiation, enhanced BMP signaling
L-1/IL-1β Inflammatory response-cell migration/ recruitment to site 

of injury
Mitogen-activated kinases (JNK, 
P38, ERK1/2)

JNK C-Jun N-terminal kinase, ERK extracellular signal-related kinases, TAK-1 TGF-β-activating kinase 1 (TAK-1), 
STAT1 signal transducer and activator of transcription-1, PI-3K phosphoinositide 3-Kinase, Runx2 runt-domain tran-
scription factor family-2, HIF-1 hypoxia inducible factor-1, NK-kB nuclear factor kappa beta
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an epithelial layer, a thick basement membrane, 
and avascular mesenchymal tissue and consists 
of amniotic epithelial cell and amniotic mono-
nuclear mesenchymal cells. This product is an 
injectable therapy containing many biologically 
active compounds, including amniotic fluid and 
cells, and recent studies have shown that it has 
the ability to provide effective healing in ortho-
paedics [28].

2.3  Regulation in Different Part 
of the World

There are a variety of regulatory principles that 
exist around the world that govern the implemen-
tation of orthobiologic products in treating 
patients. The agency that regulates the use of 
these products in the United States is the Food 

and Drug Administration (FDA) while in Europe 
is EMA (European Medicines Agency).

Not all orthopaedic providers adhere to the 
standards outlined by the FDA and EMA and con-
cerns regarding “rogue stem cell” clinics remain, 
as described by Murray and colleagues in a recent 
publication [29]. The process between the cre-
ation of new products and their ultimate approval 
for appropriate use takes a considerable amount 
of time and consists of multiple, complex steps to 
ensure that it is safe, ethical, and cost- effective. 
This process is described in detail in the previ-
ously referenced paper by Murray and colleagues 
[29]. In brief, the product is reviewed by the local 
institution review board (IRB) and the FDA, then 
preclinical animal studies are performed followed 
by clinical human trials in multiple phases, and 
several application submissions are required for 
the eventual approval and marketing of the prod-
uct. Specific to the regulation of biologic prod-
ucts, the FDA uses a three-tiered (category 1, 2, 
and 3) approach based on considerable risk of the 
product, amount of manipulation on the product, 
how it is used, and if it is combined with addi-
tional substances [30]. In general, the FDA cate-
gorizes biologic products as either: human cells, 
tissues, and cellular and tissue-based products 
(HCT/Ps), regenerative medicine advanced thera-
pies (RMAT), or as medical devices requiring 
510(k), or premarket approval. HCT/Ps comprise 
most of our available orthopaedic regenerative 
products and are defined as products containing or 
consisting of human cells or tissues that are 
intended for implantation, transplantation, infu-
sion, or transfer into a human recipient. Category 
1 products are lowest risk and require no HCT/P 
oversight. Category 2 products are “lower risk” 
and are regulated under section 361, and Category 
3 products are “higher risk” products and are reg-
ulated under section 351. Products regulated 
under section 361 are considered “minimally 
manipulated and intended for homologous use 
and are not subject to formal premarket approval 
prior to marketing (compared to 351 products). 
Minimal manipulation means:

 1. For structural tissue, processing that does not 
alter the original relevant characteristics of the 

Table 2.2 Cellular characterization of bone marrow 
aspirate (BMA) and bone marrow aspirate concentrate 
(BMAC)

n Median (range)
Pre-spin measures
Viability, %
MNCs, %
Total MNCs/uL
HSCs, %
MSCS, %
Total MNCS x 
MSCS, %
WBCs, 1000/uL
RBCs, mil/uL
HCTs, %
Platelet, 1000/uL

24
25
25
25
25
25
25
25
25
25
25

97.8 (75.2–99.4)
38.5 (26.0–57.5)
6100 (1950–27,000)
3.2 (0.04–21.0)
0.03 (0.00–0.60)
198 (0–2673)
13.0 (3.9–62.8)
3.33 (0.17–4.44)
32.0 (1.6–38.2)
95 (7–399)

Post-spin measures
Viability, %
MNCs, %
Total MNCs/uL
HSCs, %
MSCS, %
Total MNCS x 
MSCS, %
WBCs, 1000/uL
RBCs, mil/uL
HCTs, %
Platelet, 1000/uL
Total HSCs injected
Total MSCs injected

22
23
23
23
23
23
23
23
23
23
23
23
23

97.0 (85.4–99.6)
56.2 (25.8–87.9)
16,000 (2900–210,000)
4.4 (1.2–14.0)
0.05 (0.0–09)
688 (8.7–28,980)
31.4 (5.6–97.2)
0.96 (0.63–3.65)
8.5 (3.5–1515)
422 (52–1515)
4,620,000 
(174,000-130,200,000)
34,400 (435–1,449,000)

HCT hematocrit, HSC hematopoietic stem cell, Mil mil-
lion, MNC mononuclear cell, MSC mesenchymal stem 
cell, n number of patient samples analyzed, RBC red 
blood cell, WBC white blood cell
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tissue relating to the tissue’s utility for recon-
struction, repair, or replacement; and

 2. For cells or nonstructural tissues, processing 
that does not alter the relevant biological char-
acteristics of cells or tissues.

In Europe, the European Medicines Agency 
(EMA) is responsible for regulating orthobiolog-
ics and the process of approval is essentially the 
same as the United States. The main difference in 

these two systems is the regulation of funding, 
where more leniency exists in advancing research 
in the European Union (EU). In Australia, the 
Therapeutic Goods Administration (TGA) is 
responsible for orthobiologics regulation and the 
process is also similar to the United States using a 
three-tiered system. Finally, in Canada, the pro-
cess of product approval closely reflects that of the 
US system and the regulation agency is Health 
Canada under the Canadian Food and Drugs Act 

DONOR
 • Autologous
 • Allogeneic
 • Xenogeneic

ORIGIN TISSUE
 • Bone marrow
 • Adipose
 • Muscle
 • Amnion
 • Other

SEPARATION METHOD
 • Minimal manipulation techniques
   (centrifugation, mechanical disruption)
 • Laboratory culture enriched
 • Purified through affinity based
   separation

EXHIBITED CELL CHARACTERISTICS
ASSOCIATED WITH BEHAVIOR
 Including but not limited to:
 • Expression of cell surface markers
 • Functional/performance attributes
 •  Physical attributes

SITE OF DELIVERY
 • Intraarticular
 • Intramuscular
 • Intravenous
 • Intratendinous
 • other

Fig. 2.1 Summary of the “DOSES” cell therapy communication tool [22]
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[31]. In Russia and India, there are no regulatory 
standards regarding the safety, efficacy, and even 
type of cell contained in the products that are 
administered. In recent years, China has been very 
proactive in ensuring the safety and ethical use of 
stem cell therapies. Groups conducting stem cell 
research are required to register their studies. In 
Japan, regulation of orthobiologic products falls 
under a similar framework as that of the United 
States and EU. The Pharmaceutical and Medical 
Devices (PMD) Act of 2013 created the new clas-
sification of “regenerative medicine products.”. In 
Mexico, the regulatory body charged with over-
sight of biological therapies is the Federal 
Commission for the Protection Against Sanitary 
Risk (COFEPRIS). In South America, there is an 
absence of a standardized set of guidelines, but in 
general, the FDA rules are followed [7].

2.4  Bio-Orthopaedics and Joint 
Function

2.4.1  Autologous Products

2.4.1.1  Platelet-Rich Plasma (PRP)
PRP in the last years has been the center of atten-
tion regarding non-surgical injectable therapies. 
It is known to contain a high concentration of 
α-granules with growth factors and anti- 
inflammatory cytokines such as insulin-like 
growth factor 1 (IGF-1), IGF-2, vascular endo-
thelial growth factor (VEGF), transforming 
growth factor-β(TGF-β), fibroblast growth factor 
(FGF), endothelial growth factor, and platelet- 
derived growth factors (PDGF). PRP can be 
obtained from the patient on the same day as the 
injection is given and is processed through mini-
mal steps, making it both cost-effective and con-
venient for treatment in patients with OA.  To 
date, randomized controlled trials have demon-
strated safety and superior efficacy of PRP than 
HA in knee osteoarthritis at 12  months. Better 
outcomes have been reported in younger patients 
or with mild-to-moderate OA without malalign-
ment, smokers, or obesity. Initial research sug-
gests that leukocyte-poor platelet- rich plasma 
(LP-PRP) may have stronger efficacy for intra-

articular application. PRP has been shown to pro-
vide relief from pain and inflammation associated 
with OA, making it a viable treatment in the man-
agement of OA [32–37]. Some new studies sug-
gest that the combined application of PRP with 
HA could have a synergistic effect on treatment 
for OA [32].

Some new studies suggest that the combined 
application of PRP with HA could have a syner-
gistic effect on treatment for OA [38]. Based on 
our experience, patients with mild knee OA 
treated with three intra-articular injections of 
LP-PRP with HA (Cellular Matrix, Regen Lab, 
Switzerland) 1  month apart, showed significant 
improvement in pain relief (VAS) and knee func-
tion (KOOS Symptom, Pain and Quality Of Life 
parameter at 12 months.

PRP contains several bioactive agents that can 
mediate the tissue healing process after an injury 
through both the inflammatory and remodeling 
phases. Platelets are involved in homeostasis, 
aggregation, and clot formation steps, which 
finally lead to the scaffold formation, necessary 
to enhance meniscus healing [39].

2.4.1.2  Bone Marrow Aspirate 
Concentrate (BMAC)

Bone marrow aspirate concentrated (BMAC) is 
classified through the US Food and Drug 
Administration (FDA) as a 361 product and, 
hence, it is not subject to premarket review and 
approval. The regulatory foundation of the 
European Union (EU) similar to the US system, 
finds that processes such as centrifugation, are 
considered as minimal manipulation. BMAC has 
progenitor cells and growth factors with  reparative, 
homing, and trophic properties causing them to 
migrate to areas of damage. Once at the site of 
injury, they release numerous factors that can help 
in healing and inflammation modulation. 
Recently, Cassano et al. found an increased con-
centration of Interleukin 1 Receptor Antagonist 
(IL-1RA), which, in combination with the other 
constituents, may provide anti-inflammatory and 
immunomodulatory effects [40].

Few studies have demonstrated patient safety 
and improved clinical outcomes after BMAC 
treatment for OA; however, there is a paucity of 
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high-level studies or randomized trials with joint 
osteoarthritis.

Gobbi et  al. [41] in a prospective study con-
cluded that the repair of full-thickness cartilage 
injury in the knee with an hyaluronic acid-based 
scaffold with bone marrow aspirate concentrate 
(HA-BMAC) scaffold provides good clinical out-
comes at long-term follow-up in the treatment of 
small to large lesions, single or multiple lesions, and 
lesions in 1 or 2 compartments, as well as in cases 
of associated lesion treatment (Figs.  2.2 and 2.3) 
[42]. While good outcomes can be expected among 

patients more than 45 years of age, outcomes may 
be comparatively more successful in younger 
patients [43, 44]. We believe that 1-stage cartilage 
repair in the knee with a hyaluronic acid-based scaf-
fold embedded with mesenchymal stem cells 
sourced from bone marrow aspirate concentrate has 
a prominent role in treating chondral defects 
because this is a simple technique that could 
improve the care of patients and be cost-effective in 
the near future [43, 45]. High-quality randomized 
controlled trials are necessary to directly compare 
all cartilage restoration procedures [46].

a b

Fig. 2.2 HA-BMAC Technique. (a) The prepared con-
centrate of bone marrow was placed on the hyaluronic- 
based scaffold. (b) After a few minutes, the activated 

BMAC was absorbed by the scaffold, creating a sticky 
implant that is easy to apply onto a left-sided patellar bi- 
facetal chondral lesion

Fig. 2.3 Second-look arthroscopy showing a good quality of a regenerative cartilage tissue at both the patellar facets
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In our experience based on the quantification 
of Colony Forming Units (CFUs) in 25 patients, 
we did not find any correlation between the clini-
cal outcomes and the number of CFUs [44].

An intriguing explanation for these results 
may come from the new vision of MSCs recently 
proposed by Caplan as “Medicinal Signaling 
Cells.” According to this concept, MSCs, rather 
than participating in tissue formation, work as 
site-regulated “drugstores” in  vivo by releasing 
trophic and immunomodulatory factors and are 
activated by local injury [47].

The injection of autologous BMAC and PRP 
using fluoroscopic or arthroscopic guidance with 
good clinical outcomes and MRI showing the 
ACL healing was documented in patients with 
partial (Figs.  2.4 and 2.5) and complete ACL 
tears with less than 1-cm retraction [48].

Gobbi et al. [49] concluded that primary ACL 
repair combining PRP and BMAC to treat select 
cases of knee instability secondary to incomplete 
ACL rupture demonstrated good long-term out-
comes in athletes, with high rates of restoration 
of knee stability and returned to preinjury athletic 
activities. The potential benefits of these biologi-
cal augmentation approaches for partial ACL 
tears are improved healing, better proprioception, 
and a faster return to sport and activities of daily 

living when compared with standard reconstruc-
tion procedures. However, long-term studies with 
larger cohorts of patients and with technique vali-
dation are necessary to assess the real effect of 
these approaches [50].

2.4.1.3  Adipose Cellular Therapy
Adipose-derived stromal cell (ASC) therapy, also 
known as an adipose stromal vascular fraction or 
autologous micro-fragmented adipose tissue 
(AMAT) has gained recent popularity as a mini-
mally manipulated product. Adipose tissue, 
which is typically structured with consistent vas-
cularity, has been increasingly recognized as a 
reliable source of these cells. Compared with 
BMAC, it has advantages in that it is procured in 
much larger quantities and is a larger source of 
MSCs.

A randomized controlled trial (RCT) in 
patients with mild-to-moderate knee osteoarthri-
tis (OA) demonstrated a significant reduction in 
Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC), an improve-
ment in Lysholm score, and significant pain 
reduction (VAS) [51].

Although promising, these studies have been 
insufficient to conclude the efficacy of ASC ther-
apy to adopt it into standard practices.

Fig. 2.4 Image showing 
the arthroscopic and 
surgeon’s view of an 
infiltration with bone 
marrow aspirate 
concentrate (BMAC and 
platelet-rich plasma 
(PRP) in a partial lesion 
of the anterior cruciate 
ligament (ACL)
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A clinical study reported the repair of a grade 
II meniscal tear following a percutaneous 
 injection of autologous adipose stem cell (ASCs) 
along with PRP, hyaluronic acid, and CaCl2 
[52].

The use of mesenchymal stem cells seems to 
stimulate the regeneration of meniscal tissue and 
appears to be a promising approach to restore as 
much meniscal tissue as possible [53]. However, 
these regenerative technologies still need to be 
optimized to support their use.

2.4.2  Allogeneic Products

2.4.2.1  Amniotic Cellular Therapy
Amnion, chorion, amniotic fluid, and the umbili-
cal cord are different placental tissues that have 
been investigated. An emerging new allogenic 
orthobiologic option, amniotic tissue, has also 

been shown to be a source of bioactive compo-
nents. They are reported to contain growth fac-
tors, cytokines, and vasoactive peptides that 
modulate inflammation. Besides, they contain 
amniotic epithelial cells and amniotic 
 mononuclear undifferentiated stromal cells, 
which have chondrogenic and osteogenic differ-
entiation capacity. Amnions (AM) are also rich 
sources of hyaluronic acid and proteoglycans, 
which could play a role in the potential therapeu-
tic relief of OA.

[54] Currently, there are several commercially 
available formulations of AM that differ based on 
content as well as how they were preserved. In a 
pilot study, using human amniotic suspension 
allografts (ASA) for knee OA, Vines, JB et  al. 
concluded that a single intra-articular injection of 
ASA is feasible in patients with knee OA [55].

Current literature contains evidence that is insuf-
ficient to conclude the efficacy of this treatment.

a b

Fig. 2.5 (a) Magnetic resonance image (MRI), sagittal 
view, of the knee with hypertensive and heterogeneous 
ACL signal, compatible with a partial injury. (b) MRI of 
the same patient at 8 months post injection of BMAC and 

PRP intraligamentary with hypointense, homogeneous 
signal, and isointense with the LCP, compatible with ACL 
healing
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2.5  Conclusions

The application of biological therapies has the 
potential to facilitate the healing mechanism of tis-
sues with limited healing potential such as tendons, 
cartilage, meniscus, and ligaments. It is recom-
mended that physicians and institutions offering 
biologic therapies establish patient registries for 
surveillance and quality assessments. The DOSES 
tool for describing cell therapies must be utilized to 
improve transparency and to better understand the 
characteristics of biological preparations. Additional 
studies are needed to identify optimal formulations 
and in defining the ideal dose and timing of ortho-
biologics in the field of bio-orthopaedics.
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3.1  Introduction

Isolated areas of osteo-chondral damage can be 
caused by sporting injury, trauma, or develop-
ment of defects such as osteochondritis disse-
cans. Damage to articular cartilage and its 
underlying subchondral bone can progress to 
establishment of osteoarthritis (OA). As a result, 
it is commonly mistaken as a burden on the 
elderly. However, damage to the osteo-chondral 
(OC) unit can result in a personal, economic, and 
societal burden of disability at any age.

OC injuries mainly affect the weight-bearing 
joints such as the hip, knee, and ankle. Focal OC 
damage resulting from trauma or sporting injury 
can occur in any joint; however, insult to the knee 
and ankle are particularly prevalent [1]. Sport- 
induced OC injury may be complicated by liga-
mentous or other soft tissue injury [1, 2]. 
Therefore, injury to the articular cartilage is one 
of the most common findings at consultation with 
a sports physician [3].

Irrespective of etiology, damage to the OC 
unit can cause joint pain and limitation of func-

tion with impact on activities of daily living and 
work. Symptom relief, treatment, and rehabilita-
tion are therefore priorities for individuals living 
with damage to the OC unit.

OC injuries have direct impact on the lives of 
patients, caregivers, dependents, health systems, 
wider society, and the economy.

3.2  Incidence and Prevalence

The years 2000–2010 were declared as the Bone 
and Joint decade. Endorsed by the World Health 
Organization and the United Nations, this decade 
was dedicated to better understanding the world-
wide burden of major musculoskeletal conditions 
[4]. Osteoarthritis was one of the chosen major 
conditions.

Undiagnosed or untreated isolated OC injuries 
can progress to established osteoarthritis; how-
ever, very few national and international organi-
zations include OC injury in their annual 
musculoskeletal health reports [1, 4–7]. As a 
result, statistics on the incidence and prevalence 
of degenerative, sport, and traumatic injuries to 
the OC unit are unknown [8].

It is likely that cases of isolated OC damage 
are included in the data that registries and health-
care organizations publish on osteoarthritis, as the 
symptoms can be similar and they may be viewed 
as an earlier stage of OA. However, extracting the 
relevant information from these reports may be 
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impossible, given the clinical difficulty in demar-
cating when an OC injury becomes established 
osteoarthritis. Even in a scenario where distinc-
tions could be drawn between both patient popu-
lations, the resulting figures would underrepresent 
the true population with OC injury. OC injury 
prevalence is further underestimated by underre-
porting of mild symptoms. Fourteen percent of 
asymptomatic athletes undergoing Magnetic 
Resonance Imaging (MRI) were shown to have 
focal OC damage [9]. Furthermore, surgical treat-
ment of an unrelated orthopaedic problem fre-
quently uncovers existing OC damage. For 
example, full-thickness cartilage lesions are 
reported in approximately 10% of surgical treat-
ments for femoroacetabular impingement [8].

Despite these limitations, national and inter-
national registries can provide vital information 
on the prevalence and response to treatment of 
OC damage. Registries for reporting joint resto-
ration by arthroplasty mandated in some coun-
tries and commonplace in most developed 
countries. In 2016, the International Cartilage 
Regeneration and Joint Preservation Society 
(ICRS) established a worldwide patient registry 
for long-term reporting of cartilage damage and 
treatment outcomes. The inaugural Annual 
Report was published in February 2019 [10]. 
Five hundred and thirty-five cases were recorded 
in the registry; only 9% of which had been car-
ried out prior to 2018. According to the Annual 
Report, the age of individuals undergoing carti-
lage treatment ranged between 16 and 89 (mean 
age: 52 ± 18 years). This highlights the diversity 
of the population seeking treatment for cartilage 
damage [10].

Research literature of OC injury predomi-
nantly focuses on the knee. It is estimated that 
900,000 Americans are affected by cartilage inju-
ries to the knee annually [11]. In 1997, a review 
of 31,516 knee arthroscopies revealed that grade 
IV cartilage lesions in patients under 40 years old 
accounted for 5% of all cases [12]. In a 2002 
review of 1000 consecutive knee arthroscopies; 
61% were found to have chondral or OC lesions 
of any type, and 19% had focal chondral or OC 
lesions [13]. Of those with focal chondral or OC 
defects, 61% could be related to a traumatic 

injury to the joint [13]. More recent studies have 
supported the findings in these reviews, estimat-
ing that 5–10% of cartilage injuries in the knee 
are full-thickness lesions that may require inter-
vention [8]. This is increased to 36% in profes-
sional athletes [14].

In the USA, up to 200,000 surgical procedures 
are carried out on chondral injuries of the knee 
per year [15, 16]. Excluded from these statistics 
are all non-surgical procedures on the knee such 
as injections, and all types of procedures on joints 
other than the knee. The scale of the problem is 
likely to be similar worldwide.

The prevalence of conditions which affect the 
musculoskeletal system increase with age [4]. 
Worldwide aging populations and increasing life 
expectancies mean that we will see the preva-
lence of OC injuries and OA rising [4]. These 
trends will particularly effect westernized coun-
tries, where obesity and low-manual work are 
more common. However, the burden may be 
greater felt in developing countries, where life 
expectancies are increasing but access to treat-
ment may not be universal [4]. The economic and 
human burden of OC injuries are therefore far 
reaching and widespread [1].

3.3  Cost to Patients

Not all isolated OC injuries are symptomatic, but 
those that are can have a similar magnitude of 
pain and dysfunction as established osteoarthritis 
[17]. Symptoms can have an all-encompassing 
effect on an individual’s life. Resulting loss of 
work and mobility financially impacts the lives of 
family and caregivers of those affected. The cost 
of disability therefore extends beyond the indi-
vidual themselves.

3.3.1  Work

The ICRS’s 2019 Annual Report stated that 
patients undergoing surgical repair of cartilage 
damage had a mean age of 35, with the oldest 
patient being 57. Those undergoing surgical car-
tilage repair are therefore of working age [10].
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The symptoms associated with OC injury can 
make it difficult for individuals to work in a man-
ual job or a job that requires prolonged standing. 
According to the Labour Force Survey, 6.9 mil-
lion working days were lost in Great Britain in 
2018–2019 due to musculoskeletal conditions, 
with each affected individual talking 14 days off, 
on average [18]. This accounted for 29% of all 
illness-related lost working days in 2018–2019 
[18].There were no statistical differences between 
male and female rates, but being over the age of 
45 was a risk factor [18].

It is difficult to estimate the average number of 
days that individuals with OC injury take off each 
year. However, de Windt stated that patients who 
undergo diagnostic arthroscopy or microfracture 
(MF) are expected to take 5 days off work follow-
ing surgery [19]. This is increased to 15 days fol-
lowing autologous chondrocyte implantation 
(ACI), high tibial osteotomy or total knee arthro-
plasty. According to Aae, these could amount to 
indirect costs of €1075–€3225 ($1200–3500) per 
patient (based on data from Statistics Norway, 
2016) [20]. These costs may be doubled or tripled 
annually in cases where a secondary procedure 
follows a failed initial procedure and a diagnostic 
arthroscopy.

Time spent away from work can have there-
fore a significant impact on an individual’s 
income, especially if they are self-employed, are 
paid on an hourly basis, or are not entitled to 
sick-pay. This can put pressure on the individual, 
especially if they have dependents.

Previously healthy individuals who take short- 
term sick leave (fewer than 30 days a year) are at 
greater risk of reporting long-term sick leave and 
short-term unemployment within 5  years [21]. 
However, the study found the individuals to be at 
no greater risk of long-term unemployment or 
receiving disability allowances [21]. These trends 
may not be true for professional athletes where 
impact of OC injuries can be devastating, culmi-
nating in the end of a profession [9, 22].

From a societal perspective, additional loss 
could be attributed to poor productivity at work 
due to pain. According to de Windt et  al. this 
could amount to 25 working days in patients 
undergoing MF and up to 40 days for those under-

going ACI [19]. This could lead to additional 
losses of €374.25–598.80 ($400–650) per patient.

OC damage caused by trauma or osteochon-
dritis dissecans may impact the education of chil-
dren and adolescents [23]. Lifelong implications 
may ensue from an inability to attend school or 
college due to ongoing symptoms or treatments. 
In the USA, college scholarships can be based on 
sports participation. If the student is injured, the 
bursaries that enable continuation of studies may 
not be renewed.

3.3.2  Mental Health

Research has shown that up to 85% of individuals 
living with chronic pain suffer from symptoms of 
depression [24]. The prevalence of mental health 
conditions like depression specifically in indi-
viduals with pain arising from OC injuries is 
unknown.

A recent systematic review on the experiences 
of individuals living with general knee pain 
(mostly caused by OA) showed the symptoms 
drastically change the way individuals live their 
lives [25]. Key problems included social disrup-
tion, isolation, and dependency on others. These 
are all risk factors for the decline of mental 
health.

For professional athletes, developing an injury 
during their career, or having to retire early due to 
injury, has been associated with greater risk of 
depression, anxiety, stress, and financial instabil-
ity [22]. Young retired athletes diagnosed with 
OA, who likely suffered OC injuries to their joint 
during their career, are at greater risk of develop-
ing anxiety and/or depression [22, 26]. As train-
ing towards a professional sport starts at an 
increasingly younger age, anxiety and depression 
may become more commonly reported in chil-
dren and young adults injured during sports par-
ticipation [27].

It is important for orthopaedic clinicians to be 
cognizant of the implications of the physical 
problem of OC damage on the mental health of 
their patients. Screening and monitoring with 
validated patient reported questionnaires can be 
helpful.

3 Cost of Disability
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3.3.3  Comorbidities

Damage to the OC unit commonly involves 
injury to neighboring joint tissues. This is partic-
ularly prevalent in sports injuries [1, 2]. For 
example, meniscal injury is commonly reported 
in athletes [9, 14]. Meniscal injuries leave the 
underlying cartilage less protected and alter joint 
biomechanics; this is detrimental to force distri-
bution through the OC unit. Ligamentous injuries 
are another common cause or coexisting condi-
tion of OC injury [9, 28]. Instability from liga-
ment disruption can exacerbate a new or existing 
OC injury and compromise any endogenous or 
surgical repair. In other traumatic cases, OC 
injury may be caused by dislocation of the patella 
or tibiofemoral joint. Such incidences can also 
tear the joint ligaments, rendering the joint unsta-
ble and at greater risk of future dislocation. 
Repeated patellar dislocation can worsen OC 
damage to the joint. These concomitant joint 
injuries complicate surgical repair and may 
lengthen recovery for patients. Chronic OC dam-
age may precede osteoarthritis [14, 29]. Further 
detriment may be caused by prolonged favoring 
of the contralateral limb. This can lead to the 
development of contralateral musculoskeletal 
conditions, including OA [30].

Long-term restriction of mobility due to joint 
pain can predispose patients to cardiovascular 
diseases [31]. The cost of disability associated 
with OC injury may therefore impact an individ-
ual’s quality of life for many years beyond initial 
insult to the joint. In some cases, an OC injury 
may have lifelong health (and health cost) 
implications.

3.4  Cost to Healthcare Providers

OC injuries are an economic burden to healthcare 
providers, most notably due to the prevalence of 
the condition and costs associated with diagnosis 
and some treatments. Late diagnoses and failed 
treatments also leave patients at greater risk of 
developing osteoarthritis. Management of end- 
stage osteoarthritis is costly, so it is beneficial to 
invest in early effective treatments of painful OC 

damage that may delay or remove the need for 
joint replacement.

3.4.1  Diagnosis

Diagnosing OC lesions and defects can be diffi-
cult where they are asymptomatic or associated 
with other soft tissue injury [1]. According to 
Ondrésik, clinical assessment is combined with 
radiography and arthroscopy to accurately diag-
nose an OC injury [1].

One 30-minute consultation at an orthopaedic 
outpatient clinic has been estimated to cost over 
$300 in the UK National Health Service (NHS) 
[32, 33]. In the private sector, this cost may only 
cover the physician fees, excluding the additional 
costs of other staff salaries, administrative sup-
port, and overheads. In countries like the UK or 
Netherlands, patients may visit a General 
Practitioner before being referred to an orthopae-
dic clinician. This comes at an additional cost 
(approximately £30 ($40–50) in the UK NHS—
one of the cheapest systems) to the healthcare 
provider per visit [34].

Plain radiographs of the knee (anteroposterior, 
lateral, and skyline views) are usually requested 
at a cost of $150–$250 [35]. A recent study found 
that plain radiographs altered clinical manage-
ment in 48% of sports medicine patients over the 
age of 40, but only 3% of those who were younger 
than 40 [35]. As a result, the true cost of a clini-
cally useful plain radiograph may be between 
$400 and $7600, depending on whether the indi-
vidual is under or over 40 years old [35].

In the event where a clinician suspects injury 
to the OC unit, MRI is the easily accessible imag-
ing technique of choice for most clinicians [36–
38]. The cost of an MRI varies and is dependent 
on the location (joint) and type of scanner used. 
The average cost of one MRI scan is estimated at 
$400–$850 [39].

Arthroscopic assessment is used by orthopae-
dic surgeons to visualize the OC damage directly. 
Despite recent improvements in MRI technology, 
this remains the most precise method of classify-
ing OC injury, as MRI can produce false-positive 
and false-negative findings [39]. According to 
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Voigt et al., this is problematic as it means that a 
significant number of patients are required to 
undergo both procedures to gain an accurate 
diagnosis of the size of the defect and the quality 
of the tissue in it. In fact, their study showed that 
1,397,304 MRI scans were performed on the 
knee in the USA in 2010 prior to 694,377 arthros-
copies. However, arthroscopy does have the 
advantage of being therapeutic as well as a diag-
nostic, unlike MRI.

Considering the roles physician consultations 
and radiography play in supporting the need for 
an arthroscopy, the initial diagnosis of OC injury 
is likely to cost a minimum of $1000 per patient. 
This estimated cost would be significantly higher 
in cases where patients are required to make mul-
tiple visits or undergo multiple investigations.

An outpatient diagnostic arthroscopy of the 
knee costs $2000–3000  in operating room fees 
[33, 40] . Anesthesia and surgeon fees can add a 
further $4000 to the initial cost [33]. Thus, the 
total cost of diagnosing an OC injury may be 
$8000–$10,000 per patient in some countries. 
Based on previous research, it can be estimated 
that 10% of patients undergoing an arthroscopy 
of the knee have a full-thickness (OC) injury [12, 
13]. As such, diagnosing OC injuries costs the 
USA over $560 million each year.

3.4.2  Conservative Treatment

In the first instance, conservative methods may 
be used to address the symptoms of pain and 
stiffness caused by injury to the OC unit. These 
include topical and oral medication, in particular 
paracetamol (acetaminophen) and non-steroidal 
anti-inflammatory agents (NSAIDs) such as ibu-
profen and diclofenac [1]. According to the 
National Institute of Clinical Excellence (NICE 
(UK)), one tube of topical NSAIDs costs £5.40 
($7) [41]. However, topical NSAIDs are signifi-
cantly more expensive in the USA; one ten-day 
supply is reported to cost $65, whereas a 10-day 
course of oral ibuprofen would cost a mere $3 
[42, 43]. According to Manoukian and col-
leagues, this creates a significant barrier to 
patients who wish to be treated by topical 

NSAIDs to avoid the side-effects oral NSAIDs 
cause, particularly as topical NSAIDs are by pre-
scription only in the USA [42, 43].

Conversely, oral pain relief is likely to be 
more expensive than topical relief in the UK, par-
ticularly as proton-pump inhibitors may be co- 
prescribed, adding approximately £7 ($10) to the 
annual cost per patient [41]. Drug-related side- 
effects may further increase costs for the health-
care provider [43].

Although many oral and topical analgesics 
may be paid for by the healthcare provider or 
health insurer, it should also be noted that many 
patients will buy these products without a pre-
scription, out of pocket.

Opioids may be prescribed for pain relief in 
cases where over-the-counter drugs have failed. 
In the USA, it is estimated that at least $500 mil-
lion dollars are spent each year on opioid treat-
ment for pain relief in osteoarthritis [44]. 
However, little is known about cost associated 
with prescription drugs for pain relief in patients 
with OC injury. There are significant personal, 
health economic, and societal costs from long- 
term opioid use.

Other conservative treatments of OC injury 
include bracing and physiotherapy [1]. A recent 
study on the cost of physiotherapy in patients 
with hip and knee osteoarthritis in the Netherlands 
showed that a 12-week course cost the healthcare 
provider €241–451 ($300–500) per patient [45]. 
These excluded secondary costs following the 
12-week intervention, such as further physiother-
apy and other forms of continued treatment. 
Costs of physiotherapy can be significantly 
higher in other countries.

However, noninvasive treatment of symptom-
atic OC lesions is infrequently successful, espe-
cially long term [1]. As such, invasive approaches 
are inevitable in many cases.

According to the ICRS Patient Registry, injec-
tion into the joint was the most common treat-
ment procedure for older patients with cartilage 
damage in 2018 [10]. Altogether, the Registry 
reports over 25 different knee injection therapies. 
Stem cell injections and platelet-rich plasma 
injections were the most common approaches in 
the ICRS Registry; however, steroid injections or 
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hyaluronic acid-based preparations are the most 
commonly employed injections in the commu-
nity [10]. A study by Rosen et al. states that one 
injection of hyaluronic acid costs roughly $300 
[46]. Added to this would be the cost of the phy-
sician visit and administration associated with 
the procedure—an additional $100–$500. 
However, the treatment has been found to be 
cost-effective for osteoarthritis. The average cost 
per quality-adjusted life-year (QUALY) has been 
estimated at around $8000. The QUALY is a sta-
tistic that is often quoted in health economics and 
is calculated by multiplying the difference in 
quality of life before and after the treatment by 
the individual’s life expectancy [47]. The quality 
of life is usually calculated from a validated 
patient reported outcome measure. A treatment is 
usually deemed cost-effective if the result is 
<$50,000/QUALY [46]. In the case of Rosen’s 
study, injections of HA into the joint were found 
to be more cost-effective than conservative 
approaches (pain relief and physiotherapy), 
which was calculated to be $10,716.67/QUALY.

3.4.3  Surgical Treatment

Arthroscopic assessment and surgical debride-
ment of the OC damage is the most appropriate 
initial approach to surgical management of the 
defect [1]. This type of arthroscopic intervention 
of the knee is the most common orthopaedic sur-
gery in the USA [48]. According to Lubowitz and 
colleagues, knee arthroscopies are cost-effective, 
with a cost of $5783/QUALY [47].

Where repair of an OC injury is required, 
other surgical approaches may be considered. 
The most common approach to small isolated 
defects (<2–5 cm2) is MF [33]. This approach is 
cheap and performed arthroscopically.

In 2015, Miller and colleagues performed a 
cost-analysis of MF as a treatment for cartilage 
lesions of the distal femur. They reported that a 
primary MF procedure cost $7720 per patient 
(based on an academic medical/surgical center in 
the USA) [33]. The cost included anesthesia 
($720), operating room fees ($3200), and sur-
geon fees ($3300) [33]. This was estimated to 

increase to $8120 if the procedure was a second-
ary procedure.

MF failure was reported in 28.6% of all 
patients (n = 8/64). Thus, return visits and sec-
ondary treatments increased the cost of MF to 
$8769 after 1 year and to $10,483 after 10 years. 
The costs of returning patients to their previous 
level of sport following MF were significantly 
greater ($16,953 at 1  year; $38,000 at 3  years; 
$10,483 at 10 years), suggesting that the cost of 
treating OC injury is higher in professional 
 athletes [33].

Similar cost-analysis of MF were carried out 
in 2016 and 2017 [19, 20]. According to de 
Windt, the total treatment cost for MF in a Dutch 
setting was €6081 ($6500); half of which was 
attributed to societal costs. In the second study, 
the direct cost was found to be similar at €3254 
(roughly $3500), despite including twice-
weekly physiotherapy for 12 weeks at €30 ($35) 
per visit (a cost which was excluded in Miller’s 
research) [20]. Similar costs have been reported 
in the UK [49].

Although these three studies concluded that 
MF is cost-effective in small lesions, very few 
long-term studies are available to support its use 
as a long-term treatment for cartilage repair [49, 
50]. A recent study on the long-term outcome of 
MF reported a failure rate of 66%, with the 
mean duration until failure being as short as 
4 years [50].

The high failure rates of MF procedures, com-
bined with poor functional outcome and pain 
relief mean that patients can be dissatisfied post- 
operatively. Dissatisfied patients require pro-
longed care, and in many cases, surgical 
re-intervention to alleviate their continuing 
symptoms. This has a significant effect on the 
financial cost of treating OC injuries [20, 33]. 
Microfracture to the base of a defect can also ren-
der salvage second surgery of the defect less 
likely to succeed.

Other methods of cartilage repair, such as 
mosaicplasty/osteo-chondral autograft transfer 
(OAT), osteo-chondral allograft, ACI, and other 
cell therapies may provide better outcomes and 
longer survival rates than MF (~50% failure rates 
within 10 years) [50, 51].
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Miller and colleagues compared the costs of 
MF to OAT. Due to the complexity of the surgery 
in comparison to MF, initial procedure costs were 
unsurprisingly more expensive by OAT - $10,320-
$11,222 for OAT by arthroscopy, and $10,120–
$11,020 for OAT by open approach. The most 
expensive procedures were those that were sec-
ondary procedures [33]. Failure was reported in 
12.5% of OAT patients. As a result, the cost 
increases per patient at 1 and 10 years were not as 
significant as for MF ($10,612 at 1  year and 
$11,479 at 10 years). OAT was also found to be 
significantly more cost-effective at returning 
patients to their sport than MF ($11,427.84 at 
1  year; $12,856.42 at 3  years; $32,141.05 at 
10 years).

For lesions greater than 2 cm2, ACI may be a 
more suitable treatment [19]. Unlike MF and 
OAT, ACI is a two-stage procedure, making it 
naturally more expensive. Recent cost analyses 
of ACI in Norway have shown the direct cost of a 
primary procedures to be €11,031–24,085 
($12,000–25,000), where surgery and material, 
cell culture, hospital stay, and physiotherapy fol-
lowing the procedure were the greatest expendi-
tures [19, 20]. However, these costs may 
underestimate the global average. For example, 
in the UK, the cost of cells alone may be as high 
as £16,000 ($20,000), and ACI procedures in the 
USA have been reported to cost over $66,000 
[49]. As with other approaches, the costs con-
tinue to rise post-operatively; Aae and colleagues 
found that the cost of primary ACI of the distal 
femur increased by 5% at 5  years [20]. 
Re-intervention is also common (~15%), and the 
direct cost of ACI has been shown to be slightly 
greater as a secondary procedure (€11,211 com-
pared to €11,031) [19, 20].

Despite the high direct costs, NICE reported in 
2017 that there is efficacy and economic evidence 
to support the use of ACI in certain patients with 
OC injuries. The long-term outcomes of ACI have 
been shown to be better than alternative methods 
of repairing OC lesions. As such, the method is 
more cost-effective than MF in the long term. In 
fact, the cost per QUALY gained in relation to MF 
is estimated to be $45,000–60,000 [49]. A repeat 
ACI is also recommended when the primary ACI 

fails, as this has been found to be more cost-effec-
tive than secondary intervention of MF (~$17,000/
QUALY vs ~$20,000/QUALY) [49].

Matrix-induced autologous chondrocyte 
implantation (MACI) is a form of third- generation 
ACI.  Early research is predicting MACI to be 
more cost-effective than MF and earlier versions 
of ACI due to its lower failure rates. MACI has 
been estimated to cost ~$20,000–40,000 [49]. 
Again, the majority of the cost is attributed to the 
cell culture. Its cost per QUALY gained com-
pared to MF is estimated at ~$60,000 [49].

In additional to the direct cost of the surgical 
intervention, it should be borne in mind that post- 
operative treatments, pain relief, and follow-up 
clinics further economically burden healthcare 
providers and patients. For example, the ICRS 
Annual Report in 2018 stated that 99% of patients 
who underwent surgical intervention for cartilage 
injury were prescribed follow-on treatment; of 
these 94% were prescribed physiotherapy [10]. 
The duration and frequency of physiotherapy fol-
lowing surgery for OC injury would vary from 
one clinic to another. However, twice-weekly for 
12–24 weeks have been recommended by experi-
enced clinicians, adding around $2400 to each 
treatment cost [19, 20].

3.5  Conclusions

Estimating the cost of disability following injury 
to the OC unit is difficult, as the prevalence of the 
condition in any given population is unknown. 
However, our understanding of how common OC 
injuries are will improve over coming years, as 
national and international patient registries 
become more commonplace. At present, we know 
that OC injuries affect individuals of all ages and 
have serious and potentially lifelong conse-
quences on the individual’s physical and mental 
health both short- and long term. For the majority 
of patients, their ability to work may be affected, 
thus also bringing financial burdens. This is espe-
cially significant for professional athletes.

Due to the complicated nature of OC injury, 
an accurate diagnosis typically involves multiple 
visits to sports or orthopaedic physicians. It is 

3 Cost of Disability



40

estimated that diagnosing an OC injury could 
cost up to $10,000 per patient.

Treating OC injuries are currently extremely 
expensive due to the multimodal approach taken. 
Treatment often combines different forms of con-
servative treatment before progressing to surgical 
treatment, burdening healthcare providers across 
the globe [52]. However, our understanding of 
the outcomes of these treatments is improving 
each year. As such, we are moving towards a 
future where personalizing treatment plans based 
on the likelihood of success will be the norm. 
Getting the treatment right the first time will sig-
nificantly reduce the cost of disability of OC 
injury per patient. This would have immediate 
economic benefits for healthcare providers, as 
well as long-term societal benefits. Most impor-
tantly however, it would significantly improve 
the patient’s quality of life, enabling individuals 
to return to play and work sooner. Successful and 
rapid treatment of an OC injury could also reduce 
the likelihood of the development of established 
osteoarthritis in the joint, thus preventing the 
need for longer term and more invasive and costly 
treatment.
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Joint Homeostasis of the Knee: 
Role of Senescence, Hormones, 
Cells, and Biological Factors 
in Maintaining Joint Health
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4.1  Introduction

The knee is one of the largest diarthrodial joints 
in the human body that allows flexion, extension 
and limited rotational movements [1]. In norma-
tive knee joints, without trauma or genetic predis-
positions, controlled biomechanics, fluid biology 
and metabolic balance largely contribute to the 
joint’s homeostatic regulation [2, 3]. Given the 
essential mechanical role of the knee, it is consid-
ered the most susceptible to injury and the most 
common weight-bearing joint to progress to 
osteoarthritis (OA) [4–6]. Despite improvements 
in surgical interventions to re-establish joint bio-

mechanics and local homeostatic functions, there 
is a growing body of evidence suggesting that 
knee injury and reconstructive/reparative surgical 
interventions compromise macro- and micronet-
works to an extent that permanently impairs 
adaptive remodeling mechanisms [7, 8]. While 
several risk factors have been identified in main-
taining joint homeostasis (i.e., patient demo-
graphics, nutrition, and cognitive factors, etc.) 
[9–11], biomechanical and physiological mecha-
nisms provide insight into homeostatic disruption 
and the pathogenic development of knee joint 
diseases, such as OA [12].

Knee OA is a chronic disease that is funda-
mentally characterized by pain, local inflamma-
tion, increased matrix-degrading enzyme 
expression [13–15] and cartilage degeneration 
[16]. The incidence of knee OA increases with 
age due to chronic use, gradual cartilage decline, 
general wear and tear, and progressive chronic 
pro-inflammatory state associated with natural 
aging. Knee OA can also manifest in younger 
individuals through high-impact activities fol-
lowing trauma, such as ligament and meniscal 
tears. Post-traumatic osteoarthritis (PTOA) is 
considered an accelerated version of OA, sepa-
rated into acute and chronic phases [17]. 
However, both PTOA and idiopathic age-related 
OA (AAOA) share similar etiological drivers 
(Fig.  4.1). This includes the upregulation of 
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 cartilage degrading enzymes, inflammation, car-
tilage fibrillation, and eventual subchondral bone 
sclerosis [16]. Perhaps one of the most common 
overlapping mechanisms shared among both age- 
related and PTOA is the accumulation of senes-
cent cells that seem to play a role in the functional 
decline of chondrocytes and potentiate the pro- 
inflammatory and pro-degenerative state of the 
osteoarthritic joint [18–22]. Thus, targeting 
senescence and the reduction of the senescence- 
associated secretory phenotype (SASP) offers an 
appealing and emerging treatment strategy to 
restore homeostasis in the knee joint.

This chapter is organized to first provide an 
overview of the anatomy, physiology, and biome-
chanics of the knee, followed by an explanation 
of biomechanical and physiological homeostatic 
mechanisms. This includes progenitor cells, pri-
mary cells, infiltrating cells, senescent cells, vita-
mins, hormones, and proteins that are involved in 
normative homeostasis and disrupted (e.g., 
PTOA, AAOA) conditions. Lastly, the chapter 
will conclude with current orthobiologic modali-
ties and pharmacologic strategies that are being 
used to restore homeostasis in knee OA.

4.2  Overview of Knee Anatomy 
and Physiology

Understanding the anatomy, physiology, and cel-
lular matrices that compose the knee joint is para-
mount to effectively research, correct, and 
promote health. The knee joint is the major motor 
joint of the lower extremity and acts as a gliding 
hinge to support body weight, absorb shock of 
force from the feet, and assist with lower extrem-
ity movement [23]. It is composed of three bones 
and two joints; the femur superiorly, the tibia 
inferiorly, and the patella anteriorly. The tibio-
femoral joint allows transmission of force from 
the femur to the tibia [23]. The patellofemoral 
joint serves as the extensor mechanism of the 
knee and acts to dissipate forward momentum of 
the body during movement [24]. Surrounding the 
osseous bodies are the components that generally 
cushion (cartilage and meniscus), lubricate 
(synovium and articular surfaces), connect (liga-
ments and tendons), and mobilize the knee (flex-
ors and extensors) [25].

During flexion-extension, articular surfaces of 
the femur roll over the tibial surface. This union, 
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known as the tibiofemoral joint, can be thought 
of as a double wheel, as the femur rolls over two 
curved groves of the tibial surface [26]. The 
menisci make up for non-congruent areas of this 
union. These crescent shaped lamellae help cor-
rect for incongruencies by increasing contact 
area, in turn adding stability, motion control [27], 
and improving shock absorption by transmitting 
70–99% of the tibiofemoral compressive load 
[28]. It is important to note that the menisci are 
mostly hypovascularized, with the outer third 
having little blood supply and minimal ability to 
heal, while the inner portion relies on diffusion 
from synovial fluid for nutrients [29]. The syno-
vial membrane is adherent to the menisci and the 
rest of the joint capsule, a fibrous sleeve that con-
nects the distal end of the femur to the proximal 
border of the tibia [25]. The synovial sac plays a 
role in cushioning and lubrication and is thought 
to contain a biological milieu which stimulates 
cartilage repair in the acute period following 
traumatic injury.

Moreover, the knee is stabilized by various 
muscles, ligaments, tendons, in addition to car-
tilage. Collectively, these stabilize the knee 
structurally and allow for movement in three 
rotational planes, consisting of flexion-exten-
sion, varus- valgus, and internal-external rota-
tion as well as three translational movements, 
including anterior- posterior, medial-lateral, and 
compression- distraction [26].

There are four main ligaments which combat 
strain and torque placed on the knee to maintain 
stability. This includes the anterior cruciate liga-
ment (ACL), posterior cruciate ligament (PCL), 
medial collateral ligament (MCL), and lateral 
collateral ligament (LCL) [25]. The ACL works 
to resist anterior translation and prevent hyperex-
tension [30]. The PCL is the strongest ligament in 
the knee and works to resist posterior translation, 
and to a lesser extent, tibial rotation. The LCL 
primarily resists varus force and the MCL pri-
marily resists valgus force [31]. Collectively, 
these soft tissues protect the joint from compres-
sive forces while maintaining functional stability 
and are thus critical elements to maintaining joint 
homeostasis through strain and injury prevention 
[28]. The amount of mechanical loading itself 

has a strong influence on the composition of the 
meniscus although the exact mechanisms are not 
fully understood [32]. However, this is likely, in 
part, due to the intrinsic and extrinsic complexity 
of mechanobiological factors.

Mechanobiological response involves 
mechanical stresses that change the biological 
milieu within the joint. Ligaments can respond 
using tenocytes, which are fibroblast type cells, 
through numerous modalities, including intercel-
lular communication pathways, gap junctions, 
norepinephrine activation of adrenoceptors, and 
ATP pathways [33]. Through these pathways, 
ligaments can respond to stress by regulating col-
lagen synthesis and forming a stiffer, stronger 
tendon [34]. The response of the bone similarly 
uses extracellular and intracellular signaling 
pathways that are largely driven by the osteocyte. 
When this cell is activated by mechanical stress, 
it produces signaling molecules to activate osteo-
blasts, osteoclasts, and other effector cells in 
response to local factors and load [35]. 
Components of the knee joint must be able to 
adapt and respond to fluctuating forces exerted 
on the joint. The structure of the meniscus is con-
trolled through a balance of anabolic and cata-
bolic processes modulated by genetic and 
biochemical factors including cytokines, chemo-
kines, and growth factors including IL-1, TNF- 
alpha, and TGF-beta-1 [36]. Thus, biomechanics 
of the knee joint play a pivotal role in maintain-
ing homeostasis and once disrupted, become a 
prominent driver in the pathological sequelae of 
joint dysfunction and tissue degeneration.

4.2.1  Articular Cartilage 
and Subchondral Bone 
Interface

Subchondral bone is effectively the foundation 
on which articular cartilage rests. The articular 
cartilage, subchondral plate, and trabecular bone 
function together to form the osteochondral unit. 
This region of the knee plays a critical role in the 
distribution of mechanical load across the joint 
through the gradual transition of stress and strain 
to curtail injury [37]. Immediately above the 

4 Joint Homeostasis of the Knee: Role of Senescence, Hormones, Cells, and Biological Factors…



46

 subchondral plate lies a calcified layer of carti-
lage, which was originally thought to be impen-
etrable. However, extensive evidence suggests 
that crosstalk between subchondral bone and 
articular cartilage occurs and regulates homeo-
static functions of the joint. Uncalcified cartilage 
frequently penetrates the calcified cartilage into 
subchondral bone, allowing for molecular diffu-
sion between the cortical plate and deep calcified 
zone. The articular cartilage consists of four 
zones: the superficial, middle, deep, and calcified 
zone, each with their own distinct cell types. 
Subchondral bone consists of the cortical plate 
and cancellous bone. To maintain these cell types, 
it has been reported that notch signaling is critical 
for progenitor cell survival and maintenance of 
an undifferentiated state [38]. Channels and 
cracks that form during osteoarthritis have also 
been identified as pathway mechanisms allowing 
for the transfer of pathologically associated sig-
naling molecules including VEGF, TGF-β, DKK- 
1, MMPs, and inflammatory cytokines [39, 40]. 
These molecules play a role in the restructuring 
of bone and cartilage as OA progresses, but are 
also crucial for homeostasis. Relative to articular 
cartilage, subchondral bone is highly vascular-
ized and is responsible for more than half of the 
nutrient supply and hydration to associated artic-
ular cartilage. In fact, the exchange that occurs at 
this site is critical in providing growth factors, 
nutrients, and oxygen to the extracellular matrix 
(ECM) producing articular cartilage chondro-
cytes. Interestingly, this communicative behavior 
is stimulated by both biochemical and mechani-
cal properties.

For example, physical loading of cartilage is 
important for homeostasis and can counter the 
catabolic effect of inflammatory cytokines. Over- 
loading of the subchondral bone is thought to 
contribute to OA, where the loss of articular car-
tilage and degradation of the subchondral bone 
manifests [39]. It is worth mentioning the new 
field of mechanogenetics, a field based on the 
genetic expression of tissues under mechanical 
forces (mechanobiology). Mechanobiologic sig-
nals play critical roles in the regulation of cellular 
responses under both physiological and patho-
logical conditions. The Hueter-Volkmann “law” 

observes that large compression on joints reduces 
normal growth and lesser than normal forces 
causes overgrowth. This law lays the foundation 
of mechanobiology and mechanogenetics [41].

The knee joint is the largest joint in the body 
and incredibly complex being a compound joint 
of tibiofemoral and patellofemoral components. 
Thus, various tissues maintain homeostasis of the 
joint both structurally and physiologically. 
Below, we discuss critical tissues regulating nor-
mative joint health and function including a brief 
overview of important cell and tissue-specific 
signaling factors within the joint capsule.

4.3  Etiological Factors 
in Homeostatic Disruption

4.3.1  Pathogenesis of Knee 
Osteoarthritis

The exact pathophysiology of knee OA is poorly 
understood, but it is widely believed to be caused 
by multiple factors including genetics, epi-
genetics, and biomechanics. Biomechanically 
speaking, articular chondrocytes in the extracel-
lular matrix (ECM) respond to loading via differ-
ent clustering patterns along force vectors relative 
to the biomechanics of gait [42]. Pathologic load-
ing patterns can initiate remodeling of the ECM 
which can change the ratio of collagen to proteo-
glycan, leading to loss of functional capacity, 
stiffening of cartilage, and increased inflamma-
tion [43–45]. Eventually, the load is transferred 
to the subchondral bone leading to global patho-
logic changes of the osteochondral tissues com-
promising the elastic modulus of the subchondral 
bone [46]. At the cartilage level, failure of the tis-
sue can occur due to aging or trauma, leading to 
an imbalance between synthesis and degradation 
and extra-cartilaginous factors. Type II collagen 
fibrils (consisting of 90–95% of total collagen) 
are cleaved by collagenases and degraded by pro-
teolysis while aggrecans are degraded by aggre-
canases [47]. Aberrant activation of collagenases 
and aggrecanases occur during aging and often 
follow trauma, leaving cartilage unable to prop-
erly respond due to cellular senescence and 
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abnormal hypertrophic differentiation. These 
changes result in an altered extracellular matrix 
with increased water content decreased elasticity. 
Chondrocytes, osteocytes, and the synovium pro-
duce various pro-inflammatory cytokines, most 
importantly IL-1ß, which contribute to the degra-
dation of the cartilage. Although it is not clear 
exactly how certain factors contribute to 
OA-symptomology, there are several significant 
pro-inflammatory factors associated with degen-
erative and inflammatory process, including, but 
not limited to, matrix metalloproteinases (MMPs) 
-1, -3, -8, -12, and -13, interleukins (ILs)-1β, -6, 
and -8, -17, -18, leukemia inhibitory factor (LIF), 
oncostatin M (OSM), tumor necrosis factor alpha 
(TNF-α), and prostaglandins [48, 49]. For certain 
biomarkers, such as MMPs, there is evidence that 
levels increase in synovial fluid at early stages of 
OA, which is thought to promote early ECM 
destruction [50–53]. However, the diagnostic and 
prognostic promise of OA biomarkers is limited, 
given the periodic chronicity of factors and lack 
of longitudinal studies focused on individual bio-
markers [54]. Nonetheless, the pro-inflammatory 
milieu present in the osteoarthritic joint ulti-
mately leads to pain, dysfunction, cartilage dam-
age, synovitis, osteophyte formation, and 
eventual sclerosis of the subchondral bone, which 
are all clinical hallmarks of OA.

4.3.2  Knee Homeostasis 
and Disrupted Conditions: 
Cell-Specific Functions

4.3.2.1  Meniscal and Ligament Cells
The meniscus of the knee joint is located between 
the femoral condyle and tibial plateau of the 
knee. It functions in the force transmission, shock 
absorption, lubrication, joint stability, and pro-
prioception of the knee joint. The inner avascular 
region and vascularized outer region make up the 
two major sections of the tissue. The composition 
of these sections varies, with the inner resem-
bling articular cartilage, and the outer fibrocarti-
lage representing the cellular makeup and 
structural ECM components. Characterization of 
meniscal cells is inconsistent overall, with 

reported evidence for the presence of fibrocytes, 
fibroblasts, meniscus cells, fibro-chondrocytes, 
and chondrocytes [55]. Controversy aside, three 
general populations of cells can be found in the 
meniscus. The first population of cells in the 
outer regions is similar in appearance and behav-
ior to fibroblasts and has an oval, fusiform shape 
with long cell extensions to facilitate cell to cell 
communication as well as communication with 
the extracellular matrix. The extracellular matrix 
is composed mostly of type I collagen, but also 
contains small amounts of glycoproteins and col-
lagen types III and V, making the “fibroblast- 
like” meniscal cell ECM slightly unique from the 
chondrocyte-derived type II collagen-enriched 
hyaline articular cartilage [56]. Conversely, the 
second population of cells in the inner region of 
the menisci is rounder and surrounded by a 
matrix of type II collagen and lesser amount of 
type I collagen. The relative abundance of type II 
collagen in the inner region is like that of articu-
lar cartilage classified by fibro-chondrocytes or 
chondrocyte-like cells. Finally, the third popula-
tion found in the superficial zone of the meniscus 
is flattened, fusiform, and absent of extensions. It 
is thought that these cells are progenitor cells for 
the meniscus and are speculated to possess thera-
peutic potential to differentiate and replace dam-
aged cells [29]. Overall, the meniscal 
microenvironment is unique in cellular and ECM 
content, yet responsible for a variety of critical 
functions in the knee.

Ligaments appear to be relatively complex at 
the microscopic level, composed of seemingly 
few cells, fibroblast and fibrocytes, scattered in a 
longitudinally aligned fibrous matrix. These cells 
produce the matrix made of dense regular con-
nective tissue while only making up a small por-
tion of the total ligament. Due to their lack in 
numbers, at first it would seem that fibroblasts 
and fibrocytes are physically and functionally 
isolated. However, this is not the case, as fibro-
blasts form spindle-like cytoplasmic extensions 
that extend for long distances to connect to other 
cells. This forms a complex three-dimensional 
architecture comprised of triple helical collagen 
molecules which form crosslinked fibers [57, 
58]. There is also evidence that these cells 
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 incorporate the use of gap junctions to communi-
cate with neighboring cells to coordinate cellular 
and metabolic responses throughout the tissue. 
This includes small molecules for chemical com-
munication that are postulated to be involved in 
homeostasis and the maintenance of the extracel-
lular matrix [59].

4.3.2.2  Local Primary and Progenitor 
Cells

Cellular infiltration, cytokine production, and 
inflammatory activation of articular chondro-
cytes, synoviocytes, and other joint tissues are 
common in OA [60]. Joint injury causes cellular 
and molecular alterations of the joint tissue, 
impacting joint biomechanics and as such, is a 
well-established risk factor for the development 
of PTOA [61]. Disruption of the ACL, meniscus, 
and intra-articular fracture result in hemarthrosis, 
chondrocyte death, bone bruising, and release of 
inflammatory mediators [60]. These acute events 
subsequently trigger a chronic remodeling of the 
cartilage and other joint tissues [62]. A cascade 
of metabolic changes is set in motion by the post- 
traumatic inflammatory phase, lasting hours up 
to approximately 2 months [63]. Within the first 
2  weeks after trauma, three overlapping phases 
have been observed: the first is characterized by 
cell death and inflammatory events; the next is a 
subacute phase marked by persistent inflamma-
tion; and a late phase presenting with increased 
matrix degradation [64].

Trauma resulting in cracks or fissures of the 
cartilage surface can result in the release of car-
tilage extracellular matrix molecules [65]. A 
reduction in cellularity of chondrocytes, respon-
sible for mediating cartilage homeostasis, 
reduces the reparative and regenerative capabili-
ties of cartilage [63]. The remaining viable chon-
drocytes are thought to be activated by enhanced 
cellular metabolism and generation of oxygen 
radicals, matrix-degrading enzymes, and inflam-
matory mediators [17]. A series of biomechani-
cal and physiochemical changes to the tissue 
lead to significant alterations in the chondro-
cyte’s ability to express proteins involved in 
metabolic pathways and leading to cell death 

[63]. Collagen rupture and loss of rapid glycos-
aminoglycans (GAG) induces cartilage swelling, 
chondrocyte necrosis, and apoptosis, all of which 
are irreversible events contributing to PTOA 
[66]. This is further supported by a study reveal-
ing a higher percentage of apoptotic cells in the 
cartilage of patients with intra-articular fracture 
compared to patients with osteoarthritis and 
rheumatoid arthritis [67, 68]. The release or deg-
radation of metalloproteinase (MMP), collagen-
type II and other proteins often accompany the 
continued GAG loss involved in cartilage injury 
[69, 70]. Elevated MMPs and collagen-type II 
peptides, proteoglycan degradation, and bone 
marker release are early signs of articular carti-
lage degradation and appear in the synovial fluid 
of patients suffering knee injury [71]. 
Mesenchymal progenitor cells (MPCs) have 
high proliferative potential with the ability to 
differentiate into various mesenchymal lineages 
including bone, cartilage, fat, tendon, and stro-
mal tissue [72, 73]. These cells are present in 
trabecular bone, bone marrow, adipose, and 
synovial tissues [74–76] and have the ability to 
repair damaged bone and cartilage. It is believed 
that synovial fluid MPCs can originate from car-
tilage, synovial lining cells or vascular, multipo-
tential pericytes of the synovium [77, 78]. In a 
study comparing PCs in synovial fluid to MPCs 
present in bone marrow, synovial fluid was col-
lected from the knees of 100 patients with arthri-
tis, including rheumatoid arthritis, osteoarthritis, 
and other arthropathies [79]. Regardless of the 
intrinsic or extrinsic risk factors that progress 
PTOA or AAOA etiologies, polyclonal and sin-
gle cell-derived cultures of synovial fluid fibro-
blasts revealed the presence of tripotential MPC 
with similar phenotypes to uncultured bone mar-
row MPCs, despite inhabiting a diseased joint 
[79]. The synovial fluid of osteoarthritis patients 
was characterized by an elevated concentration 
of MPCs, suggesting that their origin is likely 
from disrupted joint structures. This may pro-
vide insight into the role of MPCs in disrupted 
homeostasis, and more specifically, on the 
inflammatory and regenerative phases of tissue 
healing within a diarthrodial joint [79].
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4.3.2.3  Joint Infiltrating Cells
Synovial inflammation is related to acute cellular 
infiltration and strongly correlated with the extent 
of joint injury [63]. It has been hypothesized that 
a complement proteolytic cascade and toll-like 
receptors are activated and work in conjunction 
with the cytokine/chemokine first line of immu-
nity [60]. Macrophage content and activation is 
increased in the synovium of PTOA and ligament 
injuries [80, 81]. Furthermore, these synovial 
macrophages along with chondrocytes actively 
produce complement components and inhibitors 
[82, 83]. This complement proteolytic cascade is 
an essential mechanism for clearing pathogens 
and damaged cells [84]. Neutrophils and leuko-
cytes subsequently destroy macrophages by 
releasing proteolytic enzymes and thereby propa-
gating the inflammatory cycle [85]. Lymphocytic 
perivascular infiltrates are also present in patients 
with meniscal tears and often associated with 
knee pain [81]. The literature suggests that 
patients with acute knee injuries also had 
increased levels of inflammatory mediators, 
including cytokines and tumor necrosis factor 
(TNF) [63], though cellular infiltration in humans 
prior to OA onset needs further investigation [60].

The rupture of blood vessels in the joint is a 
common consequence of injury resulting in hem-
orrhage into the immediate area and an organiza-
tion of red blood cells and cellular debris to form 
a hematoma [86]. Intra-articular bleeding follow-
ing ACL rupture and meniscal tear has been 
shown to damage chondrocytes and as such is an 
important factor in the genesis of PTOA. In vitro 
studies have demonstrated that human cartilage 
exposed to mononuclear cells and red blood cells 
exhibited an irreversible inhibition of proteogly-
can synthesis [87]. Furthermore, intra-articular 
bleeding and plasma extravasation severely com-
promise the synovial fluid in its lubricating func-
tion. Lubricin, a primary joint lubricant, is 
degraded by neutrophil-derived enzymes and its 
synthesis is suppressed by inflammatory media-
tors within post-traumatic synovium [88]. 
Activated neutrophils in acute hemarthrosis pro-
duce reactive oxygen species (ROS), elastase and 
lysosomal enzymes that degrade proteoglycans 
[89]. GAG synthesis is reversibly suppressed by 

mononuclear cells, however, in the presence of 
red blood cells and in part, oxygen radicals, this 
synthesis inhibition becomes irreversible [90]. 
Blood-induced damage appears to be further 
mediated by hemoglobin degradation products, 
such as deoxyhemoglobin, methemoglobin, and 
hemosiderin [62]. In the presence of hemarthro-
sis, synovial cells phagocytize erythrocytes and 
hemoglobin which results in synovial hypertro-
phy and siderosis [62]. Hemarthrosis is a com-
mon complication of hemophilia and as such 
various studies have been conducted on this 
patient population to obtain a better understand-
ing of hemarthrosis pathophysiology.

In a recent cross-sectional study that included 
4343 males with hemophilia, limited joint range 
of motion was positively associated with the 
number of bleeding episodes and history of 
orthopedic procedures [91]. Repeated episodes 
of hemarthrosis result in synovial hypertrophy, 
phagocytosis of cellular debris and iron, and 
release of hydrolytic enzymes into the joint 
space. In hypertrophic synovial fluid, inflamma-
tion causes chondrolysis and fibrous adhesions, 
often progressing into a destructive, osteoarthritis- 
generating condition [87].

4.3.2.4  Senescent Cells and Related 
Secretory Factors

Cellular dysregulation in different tissues of the 
joint capsule is thought to play a critical role in 
the gradual deterioration of articular cartilage 
leading to mechanical failure and eventual 
pathology. For example, cell intrinsic effects 
including genomic instability, telomere shorten-
ing, dysregulated nutrient sensing, upregulated 
pro-inflammatory signaling, mitochondrial dys-
function, and loss of proteases are all characteris-
tic of AAOA and idiopathic OA [18, 20, 21]. 
Importantly, these features are established hall-
marks of cellular senescence. In the aged joint, 
senescent chondrocytes, synoviocytes, and syno-
vial macrophages have all been found to be pres-
ent and severely elevated in OA [18, 20, 21]. 
Senescence is a cell state defined by loss of pro-
liferative capacity, increased metabolic activity, 
cellular enlargement, and resistance to apoptosis. 
Senescent cells promote disease and tissue 
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 dysfunction through the release of degenerative 
factors and pro-inflammatory mediators (includ-
ing MMPs and ADAMTS4-5, IL-6, IL-1β, and 
TNF- α) otherwise known as the senescence-
associated secretory phenotype (SASP) [92]. In 
the joint, it is thought that senescence can be 
induced by a variety of age-associated extrinsic 
(mechanical stress, damage signals, inflamma-
tory factors) and intrinsic signals (reactive oxy-
gen species, DNA damage, mitochondrial 
dysfunction) that lead to the production of an 
SASP that importantly initiates senescence in 
neighboring cells, thereby potentiating loss of 
homeostatic potential and promoting disease [92, 
93]. Indeed, senescent cells have been found in 
tissues of the arthritic joint in murine systems and 
in discarded cartilage isolated from arthroscopy 
procedures [18, 21, 93–95]. Senescent chondro-
cytes have also been demonstrated to co-localize 
with osteoarthritic lesions, strongly implicating 
senescence, and ostensibly SASP, in promoting 
disease [95]. Further empirical preclinical evi-
dence for the contribution of senescent cells in 
joint disease is the finding that intra-articular 
injection of senescent cells into the knee joint can 
elicit OA-like symptomatology in mice including 
inflammation, osteophyte formation, and loss of 
proteoglycan content in cartilage [96]. In addi-
tion, using genetically engineered mice, it has 
also been found that p16INK4a (an established 
senescence marker) expressing chondrocytes 
accumulated following ACL injury associated 
with marked increases in SASP factors like 
MMP-13, IL-6, and IL-1β [19]. Finally, genetic 
ablation of p16INK4a expressing chondrocytes in 
mice was found to reduce the development of OA 
symptoms and SASP factors [19]. Thus, senes-
cence seems to significantly promote joint dete-
rioration with age and following trauma.

4.3.3  Knee Homeostasis 
and Disrupted Conditions: 
Hormones

Hormones play a critical role in the homeostatic 
regulation of systems throughout the body, both 
systemically and locally. Joint homeostasis is in 

part maintained through the actions of specific 
hormones, including: estrogen (Estradiol (E2)), 
parathyroid hormone (PTH), growth hormone 
(GH), ghrelin (GHRL), and α-melanocyte- 
stimulating hormone (α-MSH). The effect of 
each hormone and its role in joint homeostasis 
and function in PTOA and AAOA conditions are 
described below along with results from the ref-
erenced studies, reported in Table 4.1.

4.3.3.1  Estradiol (E2)
The role of E2 in joint homeostasis became evi-
dent when a clear trend of osteoarthritis in post-
menopausal women emerged [109]. E2 is thought 
to have anti-inflammatory properties and a chon-
droprotective effect resulting from the binding 
and subsequent activation of estrogen receptors 
(ERs) on target tissues [109–111], predominantly 
ERβs in cartilage, synovium, and cancellous 
bone [109]. The binding action of E2 to ERs 
allows for activation of signaling pathways that, 
in turn, regulate the expression of signaling mol-
ecules, namely calcium (Ca2+) and pro- 
inflammatory cytokines, IL-6 and TNF-α [109, 
112]. Regulation of signaling pathway activation 
by E2 explains the correlation between height-
ened levels of pro-inflammatory cytokines, found 
in E2-deficient women suffering from OA, and 
likely contributes on a large scale, to the patho-
genesis of OA [97, 98, 112]. Adequate levels of 
E2 are required for homeostatic maintenance of 
intracellular signaling molecules and thus joint 
homeostasis.

4.3.3.2  Parathyroid Hormone
Parathyroid hormone (PTH) is a major regulator 
of calcium-phosphate and Vitamin D (VitD) 
homeostasis in bones and plays a catabolic and 
osteoanabolic role. The parathyroid is stimulated 
to upregulate the release of PTH by low plasma 
[Ca2

+], circulating PTH then follows two path-
ways: binding to receptors on the kidneys, trig-
gering the release of VitD or stimulating bone to 
increase resorption of Ca2

+. Both pathways lead 
to an increase in plasma [Ca2

+] and restoration of 
normal secretion of PTH [113]. PTH stimulates 
bone resorption by activating the NFκB signaling 
pathway, causing increased osteoclast formation 
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and activity [114]. Conversely, PTH acts in an 
osteoanabolic manner by decreasing the expres-
sion of SOST/Sclerostin on osteocytes, thus 
allowing bone formation [114]. This cycle allows 
bone catabolism to equal bone anabolism and 
therefore, homeostasis.

4.3.3.3  Growth Hormone
Growth hormone (GH) plays an indirect role in 
joint homeostasis though the mechanism is not 
well defined. GH is produced by the pituitary and 
then released into the bloodstream, circulating 
GH then triggers the liver to synthesize and 
release IGF-1 [100, 115]. This release mecha-
nism is controlled by negative feedback—as 
[GH] increases, so does [IGF-1], signaling to the 

pituitary to slow the production of GH [115]. 
Normal levels of GH and IGF-1 contribute to 
joint homeostasis through anabolic effects on 
chondrocytes and the ability to stimulate growth 
and repair of adult cartilage [100, 115, 116]. 
IGF-1 stimulates DNA synthesis, cell replication, 
and glycosaminoglycan and proteoglycan syn-
thesis [116, 117] and has also been shown to have 
a role as an anti-inflammatory agent through its 
ability to inhibit the actions of pro-inflammatory 
cytokine IL-6 [100]. Chronically heightened lev-
els of GH are linked to high levels of joint inflam-
mation, decreased receptor affinity to IGF-1, and 
the development of OA [101, 115–117]; further, 
OA chondrocytes were found to be unresponsive 
to stimulation by IGF-1 [100, 115].

Table 4.1 Summarized results of key hormones assessed in patients with knee osteoarthritis (OA) and healthy donors

Hormone Summarized results
Sample 
type Patient type References

Ghrelin (GHRL) Deficient levels of GRHL in synovial fluid (SF) 
are negatively correlated with both: radiographic 
severity of PTOA; and SF concentrations of 
pro-inflammatory cytokine, TNF-α. Plasma 
concentrations of TNF-α and SF concentrations of 
TNF-α were significantly higher in OA patients 
than in healthy control groups.

Plasma, 
SF

OA, healthy [97–99]

Growth hormone 
(GH)

GH deficiency is thought to have a protective 
effect against OA; patients with GH deficiency 
were found to have a significantly lower incidence 
of OA than patients with acromegaly and patients 
with normal serum levels of GH analysis of 
plasma GH levels in a population of OA patients 
revealed significantly elevated levels.

Serum OA, acromegaly, 
healthy

[100, 101] 
[68].

Parathyroid 
hormone (PTH)

There is not a significant correlation between 
serum PTH levels and incidence of radiographic 
OA, joint space narrowing, or progression of 
OA. PTH plays an indirect role in the 
pathogenesis of OA through modulation of VitD 
metabolism.

Serum OA, healthy [102–104]

Estradiol (E2) Women with E2 deficiency carry a significantly 
higher risk for the development of knee OA as 
compared to women with normal levels of E2; 
serum levels of E2 are found to be significantly 
lower in women presenting with OA, than in 
healthy controls. E2 deficiency may contribute to 
the pathogenesis of OA though regulation of 
plasma IL-6 levels.

Serum Postmenopausal 
women, OA, 
healthy

[97, 105, 
106]

α-Melanocyte- 
stimulating 
hormone (α-MSH)

A statistically significant correlation between 
increasing radiographic severity and decreased 
levels of α-MSH levels in SF in OA and PTOA 
patients lead to the hypothesis that α-MSH may 
serve as an important biomarker in determining 
disease severity of PTOA and AAOA.

SF OA, healthy [107, 108]
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4.3.3.4  Ghrelin
Ghrelin (GHRL), a peptide hormone secreted from 
enteroendocrine cells of the GI tract, has been 
recently discovered to play an important chondro-
protective role in joint homeostasis, primarily 
through the regulation of chondrocyte metabolism 
[98, 118]. GHRL is expressed in cartilaginous tis-
sue and in chondrocytes, where it is thought to act 
as a growth factor, playing an important role in 
chondrocyte differentiation [98, 99, 118]. Through 
suppression of the NFκB signaling pathway, 
GHRL inhibits the inflammatory and degenerative 
effects of pro-inflammatory cytokines, such as 
TNF-α, IL-6, and IL-1β, thus preventing chondro-
cyte apoptosis and aiding in the maintenance of 
healthy articular cartilage [98, 99, 118, 119].

4.3.3.5  α-Melanocyte-Stimulating 
Hormone

α-Melanocyte-stimulating hormone (α-MSH) is a 
melanocortin peptide hormone thought to have 
anti-inflammatory and protective effects on articu-
lar cartilage. Though the exact mechanism behind 
these effects is not clear, α-MSH has been found to 
block the TNF-α-induced expression of MMP-13, 
an enzyme that targets cartilage for degradation. 
This is achieved by decreasing p38 phosphoryla-
tion, causing subsequent inhibition of the NFκB 
signaling pathway [107, 120, 121]. α-MSH is 
found in both synovial fluid (SF) and plasma and 
has been proven to reduce the secretion of pro-
inflammatory cytokines, TNF-α, IL-6, and IL-8 in 
mixed synoviocyte cultures, thus exerting an anti-
inflammatory effect [122]. While there is a correla-
tion between lowered synovial fluid concentrations 
of α-MSH and OA disease progression and severity 
[107, 108], more research is needed to define the 
role of α-MSH in joint homeostasis.

4.3.4  Knee Homeostasis 
and Disrupted Conditions: 
Vitamins

4.3.4.1  Vitamin D (25(OH)D)
Vitamin D deficiency (VDD) occurs in a large 
percent of the worldwide population. In fact, 
approximately 50% of the US population suffers 
from VDD or Vitamin D insufficiency [123]. 

Vitamin D (VitD) is believed to play an essential 
role in the pathology of various diseases, includ-
ing OA. Results on the effect of VDD on OA vary 
greatly, as the mechanism remains unknown; 
although, studies have consistently found that a 
large percent of patients presenting with OA also 
have VDD [124–126]. However, VDD has not 
been shown to play a significant role in the pro-
gression of radiographic OA though there may be 
a moderate correlation [127–131]. Studies that 
manipulated daily intake of VitD found that low 
dietary intake of VitD is linked to a significantly 
higher risk of OA progression [131, 132], while 
supplementation with VitD led to a decreased 
risk OA progression and lessened joint disability 
[133, 134]. VDD may be associated with exacer-
bated pain levels as a result of OA and a poorer 
quality of life [127, 135–137].

4.3.4.2  Vitamin K (Phylloquinone)
Vitamin K deficiency (VKD) is a common issue 
thought to play a role in the development of 
OA. In human chondrocytes, Vitamin K (VitK) is 
essential for carboxylation of matrix Gla protein 
(MGP) and Gas-6. VKD leads to under- 
carboxylation of these proteins, causing dysfunc-
tion of said proteins and in turn, affecting 
chondrocyte differentiation, endochondral ossifi-
cation, and mineralization of chondrocytes [138–
140]. It is suggested that these adverse effects 
contribute to the development of OA, as demon-
strated by the findings that VKD is associated 
with an increased prevalence of OA manifesta-
tions, including osteophyte formation, develop-
ment of cartilage lesions, articular cartilage 
damage, and joint space narrowing [138, 140]. 
VKD is associated with an increased risk for the 
development of OA [138, 139].

4.4  Interventional 
and Pharmacologic Strategies 
to Restore Homeostasis

4.4.1  Interventional Orthobiologics

Orthobiologics are commonly used for musculo-
skeletal tissue repair and regeneration to acceler-
ate functional recovery, minimize joint failure, 
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and restore joint homeostasis. Novel innovations 
have developed over the past decade to replicate 
complex musculoskeletal structures. In adher-
ence to the Food and Drug Administration’s 
(FDA) HCT/P provisions, many forms of autolo-
gous and allogenic orthobiologics are minimally 
manipulated to retain highly concentrated bio-
logical properties that are naturally receptive and 
have been shown to stimulate remodeling path-
ways in various types of damaged musculoskel-
etal tissue [141]. Common orthobiologics that 
require minimal resources for production include 
platelet-rich plasma (PRP), bone marrow concen-
trate (BMC), lipoaspirate, and prolotherapy 
[142]. PRP is more widely used for knee OA, 
perhaps due to readily attainable growth factors, 
cytokines, and other bioactive factors at physio-
logic proportions [143, 144]. Although current 
practice guidelines are neither for nor against the 
use of PRP for the treatment of knee OA, several 
reports have shown that a single or series of PRP 
injections attenuate symptoms and improve joint 
function in symptomatic knee OA patients [144–
148]. However, patients with early to moderate 
knee OA have been more therapeutically respon-
sive than those with end-stage OA [145]. It is also 
unclear whether the mechanism(s) of action in 
PRP restores homeostatic function to the joint or 
delays the onset of OA [149]. Further in  vitro 
studies and randomized clinical trials with ade-
quate control groups are necessary to better 
understand the biological mechanisms of PRP 
in vivo. Other orthobiologis are manufactured or 
significantly modified with advanced technology 
for production, including isolated and expanded 
cell therapies, biological scaffolds, vehicles for 
drug/protein delivery (i.e., nanoparticles, micro-
spheres), and exosomes [142]. Specifically, exo-
somes have garnished attention as potential 
therapeutic agents. Exosomes are a small subset 
of, lipid-bilayer enclosed cell-derived particles 
(extracellular vesicles), with the purpose of facil-
itating cell to cell communication, and are typi-
cally 30–100  nm in diameter [150]. Exosomes 
are comprised of a protein mosaic lipid-bilayer 
that stabilizes biological fluids, including periph-
eral blood and synovial fluids, as well as proteins, 
mRNA, miRNA, and few small noncoding 
RNAs. Given their small size, stability, bioactive 

content, and cell specificity, exosomes can serve 
as a transport vehicle in stem cell therapies [150]. 
Many studies focus on the therapeutic potential 
of stem cell-derived exosomes. One study 
injected MSC-derived exosomes into a 
collagenase- induced OA model and observed 
that this intervention protected mice from joint 
degradation [151]. Overall, MSC-derived exo-
some treated defects showed enhanced gross 
appearance and improved histological scores in 
another study using a rat model [152]. While 
newer evidence is promising, further in  vivo 
models are warranted to determine the therapeu-
tic efficacy of exosomes for musculoskeletal 
repair and regeneration.

4.4.2  Senotherapies

A promising new intervention either alone or in 
combination with cell-based therapies is the use 
of senolytic drugs. The understanding of senes-
cent cells and their tissue degrading SASP factors 
in promoting age-related musculoskeletal pathol-
ogy is becoming quite clear [153, 154]. 
Furthermore, targeting senescent cells either 
genetically (in preclinical models) or pharmaco-
logically has proven very effective in mitigating 
symptoms of OA at the histological and radio-
graphic level. Thus, translation into clinical stud-
ies is promising and underway. There are several 
clinical trials from our group and others using 
oral and intra-articular (IA) delivery modalities 
of senolytic agents for the treatment of Kellgren- 
Lawrence grade II-IV knee OA (NCT03513016, 
NCT04129944, NCT04210986). While the ben-
efit of IA injection of senolytic agents is obvious, 
targeting local senescent cells directly within the 
joint capsule including chondrocytes, synovio-
cytes, and even infiltrated macrophages, oral 
administration of senolytic drugs may also have 
utility. Systemic delivery of senolytics may 
dampen the significant inflammatory immune 
response via SASP inhibition during advanced 
OA, especially in older patients whose baseline 
inflammatory state is likely higher in accordance 
with the inflammaging hypothesis [155]. This is 
particularly important when considering the 
administration of senolytic drugs in coordination 
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with other biologic interventions such as BMC, 
PRP, or isolated MSCs. Several senolytic drugs 
have been shown to decrease SASP production 
and robustly improve MSC function through the 
elimination of senescent cells (including MSCs) 
[156, 157]. Thus, it stands to reason that senolytic 
treatment prior to BMC or PRP harvest may 
result in a superior orthoregenerative product 
containing reduced levels of pro-inflammatory 
factors and improved progenitor cell function. 
Future studies using senolytic drugs should inter-
rogate differences in delivery modalities (intra- 
articular vs. oral administration), and the potential 
benefit as part of a combinatorial treatment 
approach with biologics. Nonetheless, the link 
between cellular senescence and OA pathogene-
sis is strong, which highlights senolytic drugs as 
a very appealing and innovative approach to pre-
vent or treat OA.

Senescence is a cell state defined by loss of 
proliferative capacity, increased metabolic activ-
ity, and importantly, resistance to apoptosis. 
Several senolytic compounds that selectively tar-
get and inhibit anti-apoptotic pathways in senes-
cent cells have been recently identified and shown 
to kill senescent cells in vitro and in vivo without 
affecting quiescent or proliferating cells [157]. 
Thus, senolytic drug use is an innovative and 
appealing approach for the treatment of OA 
because they target senescent cells directly, 
thereby inducing cell death and abrogating sys-
temic SASP factors [157]. Importantly, the safety 
and efficacy of several senolytic drugs to treat 
chronic diseases have been demonstrated in sev-
eral preclinical studies and more recently in 
Phase I-II clinical trials for OA from our group 
and others. For example, the senolytic drug 
Dasatinib is an FDA-approved drug for leukemia 
with few side effects while other senolytic drugs 
like quercetin and fisetin are naturally occurring 
plant flavonoids tolerable at relatively high doses 
[153, 157, 158]. More importantly, many seno-
lytic compounds target several different anti- 
apoptotic pathways, allowing for a multi-hit 
approach [153, 157, 158]. Senolytic drugs are 
also appealing because they require only inter-
mittent administration as only brief disruption of 

anti-apoptotic pathways is sufficient to kill senes-
cent cells [158]. There are also a few reports 
demonstrating the efficacy of senolytic drugs in 
reducing disease phenotypes in PTOA [16, 19, 
23]. Another benefit to using senolytic drugs is 
that they can be readily incorporated into estab-
lished clinical practice via intra-articular delivery 
and are effective via oral administration as well 
[19]. OA is a debilitating and costly joint disease 
that affects millions of individuals each year, for 
which there are currently no available disease- 
modifying therapies [16, 93, 159]. Senolytic 
drugs may offer a promising new approach for 
the treatment of not only OA symptoms, but a 
fundamental driver of pathogenesis, senescent 
cells, and their SASP.

4.4.3  Other Pharmacologic 
Treatment Modalities

Fibrosis and, more specifically, arthrofibrosis is a 
result of extracellular matrix factors that forms 
primarily in the remodeling phase of musculo-
skeletal healing [160]. The role of losartan, a 
selective angiotensin II type 1 (AT1) receptor 
antagonist medication for hypertension, has been 
extensively evaluated as a fibrotic neutralization 
blocker for skeletal muscle repair [161, 162], and 
more recently to improve cartilage repair mecha-
nisms [163, 164] (NCT04212650) and delay the 
progression of OA [165]. Losartan’s primary 
mechanism of action blocks the binding of angio-
tensin II to the AT1 receptor to control blood 
pressure, but also has been shown to downregu-
late TGF-β1 expression via the TGF-β1/Smad 
pathway [162, 166, 167], and directly affects the 
endothelial-to-mesenchymal transition (EndMT) 
in myocardial tissue [168] and diarthrodial joints 
(unpublished data). In fact, recent findings by 
Utsunomiya et al. [164] suggests that biological 
marrow stimulation (BMS) combined with losar-
tan not only inhibits TGF-β1expression through 
the Smad2/3 pathway, but also reduce primary 
cells in the bone marrow that contribute to the 
development of fibrotic tissue. Thus, inhibition of 
the TGF-β1/Smad-dependent pathway using tar-
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geted agents may be a promising strategy to 
downregulate EndMT and, ultimately, fibrosis 
formation in musculoskeletal tissue. Another 
compelling approach is to prophylactically treat 
patients with losartan prior to orthobiologic 
 treatment to reduce TGF-β1 levels and poten-
tially primary cells that contribute to fibrosis 
development.

Chronic unregulated disruption of joint 
homeostasis principally manifests as pain and 
joint dysfunction caused by elevated inflamma-
tion and structural decline of articular surfaces 
and subchondral bone. Again, these attributes are 
classical symptoms of OA, which is by defini-
tion, a pathological state of deregulated joint 
homeostasis. Most medications for controlling 
symptoms, namely pain, include acetaminophen, 
topical and oral NSAID’s, and steroid injections. 
In addition, intra-articular injection of visco- 
supplementation like hyaluronan and related 
derivatives has been shown to be effective in pain 
relief, but there is conflicting evidence on whether 
these produce any functional improvement [169].

Research has been done on popular disease- 
modifying agents for other diseases including 
colchicine, hydroxychloroquine, and tumor 
necrosis factor inhibitors in their efficacy on OA, 
but these trials have not produced positive results 
[170]. New medications looking to act on noci-
ceptive nerve fibers are being investigated. 
Tanezumab is a monoclonal antibody that targets 
nerve growth factor (NGF) and in preliminary tri-
als has shown superior analgesia when combined 
with NSAIDs than NSAID monotherapy [170]. 
Topical capsaicin has been shown to be beneficial 
for treating OA pain and current trials are focus-
ing on intra-articular capsaicin to achieve better 
pain control with early preliminary positive 
results. Given the integral role of IL-1  in OA, 
IL-1 receptor antagonists have been studied with-
out much success in human trials. Strontium 
ranelate is also being studied due its decrease in 
IL-1 and proteinases, with limited results so far 
[170]. The latest research shows that a major rea-
son that there has not been an effective disease- 
modifying agent is due to the heterogenous 
nature of OA and the need to identify and address 
each patient’s specific phenotype [171].

4.5  Conclusion

In this chapter, the etiological differences 
between PTOA and AAOA were introduced and 
the homeostatic functions in these prevalent con-
ditions and normative knee joints were reviewed. 
The role of biomechanics, senescence, hormones, 
vitamins, and cellular functions provide impor-
tant roles in maintaining joint homeostasis and in 
disrupted conditions, such as PTOA/
AAOA.  Understating the homeostatic functions 
of the knee undoubtedly will help guide research-
ers and clinicians to maintain and treat those 
affected by PTOA and AAOA. Moreover, ortho-
biologic therapies and senotherapies, or a combi-
nation thereof, have the potential to attenuate 
symptoms and restore homeostatic functions, 
though further evidence is necessary to elucidate 
their therapeutic efficacy, both individually and 
in combination.
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5.1  Concepts of Systemic 
Inflammation

5.1.1  Osteoarthritis 
and Inflammation

For a long time, osteoarthritis (OA) has been con-
sidered a disease affecting the hyaline articular 
cartilage alone, while at present, it is believed 
that all articular tissues, including the subchon-
dral bone, the ligaments, the synovium, and the 
joint capsule, participate collectively, to varying 
degrees, in the development of such disorder.

Extensive research has shown that meta-
bolic syndrome is tightly linked to osteoarthri-
tis and inflammation, a process which appears 
to primarily occur in the subchondral bone via 

the incidence of bone marrow lesions (BMLs). 
Numerous studies identify obesity, dyslipid-
emia, insulin resistance, and hypertension as 
the top metabolic risk factors, the so-called 
deadly quartet. These factors are responsible 
for the disruptive physiological processes that 
culminate in detrimental alterations within the 
subchondral bone, cartilage damage and, over-
all, the predominant proinflammatory joint 
microenvironment.

More recent studies have shown that osteoar-
thritis (OA) tissue and synovial fluid have abnor-
mally high levels not only of plasma proteins, but 
also of complement components and cytokines, 
and that chondrocytes and synovial cells in OA 
produce or overproduce many of the inflamma-
tory mediators (e.g., IL-1β, TNF, and nitric oxide 
(NO)) that are characteristic of inflammatory 
arthritis.

5.1.2  Meta-Inflammation

The inflammatory state that accompanies the 
metabolic syndrome does not completely fit 
into the classical definition of acute or chronic 
inflammation, as it is not accompanied by 
infection. There is no massive tissue injury and 
the  dimension of the inflammatory activation is 

L. F. da Fonseca (*) · J. F. Lana · S. B. C. Visoni  
G. O. M. Azzini 
IOC–Instituto do Osso e da Cartilagem/The Bone and 
Cartilage Institute, Indaiatuba, SP, Brazil 

A. V. S. Lana 
UniMAX Faculdade de Medicina, Indaiatuba, Brazil 

E. Irlandini 
OASI Bioresearch Foundation, Milan, Italy
e-mail: e.irlandini@oasiortopedia.it

5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-82958-2_5&domain=pdf
https://doi.org/10.1007/978-3-030-82958-2_5#DOI
mailto:e.irlandini@oasiortopedia.it


64

also not large. So it is often called “low-grade” 
chronic inflammation or “meta-inflammation,” 
meaning metabolically triggered inflammation. 
In this way, meta-inflammation is characterized 
by increased serum levels of proinflammatory 
cytokines like TNF-α, IL-6, and IL-1β. Besides 
that hyperglycemia and hyperlipidemia might 
also fuel meta-inflammation.

Different studies demonstrated the connection 
between long standing type 2 diabetes (T2D) and 
accelerated OA progression with higher rates of 
synovial inflammation and joint pain. We know 
that metabolic syndrome (MS) and T2D con-
tributes to decreased multipotency of MSCs by 
generating advanced glycation products (AGEs), 
oxidative stress and inflammation, which can 
suppress proliferation, induce apoptosis and 
increase the production of intracellular reactive 
oxygen species (ROS). Increased apoptosis and 
ROS accumulation may be partially responsible 
for the reduced differentiation potential observed 
in MS cells.

Collectively, the excess of glucose results in 
alterations of the cell metabolism and morphol-
ogy, as well as in ECM structure (reduction in 
collagen synthesis and proteoglycan catabolism). 
Inside the joint, there is usually an overexpres-
sion of GLUT-1, thus potentially leading to 
glucose toxicity, which may be even more pro-
nounced in the presence of high glucose levels 
within the joint, as it occurs in type 2 diabetes. 
Also, high glucose levels have shown to decrease 
the chondrogenic differentiation of mesenchy-
mal stem cells either derived by the bone mar-
row, the muscle, or the adipose tissue in  vitro. 
When it comes to the synovium, hyperglycemia 
has shown to stimulate the release of the vascu-
lar endothelial growth factor (VEGF) by human 
synovial cells. Synovial neo-angiogenesis leads 
to the local recruitment of proinflammatory cells.

The inflammation in OA is distinct from that 
in rheumatoid arthritis and other autoimmune dis-
eases: it is chronic, comparatively low-grade, and 
mediated primarily by the innate immune system. 
In addition to local inflammation in the joint, sys-
temic inflammation might also have an important 
role in OA pathogenesis. For instance, obesity is 

known to predispose individuals to OA—possi-
bly not only by increasing the mechanical load 
on joints, but also by causing chronic, systemic 
inflammation through inflammatory mediators 
(such as adipokines and other proinflammatory 
cytokines) that are produced by adipose tissue 
and released into the bloodstream. The involve-
ment of proinflammatory adipokines released 
by the white adipose tissue in obese adults leads 
to cartilage degradation, synovial inflammation, 
and osteophyte formation.

The main adipokines whose role has been 
evaluated in association with OA are leptin, 
adiponectin, visfatin, and resistin. For instance, 
leptin production and its receptor by chondro-
cytes is increased in OA, and this adipokine has 
been shown to promote cell apoptosis and the 
release of metalloproteinases. Adiponectin lev-
els, on its turn, in the synovial fluid harvested 
from patients with knee OA have been positively 
associated with aggrecan degradation, while 
plasma adiponectin concentration was associated 
with joint pain in female patients and promote the 
expression of MMP-3, MMP-9, MMP-13, PGE2, 
nitric oxide synthase 2, IL-6, and monocyte che-
moattractant protein-1 (MCP-1) in chondrocytes, 
thus apparently showing a catabolic and proin-
flammatory effect.

Adipokines can also cause changes the sur-
rounding environment of the joint cells, thereby 
changing in the fate of the cells—inducing cell 
senescence. There are also mesenchymal stem/
progenitor cells in articular cartilage that undergo 
cell senescence. Studying the response of these 
cells to these new adipokines in the joint envi-
ronment will be a new direction for the treatment 
of OA. While the infrapatellar fat pad is a major 
source of adipokines in knee synovial fluid, adi-
pocytes also accumulate in the bone marrow 
during aging and obesity. Adipokines can act as 
SASPs (senescence-associated secretory pheno-
type factors) that participate in cellular senes-
cence of chondrocytes, but they also regulate 
energy metabolism impacting bone remodeling. 
Thus, adipokines are closely related to the meta-
bolic syndrome and degenerative pathological 
changes in cartilage and bone during OA.
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5.2  Sleep Quality and Its Role 
in Homeostasis

Another point of paramount importance that we 
must assess in our patient is the quality of sleep. 
Controlled, experimental studies on the effects of 
acute sleep loss in humans have shown that medi-
ators of inflammation are altered by sleep loss. 
Elevations in these mediators have been found to 
occur in healthy, rigorously screened individu-
als undergoing experimental vigils of more than 
24 h, and have also been seen in response to vari-
ous durations of sleep restricted to between 25 
and 50% of a normal 8 h sleep amount.

The circadian rhythm orchestrates many cel-
lular functions, such as cell division, cell migra-
tion, metabolism, and numerous intracellular 
biological processes. The physiological changes 
during sleep are believed to promote a suitable 
microenvironment for stem cells to prolifer-
ate, migrate, and differentiate. These effects 
are mediated either directly by circadian clock 
genes or indirectly via hormones and cytokines. 
Hormones, such as melatonin and cortisol, are 
secreted in response to neural optic signals and 
act in harmony to regulate many biological func-
tions during sleep.

Recent findings have demonstrated melato-
nin that enhances osteogenesis and chondro-
genesis and inhibits adipogenesis. Melatonin 
protects against oxidative stress-induced apop-
tosis in MSCs. Melatonin attenuates intracellu-
lar ROS generation to improve cell viability and 
enhances MSCs differentiation into other lineages. 
Melatonin also plays important roles in the regula-
tion of the ESCs proliferation and differentiation.

Stimulatory actions of melatonin on bone for-
mation and its inhibitory effects on bone restora-
tion have been reported in a number of studies. It 
has been suggested that the osteoblast enhancing 
function of melatonin is mediated by its direct 
action on the differentiation and proliferation 
of the bone-forming cells. Moreover, enhance-
ment in the bone alkaline phosphatase levels and 
mineralization, promotion of the synthesis of 
collagen type I, increase in the bone mass, and 
facilitation of new bone growth and osteointegra-
tion, are among the positive functions of melato-

nin on bone. These make melatonin an appealing 
molecule in bone regeneration. Both in vitro and 
in vivo studies have examined melatonin’s poten-
tial to influence bone repair.

Interestingly, melatonin improved wound clo-
sure and triggered osteogenesis markers such as 
BMP-2 and -4, osteocalcin and runt-related tran-
scription factor 2 (Runx2) in a dose-dependent 
fashion. Melatonin counteracted the reduction of 
cell proliferation by iron overload in BMSCs via 
reversing the upregulation of p53, ERK, and p38 
protein expression in cells.

5.3  Metabolic Syndrome, 
Synovium, and Subchondral 
Bone Alterations

Although it has long been thought that osteoar-
thritis was limited to the cartilage component of 
the joint, other studies indicate that the disease 
may originate from the harmful alterations that 
occur primarily in the subchondral bone, espe-
cially via means of vascular pathology. Since 
metabolic risk factors are manageable to a certain 
extent, it is therefore possible to decelerate the 
progression of OA and mitigate its devastating 
effects on the subchondral bone and subsequent 
articular cartilage damage.

The early changes that occur beneath the 
articular cartilage at the osteochondral junc-
tion are highly relevant as they become possible 
mediators of pain and structural progression in 
OA and may aggravate pathology elsewhere in 
the joint. These modifications include augmented 
subchondral bone thickness, diminished flex-
ibility, and trabecular bone density beneath the 
subchondral plate. This exposes the subchondral 
bone and its nerves to imbalanced biochemical 
and biomechanical influence. Continuous biome-
chanical and biochemical stress applied to articu-
lar cartilage contributes to chondropathy. This 
subsequently promotes additional subchondral 
bone alterations, such as microfractures which, in 
turn, may aggravate pain. This interaction would 
then trigger a positive feedback loop as a result of 
multiple unsuccessful attempts to repair cartilage 
and bone tissue, eventually resulting in OA.
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It is understood that OA pathogenesis is 
mainly attributed to both excessive joint loading 
and the subsequent irregular biomechanical and 
biochemical patterns, such as hormone and cyto-
kine dysregulation which arise from increased 
adipose tissue, a rich source of proinflammatory 
endocrine factors. One of the most prominent 
features of obesity is the manifestation of low- 
grade systemic inflammation, affecting many 
organs and anatomical structures. It is believed 
that the elevated adipokine expression from adi-
pose tissue elicits direct and downstream effects 
which lead to the destruction and remodeling of 
the joint as whole.

Dyslipidemia is strongly involved the patho-
physiology of OA by aggravating subchondral 
bone damage due to BMLs. BMLs are known 
to be associated with knee pain and structural 
alterations in the knee of OA patients and sub-
sequently culminate in increased joint space 
narrowing and cartilage erosion in symptomatic 
populations. It was observed that greater levels 
of total cholesterol and triglycerides were associ-
ated with the incidence of BMLs in knees free 
of BMLs at baseline. On the other hand, HDL 
cholesterol, tended to be inversely related with 
BMLs, proposing a rather protective role for this 
specific lipoprotein.

Speaking of inflammation, there is recent 
evidence connecting the expression of synovial 
tumor necrosis factor alpha (TNF-α) and insu-
lin resistance to OA pathology. A causal role 
for TNF-α in OA, especially in obesity- and 
diabetes- related OA, has been proposed. It was 
found that elimination of the TNF-α gene sig-
nificantly reduced high-fat diet-induced develop-
ment of osteophytes and synovial hyperplasia. 
Unsurprisingly, a clinical study reported that 
diabetic rheumatoid arthritis patients benefited 
from anti-TNF-α therapy, which significantly 
ameliorated insulin resistance, β-cell function in 
pancreas and insulin signaling.

On a cellular perspective, enriched insulin 
receptor expression in murine and human syno-
via has also been previously identified. Much 
like other insulin-sensitive tissues, the synovium 

is susceptible to the insulin resistance syn-
drome, which normally occurs in parallel with 
meta-inflammation.

Osteoblasts from sclerotic regions of subchon-
dral bone were capable of switching the profile of 
chondrocytes toward a catabolic and antianabolic 
phenotype, as illustrated by a reduction in aggre-
can production, but also by an upregulation of 
MMP production.

The synovium plays an important role in the 
increased expression of osteoclast differentiation 
factors, such as RANK-L, are known to occur in 
the synovial membrane of chronically diseased 
OA joints, and could contribute to increased 
bone resorption. The inhibition of RANK-L-
dependent osteoclast formation may constitute 
a potential target to prevent the skeletal changes 
seen in OA. It is well appreciated that inflamma-
tory mediators are produced by joint tissues in 
OA, and that these proinflammatory cytokines 
increase osteoclastogenesis and bone resorption, 
especially in subchondral bone leading to weak-
ened architecture. An inflamed synovium or bone 
marrow may stimulate osteoclast-mediated bone 
resorption through a range of proinflammatory 
cytokines, such as IL-1, IL-6, TNF-α, and TGF- 
β. As examples, the biomarker of bone resorption 
(CTX-I) was shown to be highly correlated to 
systemic inflammation as measured by high sen-
sitive C-reactive protein.

The most obvious and perhaps cheapest strat-
egy to protect the subchondral bone and bring 
OA to a halt would be to simply modify lifestyle 
habits since the majority of MS risk factors are 
quite manipulable.

5.4  Complementary Exams 
Before the Regenerative 
Treatment

A very important aspect in the pre-treatment 
evaluation is the complementary exams. It will 
be discussed some of the tests that are considered 
extremely important for giving a physician a good 
characterization of patient’s metabolic state.
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5.4.1  C-Reactive Protein

C-reactive protein (CRP) is an acute inflamma-
tory protein that increases up to 1000-fold at sites 
of infection or inflammation. CRP is synthesized 
primarily in liver hepatocytes but also by smooth 
muscle cells, macrophages, endothelial cells, 
lymphocytes, and adipocytes. Ultrasensitive 
C-reactive protein should be used as an impor-
tant marker of inflammation in the body, and a 
decrease in its plasma levels reflects a positive 
result in regenerative treatment.

5.4.2  Blood Count

This is a simple and inexpensive test capable 
of providing important data such as the level of 
hemoglobin, leukocytes, and platelets. A low 
level of hemoglobin directly affects the body’s 
regenerative capacity, as it is essential for trans-
porting oxygen to areas where there is increased 
inflammatory activity, often suffering from a 
local state of tissue hypoxia. Leukocytes and 
platelets are important cellular components for 
different forms of regenerative treatment, such as 
platelet-rich plasma and bone marrow aspirate. 
Therefore, its quantification becomes important 
for a good choice of therapeutic modality.

5.4.3  Homocysteine

Elevated homocysteine levels cause osteoblast 
dysfunction via mitochondrial oxidative damage. 
This leads to a higher occurrence of fractures 
and a higher risk of osteoporosis. High levels of 
homocysteine negatively affects wound healing 
and is also considered an important inflamma-
tion marker. Homocysteine inhibits the synthe-
sis of insoluble collagen fibrils by interfering 
with normal cross-linking. From the perspec-
tive of cartilage homeostasis, these changes in 
matrix organization interfere with chondrocyte- 
mediated mineralization potentially altering the 
function and properties of calcified cartilage. The 
transformation of homocysteine into methionine 
requires some cofactors such as vitamin B12, 

B6, and B9. In that way, replacing these vitamins 
seems to be quite reasonable.

5.4.4  Serum Protein Electrophoresis

A serum protein electrophoresis is a simple 
method that allows proteins to be separated from 
human plasma into fractions. Its interpretation 
brings useful information to the regenerative 
doctor. Thus, it is important for the investiga-
tion and diagnosis of several diseases by dosage 
of albumin, alpha-1-globulin, alpha-2-globulin, 
beta- globulin, and gamma globulin. Albumin is 
a general health biomarker and its loss is asso-
ciated with poor healing capacity. Alfa-globulin 
fractions have increased levels in inflammatory, 
infectious, and immune processes. The increase 
in beta-globulin is observed in situations of dis-
turbance of lipid metabolism or iron deficiency 
anemia. The decrease or absence in the gamma 
fraction indicates congenital or acquired immu-
nodeficiencies. Its increase suggests a polyclonal 
increase in immunoglobulins associated with 
inflammatory, neoplastic (multiple myeloma and 
lymphoproliferative disorders), or infectious con-
ditions. The knowledge of these patterns helps the 
physician to assemble the general patient status.

5.4.5  Osteocalcin

As osteocalcin is produced by osteoblasts, it is 
often used as a marker for the bone formation 
process. It has been observed that higher serum 
osteocalcin levels are relatively well correlated 
with increases in bone mineral density during 
treatment with anabolic bone formation drugs 
for osteoporosis, such as Teriparatide. In many 
studies, osteocalcin is used as a preliminary bio-
marker on the effectiveness of a given drug on 
bone formation.

In its carboxylated form (vitamin K2 depen-
dent), it binds calcium directly and thus concen-
trates in bone, but recent evidence has revealed 
that it does play an important role beyond bone 
mineralization. In its uncarboxylated form, 
 osteocalcin acts as a hormone in the body, 
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signaling in the pancreas, fat, muscle, testicles, 
and brain to improve metabolic state.

5.4.6  Alkaline Phosphatase

Most of the alkaline phosphatase (ALP) iso-
enzymes are derived from the bones and liver. 
High levels of ALP are often encountered during 
routine blood investigation in elderly patients. 
Osteoporosis may increase its blood levels up 
to 3–5 times normal. Bone pathology causes of 
elevated alkaline phosphatase include Paget’s 
disease, hyperparathyroidism, osteomalacia, 
metastatic bone disease, and a recent fracture. 
By these reasons, it is imperative to investigate 
bone turnover especially when considering to use 
MSCs for regenerative purposes.

5.4.7  Ferritin

Along with Homocysteine, the iron storage protein 
ferritin is also a well-known inflammatory marker. 
It correlates with biomarkers of cell damage, 
with biomarkers of hydroxyl radical formation 
(and oxidative stress) and with the presence and/
or severity of numerous diseases. It is important 
to know that 95% of patients with high levels of 
ferritin in their blood have increased inflammatory 
activity in the body. Only 5% of these individuals 
have high levels of ferritin due to large amounts of 
iron in the body. To differentiate these two groups, 
the measurement of transferrin saturation (protein 
responsible for transporting iron in the blood) are 
used. With transferrin saturation at levels below 
45% in a patient with high levels of ferritin, the 
systemic inflammatory state is confirmed.

5.4.8  Hormone’s Screening

The analysis of thyroid function should also 
be investigated for regenerative therapy. 
Hypothyroidism can cause the healing process 
to slow down and may directly affect the out-
comes. Therefore, achieving a hormonal balance 
becomes essential.

Many studies demonstrate the beneficial 
effects of thyroid hormones on increasing the 
biochemical content of cells, more specifically, 
enhancing the collagen production in cultured 
chondrocytes. Other studies are being con-
ducted to evaluate the potential of thyroid hor-
mones to enhance the functional properties of 
articular chondrocytes, which remains somewhat 
understudied.

The anabolic effect of testosterone on bone 
and cartilage is well known. This effect, how-
ever, is not unique result of a single action of 
testosterone on the tissues. Testosterone does 
stimulate mRNM expression of osteoprotegerin 
and thereby inhibits osteoclastogenesis much like 
DHEA and TGF-beta do. There appears to be a 
combined effect on bone by testosterone, IGF-1, 
and estradiol.

Testosterone is also very important for the 
maintenance or recovery of the muscle mass, 
something that has a direct influence on the out-
come of various therapies. Low testosterone lev-
els, in both men and women, favor an increase in 
muscle catabolism and increased levels of body 
fat. Testosterone stimulation increases the prolif-
eration and preserves stemness of mesenchymal 
stem cells and endothelial progenitor cells sug-
gesting that, besides other factors, the hormone 
may engineer these cells and increase their thera-
peutic potential.

Dehydroepiandrosterone (DHEA), on its turn, 
is a 19-carbon steroid hormone that is classified 
as an adrenal androgen. DHEA has been shown 
to antagonize catabolic mediators of cartilage and 
may exert protective effects in OA, including sup-
pressing matrix metalloproteinases (MMPs) and 
inducing cartilage restoration. Author’s recent 
research showed that DHEA demonstrated ben-
eficial effects on OA by influencing the balance 
between the aggrecanases and tissue inhibitors of 
metalloproteinase-3 (TIMP-3) in cartilage tissues, 
suggesting that DHEA might protect articular car-
tilage from degeneration at the molecular level.

Finally, consistent data have been showing that 
when estrogens are absent, it results in high bone 
resorption, and hence, an osteoporosis-like phe-
notype and worsening of microscopic OA features 
may develop both in men and women. Estradiol is 
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also able to protect chondrocytes from oxidative 
damage. Systemically increased turnover of carti-
lage is found more frequently in postmenopausal 
women than in the premenopausal population. 
Taken together, these data indicate that sex hor-
mone homeostasis plays a vital role in the regula-
tion of musculoskeletal health.

5.5  The Importance of Diet 
Under the Regenerative 
Perspective

Literature has been recently showing the impor-
tance of the diet on bone and cartilage health, par-
ticularly when it comes to the comparison of the 
fat and carbohydrates diet. Studies indicate that 
the bone formation increase in high-fat diet-fed 
rat due to osteoblast activity. On the other hand, 
high sugary diet resulted in bone marrow adipose 
(BMA) expansion and the alteration of the bone 
marrow microenvironment, along with the proin-
flammatory environment, which could contribute 
to a negative effect on bone metabolism.

Moreover, studies showed that fructose- 
induced MS decreased the ex  vivo osteogenic 
potential of marrow stromal cells (MSC) and 
increased the ex  vivo adipogenic potential of 
MSC, which was related to a reduction in Runt- 
related transcription factor (Runx2) and an 
increase in Peroxisome Proliferator Activator 
Receptor γ (PPARγ) expression under basal 
(undifferentiated) conditions. These data suggest 
fructose-induced MS resulted in the deleterious 
alterations in bone microarchitecture, and in the 
re-ossification of bone lesions, and that these 
changes might be involved in the differentiation 
of adipogenic/osteogenic commitment of MSC 
by modulating the ratio of Runx2/PPARγ.

Higher dietary inflammatory are also asso-
ciated with higher prevalence of radiographic 
symptomatic knee osteoarthritis, higher serum 
interleukin (IL)-6, and tumor necrosis factor 
(TNF)-R2 levels, thus suggesting a close rela-
tionship between diet and inflammatory param-
eters and osteoarthritis progression.

Among the anti-inflammatory diets, 
Mediterranean diet has been showing an 

interesting effect on the reduction of symp-
toms. Participants with a higher adherence to 
Mediterranean diet had a significantly lower 
prevalence of knee OA compared to those with 
lower adherence. Mediterranean-style diet is 
an established healthy-eating diet pattern that 
has consistently demonstrated to have benefi-
cial effects on musculoskeletal, cardiovascular, 
metabolic, and cognitive diseases. This type of 
diet may influence a reduction in oxidative stress 
markers and have been reported to influence the 
onset of OA though providing increasing levels 
of collagen type II and aggrecan expression while 
inhibiting apoptosis-related proteins expression, 
providing a chondroprotective effect.

5.6  The Gut-Joint Axis

The gut microbiome is a key regulator of bone 
health that affects postnatal skeletal development 
and skeletal involution. Alterations in microbiota 
composition and host responses to the micro-
biota contribute to pathological bone loss, while 
changes in microbiota composition that prevent, 
or reverse, bone loss may be achieved by nutri-
tional supplements with prebiotics and probiot-
ics. The notion that the gut microbiome is a bone 
mineral density (BMD) regulator in health and 
disease is supported by an established correlation 
in humans between microbiome diversity and 
osteoporosis.

Recently, short-chain fatty acids (SCFAs), 
which are generated by fermentation of complex 
carbohydrates (and dietary fibers) in the intes-
tine, have emerged as key regulatory metabolites 
produced by the gut microbiota. SCFAs inhibit 
recruitment and activation of macrophages and 
neutrophils through a reduction in proinflam-
matory cytokine production. It directly induces 
metabolic reprogramming of osteoclast precur-
sors (downregulating essential osteoclast genes). 
Indirect effects of SCFAs may account for their 
Treg-inducing capacity: Tregs were shown to 
suppress osteoclast differentiation via their secre-
tion of antiosteoclastic cytokines.

However, it is estimated that the current aver-
age consumption of fibers among adults in the 
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USA is half the recommended amount of 30  g 
per day to be consumed as part of a healthy diet. 
To counter that, supplementation with pre- and 
probiotics has emerged as a good alternative. 
Probiotics are defined as viable microorganisms 
that confer health benefits when administered in 
adequate quantities, while prebiotics are nondi-
gestible fermentable food ingredients that pro-
mote the growth of beneficial microbes and/or 
promote beneficial changes in the activity of the 
microbiome.

Increasing evidence indicates that probiotics 
positively affect skeletal health in humans. Early 
trials showed that ingestion of kefir fermented 
milk for 6  months caused an increase in BMD 
in men, while treatment with Lactobacillus casei 
shirota improved distal radius fracture healing 
in elderly men and women. A 1-year-long trial 
in older women revealed evidence of a favorable 
change in bone mass in response to probiotic sup-
plementation, and in a study in Japanese women, 
the probiotic Bacillus subtilis C-3102 increased 
total hip bone BMD by decreasing bone resorp-
tion. In humans, prebiotics increase BMD in 
adolescents and decrease bone turnover in post-
menopausal women. The mechanism of action 
of prebiotics in bone is complex, but emerging 
evidence has shown that bacterial metabolic 
pathways, including those that function in the 
generation of SCFAs, are involved.

Another interesting topic is that gut-derived 
LPS (lipopolysaccharide, which is a major com-
ponent of the outer membranes of Gram-negative 
bacteria) can provoke generalized proinflamma-
tory responses in infected hosts and can augment 
adipose macrophage accumulation, skewing the 
polarization of alternatively activated M2 macro-
phages toward proinflammatory M1 phenotypes. 
Moreover, studies have shown that physical 
exercise could modulate gut microbiome com-
position (Lactobacillus and Bifidobacterium), 
boosting intestinal mucosal immunity (reduction 
of LPS effects via suppression of TLR signaling), 
increasing the Bacteroidetes–Firmicutes ratio, 
modifying the bile acid profile, and improving 
the production of SCFAs.

The exploration of approaches for restoring 
a healthy microbiota, especially increasing the 

amount of specific commensal microbiota that 
antagonize proinflammatory microbes and main-
tain the intestinal mucosa barrier, is an important 
future direction for OA treatment. Nutritional 
supplementation with prebiotics and probiotics 
that increase SCFAs production and exercises 
may represent an effective, safe, and inexpen-
sive modality in the treatment of metabolic bone 
disorders.

5.7  Drug Strategies to Target 
Bone and Cartilage 
in Osteoarthritis

5.7.1  Antiresorptives Drugs

Bisphosphonate treatment in surgical models of 
OA resulted in a 50% decrease in disease sever-
ity scores, and protection of bone and cartilage 
from pathological changes. It has also been 
shown that in OVX rats alendronate signifi-
cantly attenuated cartilage erosion by inhibiting 
subchondral bone loss. Strassle et  al. demon-
strated that when bisphosphonate zolendronate 
was applied to the monoiodoacetate model 
of painful arthritis in rats, it protected against 
subchondral bone loss, cartilage degradation 
and, importantly, also pain. In fact, a secondary 
analysis identified those with the highest levels 
of cartilage degradation as assessed by CTX-II 
levels to be those in whom OA progressed the 
most. CTX-II was the same marker that was 
influenced by bisphosphonate therapy. To date, 
CTX-II may be the best validated marker for 
progression of OA.

Calcitonin significantly affected trabecular 
structure and prevented subchondral bone resorp-
tion and trabecular thinning, which was specu-
lated to be a major factor in the degradation of 
the above cartilage layer. Calcitonin may act dif-
ferent from that of other antiresorptives, as calci-
tonin has been shown to have direct and indirect 
actions on articular cartilage on human OA chon-
drocytes. Oral formulation of calcitonin-inhib-
ited bone and cartilage degradation, evidenced 
by the biochemical markers CTX-I and CTX-II, 
respectively.
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5.7.2  Bone Anabolic Drugs

PTH is presently the only bone anabolic treat-
ment accepted by the FDA in the USA, and the 
European Medicines Agency (EMA). PTH stimu-
lates osteoblasts to synthesize bone. Interestingly, 
chondrocytes and osteoblasts are from the same 
mesenchymal cell (MSC) lineage, which sug-
gests that PTH might also affect chondrocytes 
anabolically.

It has also been showed that PTH1–32-inhibited 
expression of type X collagen in MSCs from OA 
patients in a time-dependent manner. In parallel, 
PTH1–32-stimulated expression of type II collagen, 
a marker of chondrogenic differentiation and car-
tilage repair. These results indicate that PTH may 
be chondroprotective by inhibiting hypertrophy 
and cartilage calcification. Altogether, different 
preclinical and clinical studies with various bone 
drugs indicate that a carefully selected antiresorp-
tive or anabolic treatment could provide clinical 
benefits in OA for a selected patient population.

5.7.3  Antihypertensive Drugs

Hypertension is often treated with L-type 
voltage- operated calcium channel blocking 
drugs, nifedipine being among the most classi-
cal ones. Nifedipine had positive effects on the 
production of collagen type II and proteoglycans 
in both cell types, implying potentially beneficial 
anabolic responses in articular cartilage. These 
results highlight a potential link between antihy-
pertensive drugs and cellular changes that occur 
in chondrocytes in OA cartilage.

5.8  Hormone Balance and Its 
Effect on Bone and Cartilage 
Health

Estrogen is the major hormonal regulator of 
bone metabolism in both women and men and is 
important for maintaining bone formation at the 
cellular level. In young men, the most significant 
hormonal determinants of the BMD of the hip 
and of the cortical thickness of the femoral neck 

are 17𝛽-estradiol and IGF-1 while in aged men 
(over 60 years) the BMD was not correlated with 
IGF-1 at any site but only at 17𝛽-estradiol. On 
the other hand, long-term androgen deficiency 
can result in a decrease in the calcium content of 
both tibia and lumbar vertebrae.

A serum workup of growth hormones such 
as GH and IGF-1 is also necessary for complete 
analysis of bone homeostasis. GH and IGF-1 
are fundamental in achieving a normal longitu-
dinal bone growth and mass during the postna-
tal period and, in association with sex steroids, 
play a major role in bone growth and develop-
ment. For instance, recently it was demonstrated 
that low serum IGF-1 levels were associated with 
an increased risk of fractures of about 40%. GH 
is the major determinant of stimulation of pro-
genitor cells and interacts with progenitor cells 
in adipose tissue and cartilage and IGF-1 stimu-
late a subsequent clonal expansion. Osteoblasts 
and chondrocytes have receptors for GH and 
the administration of GH at physiological doses 
exerts a direct action on osteoblasts, stimulat-
ing cell proliferation and differentiation. IGF-1 
reduces osteoblast apoptosis and promotes 
osteoblastogenesis.

Thyroid hormones exert widespread and com-
plex actions in almost all tissues during develop-
ment, throughout childhood and in adults. Both 
receptor isoforms (TRa1 and TRb1) are pres-
ent in growth plate chondrocytes, bone marrow 
stromal cells, and bone-forming osteoblasts. T3 
stimulates synthesis and post-translational modi-
fication of type I collagen, induces expression of 
alkaline phosphatase, and regulates synthesis and 
secretion of the bone matrix proteins osteopontin 
and osteocalcin. T3 also promotes bone matrix 
remodeling by stimulating  expression of matrix 
metallo-proteinases-9 and -13. Furthermore, thy-
roid hormones regulate key pathways involved 
in osteoblast proliferation and differentiation, 
inhibiting osteoclastostogenesis by regulating 
osteoprotogerin, a decoy receptor that ultimately 
inhibits receptor activator of nuclear factor-kB 
ligand (RANK-L). From a clinical point of view, 
in hypothyroidism there is reduced bone turnover 
which leads to prolonged period of secondary 
mineralization. Conversely, in thyrotoxicosis, 
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high bone turnover osteoporosis is due to short-
ening of the remodeling cycle with uncoupling 
of the activities of osteoclast and osteoblasts that 
results in a loss of about 10% of mineralized 
bone per cycle. Consistent with histomorphom-
etry data, population studies have demonstrated 
that hypothyroidism is associated with a two- to 
three-fold increased risk of fracture, while thyro-
toxicosis is an established cause of osteoporosis 
and fragility fracture.

5.9  The Role of Hormones 
in Tendinopathies

One of the most important hormones to pursue 
optimal levels is insulin. Is also very manda-
tory to monitor the levels of fasting glucose and 
HbA1C. It has been shown that at humoral level, 
higher levels of interleukin-1 beta (IL-1-β) and 
advanced glycated end-products (AGEs) have 
been showed in tendons of diabetic patients. 
Diabetes increases chronic inflammation, TNF-
a, IL1-β, and AGEs in the tendons, increasing 
the risk of rupture and tendinopathies. High glu-
cose concentration upregulates the expression of 
MMP-9 and MMP-13 in tenocytes.

Sex hormones also play a vital role in ten-
don healing. Protein analysis has been showing 
that estrogen and progesterone upregulate gene 
expression for the proteoglycans aggrecan, bigly-
can, decorin, and versican in tendons. In addition, 
estrogen deficiency negatively affects tendon 
metabolism and healing, reducing proliferation 
rate, increasing apoptosis and altering tendons 
composition in terms of collagen I, aggrecan 
and elastin. Mainly because tendons express 
the estrogen receptors α and β. Normal and dis-
eased tendons of both male and female patients 
expressed both estrogen receptors. Conversely, 
physiological high concentration of estrogen in 
young athletes is coupled to enhanced joint laxity 
may enhance the risk of injuries.

Androgens administration reduces MMP 
expression in tendons, positively affecting tissue 

remodeling during different training programs. In 
vitro, progressive increasing concentration of tes-
tosterone has direct effects on male human teno-
cytes, increasing cell number after 48 and 72 h 
of treatment. But testosterone abuse administra-
tion can lead to the alterations of biomechanical 
properties of tendons, reduction of elastic prop-
erties, tendon dysfunction, and fibrosis, with a 
higher incidence of spontaneous tendon ruptures. 
Actually, the balancing of both estrogen and tes-
tosterone in physiological concentration seems to 
be important for tendon health and physical func-
tion, whereas very low or high concentrations of 
endogenous or exogenous administrated sex hor-
mones may lead to an enhanced risk of injuries 
and inadequate adaptation to mechanical loading.

GH/IGF-1 system is closely linked to colla-
gen synthesis and connective tissue maturation. 
A study on short-term explant culture of the deep 
flexor tendon in rabbits showed that tenocytes 
increase their ability to repair and to regener-
ate ECM if they are cultured with recombinant 
human insulin-like growth factor (rhIGF-I). In 
humans, increased GH availability stimulates 
collagen synthesis in skeletal muscle and tendon, 
potentially increasing the cross-sectional area of 
tendons, but without any effect upon myofibrillar 
protein synthesis, which represents a controversy 
on literature.

Lastly, the effects of thyroid hormones in ten-
dons are mediated by receptors (TR)-α and -β 
that seem to be ubiquitous. In particular, T3 and 
T4 play an antiapoptotic role on tenocytes and 
cell proliferation, causing an increase in vital 
tenocytes isolated from tendons in  vitro and a 
reduction of apoptotic ones; they are also able 
to influence extracellular matrix proteins secre-
tion in  vitro from tenocytes, enhancing colla-
gen production. From a clinical point of view, 
tendinopathy can be the presenting complaint 
in hypothyroidism, which causes accumulation 
of glycosaminoglycans (GAGs) in the ECM, 
and symptomatic relief can be obtained by 
appropriate management of the primary thyroid 
deficiency.
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Bone Anatomy and Healing 
Process of a Fracture

Umile Giuseppe Longo, Giovanna Stelitano, 
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6.1  Bone Structure 
and Functions

Bone is the skeletal system element which pro-
vides body shape, mechanical supports for mus-
cles and soft tissues, allowing the movement [1]. 
Its mechanical characteristics of stiffness and 
strength give it the ability to tolerate heavy load 
without failure. Bones participation in mineral 
homeostasis and endocrine metabolism is widely 
recognized, thanks to their composition of min-
eral crystals and calcium, essential ions for phys-
iological mechanisms [2]. Bone is a complex 
structure made by cellular elements, extracellular 
matrix (ECM), and lipids. It is composed of 20% 
of water, while the remaining part consists 
respectively of 35% and 70% of organic and inor-
ganic substances [3]. The cellular population 
includes osteoblasts, osteocytes, osteoclasts, and 
osteogenic precursors. Osteoblasts perform the 
critical role of collagen producers [3]. They rep-
resent the essential cellular shape because of 
their implication into synthesis and regulation of 
the ECM and in blood-calcium homeostasis, act-
ing as mechanosensors for bones. Osteocytes can 

be considered as the mature form of osteoblasts, 
placed in the lacunae: it is no coincidence that 
they share the same mesenchymal precursor cell 
[4]. Osteoclasts, instead, derived from the 
macrophage- monocyte line. In essence, their pri-
mary role is to produce proteolytic enzymes even 
if they are involved in bone resorption and osse-
ous fracture healing.

Bone ECM is made of an organic and inor-
ganic phase. The organic one is predominantly 
made of type I collagen fibers, noncollagenous 
elements like proteoglycans, glycoproteins, 
osteonectin, fibronectin, osteopontin, osteocal-
cin, and phospholipids [5, 6]. In reverse, the inor-
ganic substance is characterized by the almost 
whole presence of crystalline mineral salts and 
calcium structured in hydroxyapatite [7]. Bones 
own a complex vascularization system which 
plays a critical function in the maintenance of 
osseous integrity. It is possible to distinguish a 
periosteal and a medullary circulation [8]. The 
first one is responsible for blood supply of the 
periosteum and the higher cortical area, while the 
medullary flow provides the vascular supply to 
the bone marrow and the lower cortical area [9].

Two different kinds of bone exist: the cancel-
lous and cortical bone. The first type, also known 
as trabecular bone because of its trabeculae units, 
is placed the flat and cuboidal bones and in the 
extremities of long bones [10]. The cortical bone, 
instead, made of cylindrical structures called 
osteons or Haversian systems and of many 
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 lamellae around the Haversian canal, is present in 
the external surfaces of the long bones. The corti-
cal bone has a mature form defined lamellar bone 
that is typically not detectable in the cortical 
osseous zone [11]. In the healing process, a tran-
sitory irregular structure made of disorganized 
collagen fibers and casually dispersed crystals 
precedes the lamellar bone apposition.

6.2  Bony Fracture

Fracture consists of the effect of single or 
repeated excessive loads to which the bone is 
subjected. It causes a deterioration of bone conti-
nuity which brings to pathological deformation, 
failure of bone structure, impairment of bone 
function, and discomfort. Bone surface separa-
tion makes a cavitation, causing critical soft- 
tissue injury [12]. Even if the fracture of bone 
mainly represents a mechanical event, it involves 
complicated biological responses like the vascu-
lar and the molecular ones [13]. The rupture of 
blood vessels both within the bone and the peri-
osteum can be observed [14, 15]. Blood vessels 
damage owns an essential impact on fracture 
healing because the blood supply is essential to 
restore the adequate environment for bone forma-
tion and resorption, contributing to the diffusion 
of freed biochemical factors which support the 
healing [16]. After fracture, a decrease of nearly 
50% of bone cortical circulation has been 
observed. The cause of this reduction seems to be 
the vasoconstriction in the periosteal and the 
medullary vascular structures, consequence of 
the injury [17, 18]. Throughout the repair pro-
cess, however, a growing hyperemia occurs in the 
nearby intraosseous and extraosseous vascular-
ization, touching the acme in 14  days. 
Consequently, blood provision in the callus area 
slowly declines encore. Meantime, the disorder 
of the medullary system causes a reversal of the 
physiological centripetal circulation. It is impor-
tant to consider that the vascularization of callus 
is essential and has a leading function in the out-
come of healing. Bone can only develop if sus-
tained by a substantial blood supply: cartilage 
will not survive in the lack of adequate vascular-

ization. Many factors could influence blood sup-
ply. They are listed as follows [19]:

 1. The mechanism of injury: the energy of the 
trauma, the direction, the distribution of 
strengths in the fracture zone could cause the 
kind of fracture and the presence of related soft-
tissue lesions. This last point plays a crucial role, 
considering that the blood provision to the callus 
zone come from the adjacent soft tissues.

 2. Initial patient management: it is essential to 
transport the patient avoiding the mobilization 
at the fracture site that could worsen the 
injury.

 3. Patient resuscitation: critical conditions as 
hypovolemia, hypoxia, and coagulopathy 
could raise bone and soft-tissue injuries.

 4. Comorbidities: peripheral vascular disease 
and diabetes (thanks to its microangiopathy) 
can compromise blood supply.

6.3  Biology of Fracture Healing

Fracture healing represents a biological mecha-
nism of great importance necessary to wholly 
replace the lamellar bone to its initial state, reac-
quiring the primary bone force. Bone represents a 
specialized tissue: its healing doesn’t presuppose 
fibrous scar development. Two different kinds of 
fracture healing were identified: primary (direct) 
and secondary (indirect) mechanisms.

6.3.1  Direct (Primary) Bone Healing

Direct mechanism is a biological process of osse-
ous remodeling quicker than the secondary one 
[19]. This healing process includes intramembra-
nous bone production and direct cortical remod-
eling, but not bone callus apposition.

It necessarily occurs in a condition of high sta-
bility, if rigid internal fixation diminishes the 
mobilization of the fracture parts, decreasing 
interfragmentary strain and, in practice, is the 
rarest type [17, 20]. Under these conditions, the 
osteons of the Haversian system can travel along 
the length of the bone crossing the fracture zone 
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and connect the lacking space putting down cyl-
inders of bone, known as “cutting cones.” Thus, 
the formation of numerous osteons heals the frac-
ture. This mechanism is supported by the genera-
tion of new blood vessels, together with 
endothelial and perivascular mesenchymal cells, 
that represent the osteoprogenitors for osteo-
blasts [21]. Osteonal activity grows near the frac-
ture site, and this phenomenon, which probably 
plays a crucial role in direct fracture healing, is 
identified as “regional acceleratory phenome-
non” (RAP). The mechanism of RAP is still 
unclear, but it seems to be regulated by the equal 
molecular pathways observed in [22]. The com-
plete healing process is achieved in a period 
among some months or some years, and the 
whole healing is considered happened if the two 
parts of the cortical bone are fused together, rees-
tablishing connection.

6.3.2  Indirect (Secondary) Bone 
Healing

Indirect bone healing represents the normal way 
of bone restore, and it occurs in a condition of 
relative stability (flexible fixation methods). This 
mechanism remembers the embryological bone 
process of development and comprises intra-
membranous and endochondral bone apposition 
[23]. It is marked by the formation of bone callus. 
For this reason, it can also be identified as endo-
chondral ossification, or callus healing. It com-
prises four stages with different characteristics, 
even if there is a seamless passage from one 
phase to another. The four phases of the second-
ary healing process are as follows:

 – Inflammation
 – Soft callus formation
 – Hard callus formation
 – Remodeling

6.3.3  Inflammation

The inflammatory response represents the first 
mechanism that starts immediately after a frac-

ture. It usually lasts about 1–7 days after fracture 
when fibrosis, cartilage, or bone formation occurs 
[21]. The release of powerful cytokines, result of 
soft-tissue injury and platelets degranulation, trig-
gers the inflammatory cascade. Thus, vasodilata-
tion, hyperemia, migration, and proliferation of 
inflammatory cells take place. Inflammation is 
characterized by the hematoma formation, inflam-
matory exudation from damaged vascular struc-
tures and bone necrosis, detected in the final part 
of fracture segments. The hematoma, made of a 
network of fibrin, reticulin, and collagen fibril, is 
consequence of bleeding from the periosteal ves-
sels inside the medullary canal and under the peri-
osteum [24]. Granulation tissue gradually 
replaced it. Then, platelets aggregation and neo-
angiogenesis occur [25]. Vascular damage 
deprives osteocytes of oxygen at the ends of the 
fracture sites, and this causes tissue degeneration 
and/or necrosis. Macrophages phagocytize the 
degenerated zones and stimulate the reformation 
phase, thanks to the release of signaling factors 
and growth factors. During this healing stage, 
inflammatory molecule levels like interleukin- 1 
(IL-1), IL-6, IL-11, IL-18, tumor necrosis factor-α 
(TNF-α) [26], bone morphogenic proteins, bFGF, 
transforming growth factor-β (TGF- β), platelet-
derived growth factor (PDGF), and insulin-like 
growth factor (IGF) are significantly raised [27]. 
Each of these mediators has an essential part in 
the healing mechanism, thanks to their chemotac-
tic effects on other inflammatory cells. They drive 
migration, recruitment, and proliferation of the 
cellular elements implicated in healing process 
[28]. These cellular elements fill the fracture 
space through the production of granulation tis-
sue. In this stage, a soft callus is generated, and 
the free mobilization of the osseous fractured 
parts is diminished. It is important to underline 
that lymphocytes aren’t need to start the wound 
healing, even if a physiological outcome of tissue 
repair strictly required an unimpaired cellular 
immune response [29]. The alteration of lympho-
cyte immune mechanisms, in fact, could cause a 
generalized immunosuppression, which raises 
predisposition to infection and sepsis. Even if the 
specific onset of post-traumatic immune suppres-
sion is still unclear, stress hormones and immuno-
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suppressive mediators (cytokines, prostaglandins, 
and nitric oxide) stimulate the lymphocytes nega-
tively [30].

On the other hand, macrophages are widely 
detected in fibrous callus structure and in a part 
of the fresh created osseous tissue. They are the 
main responsible for the regulation of the early 
healing stages, driving the differentiation of pro-
genitors and controlling blood supply.

6.3.4  Soft Callus Formation

The growth of callus marks the soft callus phase, 
which occurs approximately 2–3 weeks after the 
fracture. During this period, the bone fragments 
are no able to move freely and, usually, pain and 
swelling have decreased [31]. The soft callus for-
mation is marked by the differentiation of the 
progenitor cellular elements into osteoblasts 
[32]. Osteoblast are responsible for the intra-
membranous bone apposition. They create a cuff 
of woven bone on these areas, far from the frac-
ture site, which fills the intramedullary canal. At 
the same time, near to the fracture site, mesen-
chymal progenitors proliferate and move into the 
callus, becoming fibroblasts, chondrocytes, and 
generating the extracellular matrix that replaces 
the hematoma [12, 20]. The neoformation of cap-
illaries inside the callus and the raised vascular-
ization develop. During the last phase of callus 
production, stability results sufficient to avoid 
shortening, even if angulation at the fracture ele-
ments may yet happen.

6.3.5  Hard Callus Formation

When the soft callus connects the fracture frag-
ments, the hard callus phase begins. This stage 
lasts 3–4 months until the bone parts result firmly 
consolidated by new bone [33, 34]. As intramem-
branous bone formation proceeds, the soft callus 
which has filled the fracture gap is converted into 
calcified tissue through to the endochondral ossi-
fication process driven by osteoblasts [35]. Hard 
callus growth commences peripherally, in the 
region mechanically less stable and in which the 

strain is lowest. Slowly, endochondral bone for-
mation progresses in the center of the fracture 
site. The narrowing fracture space increases the 
strain until the fracture site is wholly filled by 
osteoblasts that assume a spiral organization to 
decrease strain and support woven bone produc-
tion. The apposition of hard callus finally guaran-
tees the stabilization of the fracture [33]. The 
endochondral bone ossification in the cartilagi-
nous callus is regulated by several molecular sig-
nals (TGF-β2 and -β3, BMPs). Their principal 
action is both mitogenic and angiogenic, consid-
ering that vascularization is essential for bone 
formation [36].

6.3.6  Remodeling

After the hard callus development, the woven 
bone strictly links the bone fragments. From this 
point on, the remodeling stage occurs [37]. 
During this stage, the woven bone is slowly sup-
planted by lamellar tissue by the processes of sur-
face erosion and osteonal remodeling. 
Remodeling can last variably from some months 
to a number of years, until the original osseous 
properties, including shape, size, restoration of 
the medullary canal and biomechanical compe-
tency, are restored [38]. The protagonists of this 
phase are the cellular bone elements. 
Simultaneously, the osteoclasts remove the 
woven tissue while osteoblasts substitute the 
matrix with the lamellar one [39]. Osteoclasts 
polarized to connect to the mineralized area. 
They build a ruffled border, where acid and pro-
teinases are put on the resorption area. Bone 
resorption makes erosive pits on the osseous 
superficial area called “Howship’s lacuna.” Once 
this process is ended, osteoblasts can put down 
lamellar bone on the eroded surface [40]. 
Lamellae are distributed parallel to the longitudi-
nal axis of the highest strength with the aim to 
guarantee the stability and force at the fracture 
zone. Sufficient strength is claimed to improve 
osteogenesis and guide the right geometric con-
figuration of osteons. Muscular strengths present 
during physical activity create mechanical bone 
forces that stimulate the remodeling [41, 42].
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Several proinflammatory signals mediate the 
remodeling phase. Among these IL-1, IL-6, and 
IL-11, TNF-α, IL-12, and interferon-γ (IFN-γ) 
together with the growth hormone and parathy-
roid hormone have critical part in the healing and 
strengthening of the fractured callus.

6.3.7  Molecular Signaling

The cascade of molecular pathways in fracture 
healing is tightly regulated through several 
growth factors and biological mediators liberated 
by the damaged bone [30].

The early phases of healing, for example, is 
marked by the over-expression of genes linked to 
cell cycle and cell-to-cell signaling. Among 
these, IL-1 and IL-6, IGF-1 and IGF-2, PDGF, 
FGF receptor, fibronectin, MMPs, glypican, 
osteomodulin, osteonectin, tenascin C, cartilage, 
and collagen represent the most involved 
molecules.

Genes regulating cell growth and survival are 
consistently upregulated. They would be respon-
sible for the differentiation of osteogenic precur-
sors and bone matrix apposition [43]. In the 
healing process, bone morphogenetic proteins 
(BMPs) play an essential role: they are consid-
ered the main inducers of bone development. 
These factors regulate chondro-osteogenesis, 
chemotaxis, proliferation, and cellular differenti-
ation and they seem to be also involved in the 
angiogenesis events. BMPs also control ECM 
synthesis, and they have an essential function in 
the recruitment of progenitors [44]. FGF, vascu-
lar endothelial growth factor (VEGF) [45], and 
angiopoietins 1 and 2 are molecular factors 
implicated in the vascular ingrowth during callus 
developing. Latest researches have shown the 
implication of hypoxia-inducible factor-1a 
(HIF-1a) in bone healing: the hypoxic gradient 
would regulate mesenchymal stem cell progeni-
tor displacements [46]. Finally, platelets give a 
contribution to the bone repair [47]. They would 
induce cell migration, differentiation, neo- 
vascularization, and mobilization of inflamma-
tory cellular elements.

6.4  Fracture Healing 
Complications

Fracture healing can lead to several complica-
tions divided, on the basis of temporal criteria, as 
follows:

 – Immediate complications which include sys-
temic hypovolemic shock, major vessels inju-
ries, muscular and tendon tears, articular and 
local viscera injuries.

 – Early complications such as hypovolemic 
shock, ARDS, fat embolism syndrome [48], 
deep vein thrombosis, pulmonary syndrome, 
septicemia, crush and compartment syndrome, 
infection [49].

 – Late complications which comprehend delayed 
union, nonunion [50], malunion, cross union 
and avascular necrosis, articular stiffness, 
Sudeck’s dystrophy, osteomyelitis, ischemia, 
myositis ossificans, and osteoarthritis [51].

Other problems to consider are discomfort, 
nerves and vessels damages, infection, wound 
disorders, instability, and hematoma [52]. These 
conditions occur most frequently in fractures 
derived from high-impact trauma, while low- 
energy injuries are rarely associated with severe 
problems [53]. The soft-tissue integrity, the char-
acteristics of the trauma, fracture comminution 
and dislocation, contamination, kind of treat-
ment, related damages have different impact on 
the fracture healing process [54] [55].

References

 1. Marolt D, Knezevic M, Novakovic GV. Bone tissue 
engineering with human stem cells. Stem Cell Res 
Ther. 2010;1:10.

 2. Healy KE, Guldberg RE. Bone tissue engineering. J 
Musculoskelet Neuronal Interact. 2007;7:328–30.

 3. Bigham-Sadegh A, Oryan A. Basic concepts regard-
ing fracture healing and the current options and future 
directions in managing bone fractures. Int Wound J. 
2015;12:238–47.

 4. Shapiro F. Bone development and its relation to frac-
ture repair. The role of mesenchymal osteoblasts and 
surface osteoblasts. Eur Cell Mater. 2008;15:53–76.

6 Bone Anatomy and Healing Process of a Fracture



80

 5. Wang M, Yang N, Wang X.  A review of computa-
tional models of bone fracture healing. Med Biol Eng 
Comput. 2017;55:1895–914.

 6. Forriol F, et al. Platelet-rich plasma, rhOP-1 (rhBMP-
 7) and frozen rib allograft for the reconstruction of 
bony mandibular defects in sheep. A pilot experimen-
tal study. Injury. 2009;40(Suppl 3):S44–9.

 7. Giannoudis P, Tzioupis C, Almalki T, Buckley 
R.  Fracture healing in osteoporotic fractures: is it 
really different? A basic science perspective. Injury. 
2007;38(Suppl 1):S90–9.

 8. Boskey AL, Coleman R. Aging and bone. J Dent Res. 
2010;89:1333–48.

 9. Ulstrup AK. Biomechanical concepts of fracture heal-
ing in weight-bearing long bones. Acta Orthop Belg. 
2008;74:291–302.

 10. Feng X, McDonald JM. Disorders of bone remodel-
ing. Annu Rev Pathol. 2011;6:121–45.

 11. Salgado AJ, Coutinho OP, Reis RL. Bone tissue engi-
neering: state of the art and future trends. Macromol 
Biosci. 2004;4:743–65.

 12. Doblaré M, García JM.  On the modelling bone tis-
sue fracture and healing of the bone tissue. Acta Cient 
Venez. 2003;54:58–75.

 13. Chen G, et  al. Simulation of the nutrient supply in 
fracture healing. J Biomech. 2009;42:2575–83.

 14. Kanczler JM, Oreffo RO.  Osteogenesis and angio-
genesis: the potential for engineering bone. Eur Cell 
Mater. 2008;15:100–14.

 15. van der Wal KG.  Chain saw injuries in the man-
dibulofacial region. Ned Tijdschr Tandheelkd. 
1984;91:275–6.

 16. Augat P, Simon U, Liedert A, Claes L. Mechanics and 
mechano-biology of fracture healing in normal and 
osteoporotic bone. Osteoporos Int. 2005;16(Suppl 
2):S36–43.

 17. Tsiridis E, Upadhyay N, Giannoudis P.  Molecular 
aspects of fracture healing: which are the important 
molecules? Injury. 2007;38(Suppl 1):S11–25.

 18. Jeon S, et al. Assessment of neovascularization during 
bone healing using contrast-enhanced ultrasonogra-
phy in a canine tibial osteotomy model: a preliminary 
study. J Vet Sci. 2020;21:e10.

 19. Hajnovic L, Sefranek V, Schütz L. Influence of blood 
supply on fracture healing of vertebral bodies. Eur J 
Orthop Surg Traumatol. 2018;28:373–80.

 20. Marsell R, Einhorn TA. The biology of fracture heal-
ing. Injury. 2011;42:551–5.

 21. Phillips AM.  Overview of the fracture healing cas-
cade. Injury. 2005;36(Suppl 3):S5–7.

 22. Schindeler A, McDonald MM, Bokko P, Little 
DG. Bone remodeling during fracture repair: the cel-
lular picture. Semin Cell Dev Biol. 2008;19:459–66.

 23. Sathyendra V, Darowish M.  Basic science of bone 
healing. Hand Clin. 2013;29:473–81.

 24. LaStayo PC, Winters KM, Hardy M. Fracture heal-
ing: bone healing, fracture management, and cur-
rent concepts related to the hand. J Hand Ther. 
2003;16:81–93.

 25. Greenbaum MA, Kanat IO. Current concepts in bone 
healing. Review of the literature. J Am Podiatr Med 
Assoc. 1993;83:123–9.

 26. Glass GE, et al. TNF-alpha promotes fracture repair 
by augmenting the recruitment and differentiation of 
muscle-derived stromal cells. Proc Natl Acad Sci U S 
A. 2011;108:1585–90.

 27. Mountziaris PM, Mikos AG.  Modulation of the 
inflammatory response for enhanced bone tissue 
regeneration. Tissue Eng Part B Rev. 2008;14:179–86.

 28. Giannoudis PV, et al. Inflammation, bone healing, and 
anti-inflammatory drugs: an update. J Orthop Trauma. 
2015;29(Suppl 12):S6–9.

 29. Kolar P, et  al. The early fracture hematoma and its 
potential role in fracture healing. Tissue Eng Part B 
Rev. 2010;16:427–34.

 30. Lauzon MA, Bergeron E, Marcos B, Faucheux 
N.  Bone repair: new developments in growth factor 
delivery systems and their mathematical modeling. J 
Control Release. 2012;162:502–20.

 31. Yamagiwa H, Endo N. Bone fracture and the healing 
mechanisms. Histological aspect of fracture heal-
ing. Primary and secondary healing. Clin Calcium. 
2009;19:627–33.

 32. Liebschner MA.  Biomechanical considerations of 
animal models used in tissue engineering of bone. 
Biomaterials. 2004;25:1697–714.

 33. Cheung WH, Miclau T, Chow SK, Yang FF, Alt 
V.  Fracture healing in osteoporotic bone. Injury. 
2016;47(Suppl 2):S21–6.

 34. Karladani AH, Granhed H, Kärrholm J, Styf J.  The 
influence of fracture etiology and type on fracture 
healing: a review of 104 consecutive tibial shaft frac-
tures. Arch Orthop Trauma Surg. 2001;121:325–8.

 35. Schlundt C, et al. Macrophages in bone fracture heal-
ing: their essential role in endochondral ossification. 
Bone. 2018;106:78–89.

 36. Mathavan N, Raina DB, Tägil M, Isaksson 
H. Longitudinal in vivo monitoring of callus remod-
eling in BMP-7- and zoledronate-treated fractures. J 
Orthop Res. 2020;

 37. Oryan A, Moshiri A, Meimandiparizi AH. Effects of 
sodium-hyaluronate and glucosamine-chondroitin 
sulfate on remodeling stage of tenotomized superficial 
digital flexor tendon in rabbits: a clinical, histopatho-
logical, ultrastructural, and biomechanical study. 
Connect Tissue Res. 2011;52:329–39.

 38. Puzas JE, O'Keefe RJ, Schwarz EM, Zhang 
X. Pharmacologic modulators of fracture healing: the 
role of cyclooxygenase inhibition. J Musculoskelet 
Neuronal Interact. 2003;3:308–12. discussion 
320–301

 39. Marongiu G, Dolci A, Verona M, Capone A. The biol-
ogy and treatment of acute long-bones diaphyseal 
fractures: overview of the current options for bone 
healing enhancement. Bone Rep. 2020;12:100249.

 40. Sen C, Prasad J. Exploring conditions that make corti-
cal bone geometry optimal for physiological loading. 
Biomech Model Mechanobiol. 2019;18:1335–49.

U. G. Longo et al.



81

 41. Arvidson K, et al. Bone regeneration and stem cells. J 
Cell Mol Med. 2011;15:718–46.

 42. Schroeder JE, Mosheiff R.  Tissue engineering 
approaches for bone repair: concepts and evidence. 
Injury. 2011;42:609–13.

 43. Sandberg MM, Aro HT, Vuorio EI. Gene expression dur-
ing bone repair. Clin Orthop Relat Res. 1993:292–312.

 44. Valiya Kambrath A, Williams JN, Sankar U.  An 
improved methodology to evaluate cell and molecular 
signals in the reparative callus during fracture healing. 
J Histochem Cytochem. 2020;68:199–208.

 45. Keramaris NC, Calori GM, Nikolaou VS, Schemitsch 
EH, Giannoudis PV.  Fracture vascularity and 
bone healing: a systematic review of the role of 
VEGF. Injury. 2008;39(Suppl 2):S45–57.

 46. Nakajima F, et al. Spatial and temporal gene expres-
sion in chondrogenesis during fracture healing and the 
effects of basic fibroblast growth factor. J Orthop Res. 
2001;19:935–44.

 47. Majidinia M, Sadeghpour A, Yousefi B. The roles of 
signaling pathways in bone repair and regeneration. J 
Cell Physiol. 2018;233:2937–48.

 48. Fukumoto LE, Fukumoto KD.  Fat Embolism 
Syndrome. Nurs Clin North Am. 2018;53:335–47.

 49. Altizer L.  Compartment syndrome. Orthop Nurs. 
2004;23:391–6.

 50. Runkel M, Rommens PM.  Pseudoarthrosis. 
Unfallchirurg. 2000;103:51–63. quiz 63

 51. Dürr W.  Sudeck's disease after radius fracture. 
Langenbecks Arch Chir Suppl II Verh Dtsch Ges Chir. 
1990:693–9.

 52. Jha S, Blau JE, Bhattacharyya T. Normal and delayed 
fracture healing: symphony and cacophony. Horm 
Metab Res. 2016;48:779–84.

 53. Weber B, et al. Systemic and cardiac alterations after 
long bone fracture. Shock. 2020;54(6):761–73.

 54. Szczęsny G.  Fracture healing and its disturbances. 
A Literature Review. Ortop Traumatol Rehabil. 
2015;17:437–54.

 55. Longo UG, et  al. Tissue engineered strategies for 
pseudoarthrosis. Open Orthop J. 2012;6:564–70.

6 Bone Anatomy and Healing Process of a Fracture



83© ISAKOS 2022 
A. Gobbi et al. (eds.), Joint Function Preservation, https://doi.org/10.1007/978-3-030-82958-2_7

The Osteochondral Unit

Tomoyuki Nakasa and Nobuo Adachi

7.1  Introduction

With the development of various technologies, 
the concept of “joint preservation” has become 
increasingly important in the orthopedic field. 
The strategies for joint preservation aim to 
achieve two things: one is to prevent or delay 
development of osteoarthritis (OA), and the other 
is to treat joints which have already developed 
OA, to preserve or restore joint function. The 
articular joint is composed of various structures 
such as articular cartilage, bone, synovium, liga-
ment, and meniscus, which are responsible for 
joint function. The main functions of the joint are 
to achieve smooth movement and to support 
weight-bearing. Articular cartilage plays a cru-
cial role in these functions. Homeostasis of artic-
ular cartilage is maintained by the subchondral 
bone which underlies the articular cartilage. The 
interaction between articular cartilage and sub-
chondral bone allows for joint articulation and 
weight-bearing. Thus, this structure of articular 
cartilage and subchondral bone, known as “osteo-
chondral unit,” should be well understood for 
joint preservation. Severe damage and degenera-
tion of the osteochondral unit causes limited joint 
function. Therefore, the most important strategic 
factor for joint preservation is the restoration of 

the osteochondral unit. There are many reports of 
therapeutic strategies, which focused only on the 
repair of the articular cartilage. However, repair 
of the osteochondral unit including the subchon-
dral bone is necessary for a good outcome 
because the subchondral bone plays an important 
role in articular cartilage function.

7.1.1  Structure of the Osteochondral 
Unit

The osteochondral unit is composed of hyaline 
cartilage and subchondral bone. Articular carti-
lage plays a role in both the absorption of stress 
and the lubrication of the articular surface. To 
enable this function, articular cartilage has a 
unique structure. It is composed of a small num-
ber of chondrocytes, has an extracellular matrix 
(ECM) containing collagens and proteoglycans, 
and it does not have nerve, blood, and lymphatic 
vessels. Chondrocytes account for 2% of the 
total volume of articular cartilage, and mature 
chondrocytes are responsible for cartilage 
metabolism including the synthesis and degrada-
tion of proteoglycans and collagens. The chon-
drocyte metabolism is influenced by systemic or 
local factors such as inflammation and mechani-
cal stress, and cartilage degeneration occurs 
when the balance between synthesis and degra-
dation is lost.
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Articular cartilage has multiple layers within 
four zones: a superficial/tangential zone, a transi-
tional zone, a deep/radial zone, and a calcified 
zone. The superficial layer contains “lamina 
splendens” which is a network of collagen fibers 
running parallel to the joint surface. There is a 
glycoprotein called lubricin, which plays an 
important role in maintaining lubrication. In the 
deeper part of the superficial zone, known as the 
tangential zone, chondrocytes are flat, the matrix 
fibers are parallel to the joint surface, and the con-
tent of the proteoglycans is low. In the transitional 
zone, the matrix fibers are reticulated and become 
deeply vertical. The morphology of chondrocytes 
is rounded and large. The radial zone is the major 
part of the articular cartilage, and chondrocytes 
here are spherical and numerous. The chondro-
cytes in the transitional and radial zones have a 
well-developed rough endoplasmic reticulum and 
Golgi apparatus, and actively produce cartilage 
matrix. The radial zone and calcified zone have a 
boundary between them called a tidemark. The 
articular cartilage is connected by the calcified 
cartilage to the subchondral bone, and this calci-
fied cartilage boundary is known as a cement line. 
This cement line boundary has no crossing colla-
gen fibrils, which makes it the weakest point in 
the osteochondral unit. Calcified cartilage enables 
continuous remodeling, which contributes to the 
natural healing of the base of the cartilage.

Subchondral bone is composed of subchondral 
spongiosa and a subchondral bone plate which is 
a metaphyseal trabecular bone. The subchondral 
bone plate has small holes through which blood 
vessels penetrate the calcified layer from the sub-
chondral spongiosa. These blood vessels feed the 
chondrocytes in the calcified layer. One of the 
most important functions of the subchondral bone 
is to absorb the load in cooperation with the artic-
ular cartilage, and it has a structure that is more 
effective than the articular cartilage at absorbing 
loads. This structure of the osteochondral unit 
with its multiple layers enables to transmission 
and distribution of the force required for the 
mechanical adaptation to the joint (Fig. 7.1).

7.1.2  Interaction between Articular 
Cartilage and Subchondral 
Bone

In the osteochondral unit, articular cartilage and 
subchondral bone have crosstalk to maintain 
homeostasis. The osteochondral unit plays a role 
in the load-bearing capacity of the joint. 
Subchondral bone supports the cartilage by dis-
tributing the joint force. About 30% of the load is 
absorbed by normal subchondral bone and 1–3% 
of that is absorbed by cartilage [1]. Subchondral 
bone has a greater shock-absorbing ability than 
cartilage, and it works as the primary shock 
absorber to support cartilage [2]. However, dam-
age such as microfractures of the subchondral 
bone changes the elasticity of the bone by abnor-
mal remodeling, which no longer acts as a shock 
absorber and subsequently leads to cartilage 
degeneration [3, 4]. The osteochondral unit fully 
functions as a physiological shock absorber.

Subchondral bone also plays an important role 
in cartilage nutrition. Cartilage is nourished in 
two different ways. The superficial zone of carti-
lage mainly gets nutrition through diffusion via 
the synovial fluid. On the other hand, vascularity 
from the subchondral bone nourishes the deep 
and calcified layer [5–7]. The arteriovenous com-
plex and nerve penetrate the subchondral bone 
through the canals, which play an important role 
in the healing of calcified cartilage. These vessels 
are observed more in the load-bearing areas of 
the articular cartilage than in other areas [8]. 
However, nutrients can diffuse to uncalcified car-
tilage from the subchondral bone [5, 9]. Vessels 
at the highly load-bearing area provide high 
blood flow containing nutrients by responding to 
non-physiological loads, which enable natural 
healing. However, excessive load on the degener-
ated cartilage inhibits the supply of nutrients 
from the subchondral bone to the cartilage [10]. 
Larger molecules are transported through the 
canalicular/lacunar network [11, 12]. It is impor-
tant to keep the subchondral bone in good condi-
tion for cartilage nutrition.
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Fig. 7.1 The structure of normal articular cartilage. Arrow head indicates vessel from the subchondral bone into the 
calcified zone
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7.1.3  Pathological Changes 
of the Osteochondral Unit

Pathological changes of the osteochondral unit 
include cartilage defect, osteochondral lesion, 
and osteoarthritis (OA). As for the focal cartilage 
defect, loading of the focal cartilage defect results 
in abnormal loading on the surrounding cartilage, 
which leads to expansion of the cartilage degen-
eration [13–15]. Degeneration of the surrounding 
cartilage due to breakdown of the osteochondral 
unit could be a risk factor for OA progression in 
the whole joint [16, 17]. In addition, change in 
the subchondral bone such as sclerosis and cyst 
formation occur in the focal cartilage defect area. 
To maintain the function of the osteochondral 
unit, treatment should achieve the coverage of the 
subchondral bone with a cartilage layer.

Osteochondral lesion (OCL) including osteo-
chondritis dissecans is a disorder in which the 
osteochondral fragment is typically detached 
from its underlying bone. Although the precise 
mechanism has not been completely elucidated, 
the mechanism of the progression of OCL has 
been proposed for the ankle joint. Trauma to the 
articular cartilage simultaneously damages the 
subchondral bone by causing injuries such as a 
micro-fracture and bone bruise. Impaired healing 
of the subchondral bone may cause the highly 
pressurized fluid flow through the damaged sub-
chondral bone plate into the subchondral bone to 
be intermittent. The continuous high fluid pres-
sure can lead to osteonecrosis and bone resorp-

tion by activating osteoclasts, subsequently 
inducing a lytic lesion [18–20]. Decreasing the 
fluid pressure makes bone resorption stop, which 
results in bone remodeling around the lytic area. 
Excessive osteogenesis may result in dense bone 
and sclerotic change, which inhibits spontaneous 
bone union between the osteochondral fragment 
and its underlying bone [21] (Fig. 7.2). Moreover, 
these subchondral bone changes mean that carti-
lage homeostasis is no longer maintained, which 
leads to cartilage degeneration in the osteochon-
dral fragment. According to these mechanisms, 
the lesion condition including cartilage degenera-
tion can be predicted from the subchondral bone 
condition on CT images, and appropriate treat-
ment is available [22, 23]. For an unstable lesion, 
cases with good cartilage condition are fixed [24] 
if the cartilage degeneration is severe, the osteo-
chondral unit should be replaced such as an 
osteochondral graft.

Osteochondral unit change in OA is quite 
complicated. Although various factors are 
involved in the pathogenesis of OA, alteration of 
the subchondral bone plays an important role in 
the progression of OA. In the early phase of OA, 
while fissure of the articular cartilage extends 
down to the subchondral bone, the function of the 
channels through the subchondral bone plate into 
the non-calcified zone deteriorates due to 
increased osteoclast activity. Fissures from the 
articular cavity reach down to the subchondral 
bone plate, and this enables the continuous flow 
of joint fluid, cell, and cytokines to the subchon-

a b c d

Fig. 7.2 Subchondral bone change during the progres-
sion of the osteochondral lesion. (a) One month after 
injury. (b) Three months after injury. The fissure between 
the osteochondral fragment and its underlying bone is 
enlarged. (c) Five months after injury. Sclerotic change of 

the underlying bone occurs. (d) Needle biopsy specimen 
of the osteochondral fragment and underlying bone with 
Safranin O staining. Arrow indicates separation site. 
Arrow head indicates the sclerotic change of the underly-
ing bone
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dral bone. These transmissions induce structural 
changes in the cartilage layers. This disruption of 
the osteochondral barrier in OA progression 
occurs in these processes, which causes structural 
change of the osteochondral junction. 
Calcification occurs in the non-calcified zone 
known as the duplication of the tidemark. Beneath 
the tidemark, ossification and thickening of the 
subchondral bone plate occur. Angiogenesis at 
the osteochondral junction occurs accompanying 
the sensory and sympathetic nerves. 
Neuropeptides contain sensory nerves which 
activate osteogenesis, and this leads to subchon-
dral bone sclerosis. Sclerotic change of the sub-
chondral bone alters plasticity, which means that 
cartilage is no longer able to withstand load- 
bearing, resulting in cartilage degeneration [25].

In OA progression, prostaglandins, leukotri-
enes, and growth factors are released by osteo-
blasts in the subchondral bone, and they reach 
down into the articular cartilage. Inflammatory 
and osteoblast stimulation factors released by 
chondrocytes also induce subchondral bone 
change including sclerosis [26, 27]. In the early 
stage of OA, the thickness of the subchondral 
bone plate decreases and osteoporotic changes 
progress due to the increase in bone remodeling 
and vascularity caused by microdamage of the 
subchondral bone. Microdamage such as micro-
cracks allow catabolic agents to cross the osteo-
chondral junction [28]. In late-stage OA, the 
thickness of the subchondral bone plate increases 
due to a high rate of bone turnover induced by 
microcracks [29, 30]. A high rate of bone turn-
over also induces calcified cartilage thickness 
and duplication of the tidemark, which lead to 
cartilage thinning and degeneration [31]. 
Subchondral bone change plays a vital role in the 
pathogenesis of OA (Fig. 7.3).

7.1.4  Treatment 
of the Osteochondral Unit

7.1.4.1  Non-surgical Treatment
Pain is the first and most frequent phenomenon 
associated with the abnormalities of the osteo-
chondral unit. Since healthy articular cartilage 

has no nociceptors, joint pain is mainly recog-
nized by the subchondral bone, joint capsule, 
ligaments, periosteum, and synovium [32]. 
Sensory nerves containing neuropeptides are dis-
tributed in the joint, and some stimuli irritate the 
sensory nerve endings, which leads to pain 
caused by the release of prostaglandins and cyto-
kines [33, 34]. Neuropeptides, such as substance 
P (SP), calcitonin gene-related peptide (CGRP), 
and vasoactive intestinal peptide (VIP), are small 
peptides which play an important role as neu-
rotransmitters of pain. There is an increase of 
neuropeptides in the subchondral bone, as well as 
of inflammatory cytokines such as COX2 and 
TNFα which are part of the OA pathogenesis. 
Both of these increased factors are a source of 
OA pain [35]. However, neuropeptides play vari-
ous roles in maintaining joint homeostasis and 
tissue repair [36]. Neuropeptides play an impor-
tant role in bone metabolism and vascularization 
in the subchondral bone, and these are involved 
in the pathogenesis of OA [37–40]. In the patho-
logical change of OA, sensory nerve ingrowth 
occurs in subchondral bone, which induces the 
pain as well as structural change. It is reported 
that SP, CGRP, and VIP promote osteogenesis, 
which may affect the subchondral bone sclerosis 
during OA progression [41, 42] (Fig. 7.4). These 
neuropeptides are an obvious target in the treat-
ment of OA progression and pain reliever [41–
43]. NGF mAb can alleviate pain in severe OA 
patients [44]. However, adverse effects such as 
the rapid progression of OA and osteonecrosis 
have been reported in clinical trials [45]. Biologic 
agents against NGF such as fasinumab, tane-
zumab, and fulranumab have been administered 
to OA patients to alleviate OA-related pain with 
good results [46, 47].

During OA progression, osteoclasts induce 
sensory nerve axonal growth in the subchondral 
bone [48]. Therefore, osteoclasts could also be 
targeted in OA treatment. Bisphosphonate target-
ing of osteoclasts is used to treat osteoporosis by 
inhibiting bone absorption. Since osteoclasts in 
the subchondral bone are involved in the progres-
sion of OA, bisphosphonates are administered to 
slow down bone remodeling and to hopefully 
provide chondroprotection [49]. Several animal 
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studies have shown that bisphosphonates such as 
alendronate and zoledronate could attenuate OA 
progression by the protection of subchondral 
bone loss and cartilage degeneration [50, 51]. 
There have been several clinical trials of the 
administration of bisphosphonates for OA 
patients. According to these reports, 
 bisphosphonates can reduce various factors: pain, 
biochemical markers of cartilage degeneration, 
and bone marrow lesions on MRI [52–56]. 
However, it is difficult to attenuate the structural 
deterioration such as joint space narrowing. 
Hence, the usage of bisphosphonates for the 
treatment of OA remains controversial.

a b

c d

Fig. 7.3 Histological changes of the osteochondral junc-
tion in osteoarthritis (OA). (a) Thinning of the subchon-
dral bone plate in the early phase of OA. (b) Invasion of 
vessels form the subchondral bone to the cartilage layer. 
Arrows indicate vessels. (c) TRAP staining in the sub-

chondral bone in the early phase of OA.  Osteoclasts 
increase in the subchondral bone. (d) Thickened subchon-
dral bone and narrowing of the marrow cavity at end-stage 
OA. Arrow indicates double tide mark

Fig. 7.4 Expression of CGRP in the subchondral bone 
plate in OA progression. Arrows indicate CGRP
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7.1.5  Surgical Treatment 
of the Osteochondral Unit

Surgical procedures should be determined based 
on the specific location in osteochondral unit 
such as the cartilage layer, subchondral bone, or 
both. An autologous bone graft is used for a sub-
chondral bone lesion such as a cystic lesion. For 
a cartilage defect, it is necessary to cover the 
defect in order to repair the osteochondral unit. 
Implantation of hyaline-like tissue such as autol-
ogous chondrocyte implantation or a similar 
modified procedure has been performed. A bone 
marrow stimulation technique such as microfrac-
ture can improve the subchondral bone condition 
by inducing bone remodeling. In addition, this 
technique induces coverage of the cartilage 
defect with fibrocartilage. The important thing to 
keep in mind is the goal of repairing the whole 
osteochondral unit.

7.1.5.1  Bone Marrow Stimulation
As first-line treatment techniques for the cover-
age of a full-thickness cartilage defect, a bone 
marrow stimulation technique such as subchon-
dral bone drilling, abrasion arthroplasty, and 
microfracture have been commonly performed 
[57–59]. Although it is a relatively easy tech-
nique and good to excellent results in 60–80% of 
patients have been reported, long-term results 
were worse due to the durability of the reparative 
tissue [59–62]. The purpose of bone marrow 
stimulation technique is to fill the cartilage defect 
with reparative tissue from the subchondral bone. 
A clot within the mesenchymal stem cells can 
enter through a perforation hole in the subchon-
dral bone, depositing itself into the cartilage 
defect, then gradually differentiating into the 
fibrocartilaginous tissue [59]. However, it is 
unclear whether a blood clot infiltrated from the 
subchondral bone remains in the defect site until 
it changes into repaired tissue under joint motion 
or friction stress. Previous animal studies have 
revealed the early-phase changes in the osteo-
chondral unit histologically after microfracture. 
In that study, blood clots filled in the microfrac-
ture holes but they were not in the cartilage 
defect. The number of TRAP-positive cells 

increased until 3  days, and then decreased and 
localized at the active remodeling site. The 
microfracture hole diameter became larger until 
day 14, and then, most holes disappeared by day 
28. These histological analyses suggested that 
cartilage repair by microfracture results in endo-
chondral ossification within the deeper zone of 
the microfracture holes [63]. It is noteworthy that 
intralesional osteophytes, which thicken the sub-
chondral bone plate and subchondral bone cyst 
after microfracture, possibly lead to the deterio-
ration and failure [60, 62]. Excessive bone 
remodeling of the subchondral bone after micro-
fracture may induce intralesional osteophytes, 
and the porotic condition of the subchondral bone 
or the non-appropriate use of a device to create 
larger diameter holes may induce subchondral 
bone cysts. It is important to perform a micro-
fracture according to the subchondral bone con-
dition, in order to avoid adverse effects.

Due to concerns about the property of the cov-
ered fibrous tissue such as fragility after micro-
fracture, an autologous matrix-induced 
chondrogenesis (AMIC) has been developed, 
which combines microfracture with coverage by 
a collagen membrane [64]. A collagen membrane 
can be expected to function as a scaffold and to 
achieve stabilization of the fibrin clot which con-
tains MSC from the bone marrow. Good clinical 
results of AMIC have been reported [65, 66]. 
However, there is not enough evidence to prove 
that AMIC is effective compared to the estab-
lished procedures [67].

7.1.5.2  Autologous Chondrocyte 
Implantation

Since the initial report in 1994, autologous chon-
drocyte implantation (ACI) has been performed 
to replace damaged cartilage with chondrocytes 
[68]. This procedure has the advantage of being 
repaired by hyaline-like cartilage. In the first gen-
eration of ACI, healthy articular cartilage is har-
vested from the non-weight-bearing area, and 
chondrocytes are isolated by enzymic digestion, 
then subsequently cultured in a monolayer for 
4  weeks. Proliferated chondrocytes are trans-
planted into the cartilage defect under the perios-
teum patch. Although this procedure has provided 
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good clinical results, there are several issues 
which need to be addressed. First, the two-step 
surgical technique, whereby chondrocytes are 
harvested and then implanted, is not ideal. 
Second, the isolation of chondrocytes by enzy-
mic digestion is problematic since it is harmful to 
cells. Moreover, a periosteum should be har-
vested to patch the defect site. A periosteum 
patch has been replaced by the collagen 
 membrane to avoid harvesting a periosteum. 
Recently, a traditional ACI technique, the so-
called matrix- assisted chondrocyte implantation 
(MACI), was developed by combining the 
matrix- and tissue- engineering technique. This 
technique allows a three-dimensional culture of 
chondrocytes which provides clinical results 
superior those of traditional ACI [69]. To recon-
struct the osteochondral unit, the effect of hya-
line-like cartilage tissue on the subchondral bone 
and vice versa is an important issue. ACI is one of 
the options after a failed microfracture. However, 
the failure rate of ACI after microfracture is 
reported to be 3 to 8 times higher because a 
microfracture is detrimental to the condition of 
the subchondral bone for ACI [62, 70, 71].

The two step-surgery of ACI is streamlined 
into one-step surgery by performing the tech-
nique of, minced cartilage implantation. This 
involves cartilage fragments being loaded onto 
the scaffold and implanted into the cartilage 
defect without culture [72, 73]. An animal study 
using rabbits has shown that better subchondral 
bone healing occurs after minced cartilage 
implantation compared to healing after the ACI 
for the osteochondral defect as well as good car-
tilage repair. This suggests that minced cartilage 
secretes factors that induce bone and cartilage 
formation [74]. Interaction between the subchon-
dral bone and implanted cartilage tissue should 
be analyzed in the future. Juvenile particulated 
cartilage allografts have been also available for 
cartilage defects, with good clinical outcomes in 
knee and ankle joints at the short-term follow-up 
have been reported [75, 76]. However, this proce-
dure has some disadvantages including the poten-
tial risk of disease transmission, high cost, and 
the inability to preserve the product once open.

7.1.6  Future Direction

For cartilage repair, coverage of the cartilage 
defect by a bioabsorbable scaffold and biologics 
such as bone marrow aspirate concentrate is rec-
ommended as one-step surgery. Previous reports 
demonstrated that chondrocytes or multipotent 
cells have the potential for good cartilage repair, 
but these require much time and money, because 
this two-step surgery means that these cells 
require cell culture for expansion. Bone Marrow 
Aspirate Concentrate (BMAC) has attracted 
attention as a multipotent bone marrow cell 
source, which can be a one-step cell-based proce-
dure for cartilage repair [77]. Good long-term 
clinical results from the one-step cartilage repair 
technique have been reported, using a scaffold 
and BMAC for a full-thickness cartilage defect. 
The number of one-step procedure reports using 
biologics is expected to increase in the future 
[78]. Considering the interaction (crosstalk) 
between cartilage and subchondral bone, target-
ing the subchondral bone for the repair of the 
osteochondral unit will increase. 
Subchondroplasty is used to repair subchondral 
bone lesions such as bone marrow lesions. This 
procedure fills the subchondral region with cal-
cium phosphate [79, 80]. Biological remodeling 
of the subchondral bone requires, biologics such 
as BMAC and PRP to be injected into the sub-
chondral bone region to enhance the repair of the 
osteochondral unit [81]. Less invasive techniques 
for biological repair of the osteochondral unit 
will be developed in the future. Moreover, as 
tissue- engineering develops, an osteochondral 
plug could be created using a tissue-engineering 
technique [82]. The osteochondral unit should be 
considered as a unit of the treatment for joint 
preservation.

7.2  Conclusion

The osteochondral unit should be a focus of joint 
preservation. Cartilage and subchondral bone 
maintain a communicative crosstalk within the 
osteochondral unit and support the homeostasis. 
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In terms of pathological change, interaction 
between cartilage and subchondral bone occurs 
after cartilage injury or during cartilage degenera-
tion. Therefore, we should carefully consider the 
subchondral bone condition in the treatment of 
cartilage, with the aim of restoring the function of 
osteochondral unit for the joint preservation.
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Diagnosis of Cartilage 
and Osteochondral Defect

Felipe Galvão Abreu, Renato Andrade, 
André Tunes Peretti, Raphael F. Canadas, 
Rui L. Reis, J. Miguel Oliveira, 
and João Espregueira-Mendes

8.1  Introduction

Articular cartilage is a specialized connective tis-
sue composed of hydrated proteoglycans within a 
matrix of collagen fibrils forming the load-bear-
ing surfaces of all synovial joints. Its highly orga-
nized structure provides the biomechanical 
properties necessary for the tissue to withstand 
multiple forces created during movement [1–3]. 
The main functions of articular cartilage in syno-
vial joints are to provide a low- friction surface 

for motion and to resist tensile, shear, and com-
pressive forces [1, 4, 5]. Cartilage varies in spe-
cific composition within the same joint and 
between different joints, but it consists of the 
same basic components and structure throughout 
them all [1]. Composed primarily of water (65–
80% of the wet weight), cells, and macromole-
cules, articular cartilage possesses the unique 
ability to absorb shock impacts, support heavy 
and repetitive loads, and withstand wear and tear 
over the course of a lifetime [6].
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Macroscopically, articular cartilage appears as a 
white, smooth, homogeneous tissue, with the thick-
ness varying, approximately from 2 to 5 mm. When 
probed, healthy cartilage is firm and resists defor-
mation. Diseased cartilage, in the other hand, is 
soft, deforms when probed, and may contain visi-
ble surface disruptions and erosion. Following 
injury, articular cartilage has limited healing poten-
tial because the cells have minimal mitotic activity 
and the matrix lacks a vascular supply [7–9].

Herein, in this chapter, we will present the basic 
concepts required to diagnose chondral and osteo-
chondral lesions, including the physiological char-
acteristics of cartilage, classifications systems, and 
pinpoint the most common diagnostic procedures.

8.2  Cartilage Zones 
and Physiological 
Characteristics

The articular cartilage is a multi-layered compos-
ite structure, which is composed of four struc-
tural layers (zones): superficial, middle, deep, 

and calcified (Fig. 8.1). In each of these, the col-
lagen fibrils are differently oriented. This precise 
arrangement of the tissue components provides 
specific mechanical properties for each zone [4, 
10, 11]. Each zone has unique chondrocyte mor-
phology, arrangement of type II collagen fibers, 
and levels of proteoglycans and water. This struc-
ture creates different mechanical properties for 
each specific zone [4, 5, 12, 13]. An understand-
ing of zonal structure is important for the devel-
opment of artificial cartilage constructs or for 
induction of a cartilage reparative response for 
future treatment of chondral injuries.

The superficial zone, is the thinnest zone, rep-
resenting 10–20% of the matrix, and consists of 
two layers. The top layer is a clear film called the 
lamina splendens, which contains no cells, little 
polysaccharide, and few collagen fibrils. The 
main layer consists of flattened ellipsoid, densely 
packed, and horizontally arranged chondrocytes 
that synthesize a matrix with high collagen con-
tent [4, 13, 14]. The abundance and parallel orga-
nization of collagen to the joint surface permits 
the superficial zone to provide strength to resist 

a b

Fig. 8.1 Healthy and osteoarthritic human cartilage. 
Hematoxylin and eosin stain (H&E) histological staining 
of explanted cartilage from knee arthroscopy. (a) Low- 

bearing tissue preserved region is demonstrated for health 
condition, (b) while injured inflamed region is represented 
for osteoarthritic condition. Scale bar = 500 μm
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tensile and shear forces. The high concentration 
of water also provides lubrication and resistance 
to compression [2, 15]. Removal of this layer, as 
observed in early cartilage degeneration, results 
in increased permeability and decreased resis-
tance to tensile forces. This can lead to softening 
of the cartilage and increased loading of the 
remainder of the matrix [4].

The transitional zone is the largest zone (40–
60% of the matrix) and functions to resist shear 
and compressive forces. The chondrocytes are 
spheroidal and synthesize matrix with larger 
diameter collagen fibrils oriented obliquely to the 
surface into rotational arches. This arrangement 
allows the fibers to resist shear forces. The higher 
proteoglycans and the lower water content of the 
matrix compared with the superficial zone permit 
increased compressibility and thus shock 
absorption and load distribution [1, 2, 13, 15].

The deep zone is of intermediate thickness 
(30% of the matrix) and functions to resist com-
pressive forces. The chondrocytes are spheroidal, 
are arranged in vertical columns perpendicular to 
the surface, and synthesize matrix with the great-
est number of proteoglycans. The collagen fibrils 
are the largest in diameter and are arranged verti-
cally to resist compression, provide stiffness, and 
anchor the cartilage to the subchondral bone. 
Removal of the deep vertical fibrils increases the 
tensile strain in the superficial fibrils and the 
junction with subchondral bone [1, 2, 13].

The thin calcified cartilage zone between the 
deep zone and subchondral bone anchors the car-
tilage to the bone via type X collagen. The tide-
mark is located in this zone and is the boundary 
between calcified and uncalcified cartilage [14].

Cartilage is avascular, and chondrocytes in the 
superficial zones are believed to derive nutrition 
from synovial fluid. Deeper zones probably 
obtain nutrition from subchondral bone [5]. The 
lack of vascular supply, together with the absence 
of chondrogenic progenitor cells, and decreased 
mitotic activity, are largely responsible for the 
difficulty in the healing process of cartilage [14]. 
Articular cartilage is not innervated, and thus 
damage does not cause pain (unless it reaches the 
subchondral bone) which results in many of 
injuries get undetected [16].

8.3  Chondral and Osteochondral 
Defects

Articular cartilage lesions are a common pathol-
ogy of the knee joint. Already since the times of 
Hippocrates, it has been observed that cartilage 
once damaged should never heal. So far, the natu-
ral history of cartilage lesions remains unpredict-
able and not well understood [17]. Chondral and 
osteochondral lesions are frequently observed by 
arthroscopy and can be diagnosed in 60–66% of 
all patients submitted to an arthroscopic proce-
dure [6, 18, 19]. Currently, diagnostic arthros-
copy is the gold standard for making the diagnosis 
and, subsequently, choosing the best treatment. 
Acute and chronic defects occur mainly in people 
who are exposed to great physical effort, often 
during sports activity [16, 20–22]. Traumatic 
lesions occur 7.5 times more frequently than the 
non-traumatic defects, and the mechanical 
trauma is the cause of the cartilage damages even 
in 80% [23, 24].

The term osteochondral lesion is used to 
describe a spectrum of disease from traumatic 
osteochondral injury to chronic osteochondritis 
dissecans (OCD). Lesions may arise from forces 
applied to the chondral surface in a single 
traumatic event or over time as the result of 
repeated minor injury. Underneath the cartilage is 
the subchondral bone. Together, the articular 
cartilage and the subchondral bone form the 
osteochondral unit, which is a functional unit 
uniquely adapted to assure the transfer of loads 
across the diarthrodial joint [6]. Damage to the 
articular cartilage and joint surface may result 
indirectly from pathologic changes in subchondral 
bone. A retrospective analysis of 25,124 knee 
arthroscopies found chondral lesion in 60% of 
the patients [17]. Of these chondral lesions, 67% 
were classified as localized focal osteochondral 
or chondral lesions, 29% as osteoarthritis (OA), 
and, in 2% of the cases, an OCD was diagnosed. 
Most commonly, osteochondral lesions are 
encountered in the talus, femoral condyles, and 
elbow [5]. In the knee, the medial femoral 
condyle is the most common location, but 
patellofemoral lesions can also be frequent [18, 
20, 25].
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8.4  Classification

Numerous classifications have been proposed to 
grade cartilage lesions based largely on 
arthroscopic findings, and less so on magnetic 
resonance imaging (MRI) findings. Among those 
using arthroscopy, the most commonly used are 
the International Cartilage Repair Society 
(ICRS), Outerbridge and Noyes (Table  8.1). 
These classification systems describe articular 
cartilage damage ranging from swelling and 
signal heterogeneity to fissuring, ulceration, 
partial-thickness defects, and full-thickness 
defects with exposure of the subchondral bone.

Most common method of classification is 
using arthroscopy. Several systems have been 
developed to grade chondral and osteochondral 
lesions [26]. Before grading the lesion, the 

surgeon should debride the defect and defined as 
a superficial, partial-thickness (chondral), or full- 
thickness (osteochondral) defect. The ICRS clas-
sification system focuses on the lesion depth 
(graded from 0 to 4) and the area of damage 
(graded from normal to severely abnormal). 
Grade 0 is graded as normal cartilage (without 
damage), Grade I as nearly normal (superficial 
lesions) and subclassified into soft indentation 
(IA) and/or superficial fissures and cracks (IB), 
Grade II as abnormal which describes lesions 
extending down to <50% of cartilage depth. 
Grade III is classified as severely abnormal and 
subclassified according cartilage defects extend-
ing down >50% of cartilage depth (IIIA) as well 
as down to calcified layer (IIIB) and down to but 
not through the subchondral bone (IIIC), and if 
blisters are included (IIID). Grade IV is also clas-
sified as severely abnormal that extend to the sub-
chondral bone. The arthroscopic ICRS 
classification system has good inter-observer and 
intra-observer reliability and a high correlation 
with histological assessment of depth [27, 28]. 
The Outerbridge scale classifies cartilage abnor-
malities based on arthroscopic findings. Grade I 
includes softening or swelling of the articular 
cartilage, Grade II describes cartilage fragmenta-
tion and fissuring less than 1.5 cm in diameter, 
Grade III describes cartilage fragmentation and 
fissuring greater than 1.5  cm in diameter, and 
Grade IV involves cartilage erosion to bone [29]. 
The Outerbridge scale also shows reasonable 
intra- and inter-observer reliability figures [30]. 
In the Noyes system, Grade 1 depicts an intact 
cartilage surface, Grade 2A reflects cartilage 
damage with less than 50% cartilage thickness 
involved, Grade 2B cartilage defects involve 
greater than half of the cartilage thickness, and 
Grade 3 represents full-thickness cartilage 
defects with exposed subchondral bone [31].

The use of MRI to grade the chondral and 
osteochondral is not so commonly used. The 
Whole-Organ Magnetic Resonance Score 
(WORMS) and Boston-Leeds Osteoarthritis 
Knee Score (BLOKS) are common classifica-
tions of cartilage damage, but are directed for OA 
and not cartilage defects [32, 33]. The Area 
Measurement And Depth and Underlying 

Table 8.1 Chondral and osteochondral injury 
classifications

ICRS (MRI) Outerbridge Noyes
Grade 0: 
normal 
cartilage

Grade 0: normal 
cartilage

Grade 1: 
increased T2 
signal in the 
cartilage

Grade I: softening 
and swelling of 
cartilage

Grade 1: intact 
cartilage surface

Grade 2: 
partial- 
thickness 
defect <50% of 
normal 
cartilage 
thickness

Grade II: cartilage 
fragmentation and 
fissuring <1.5 cm 
diameter

Grade 2A: 
cartilage surface 
damaged with 
<50% thickness 
involved

Grade 2B: 
cartilage defects 
involve >50% 
cartilage 
thickness

Grade 3: 
partial- 
thickness 
defect >50% of 
normal 
cartilage 
thickness

Grade III: 
fragmentation and 
fissuring >1.5 cm 
diameter

Grade 3: bone 
exposed (3A 
cortical surface 
intact, 3B cortical 
surface 
cavitation)

Grade 4: 
full-thickness 
defect

Grade IV: cartilage 
erosion to bone

ICRS International Cartilage Repair Society, MRI 
magnetic resonance imaging
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Structures (AMADEUS) score was developed to 
assess focal chondral or osteochondral defects 
[34]. It emphasizes the following: (1) size of the 
cartilage defect area (“area measurement”), (2) 
cartilage defect morphology/depth (“depth”), and 
(3) underlying structures with the presence of 
adjacent osseous defects/subchondral cysts and 
bone marrow edema-like lesions (“underlying 
structures”) [35]. The ICRS has adopted the 
classification system for using in MRI assessment 
[36]. Grade 0 represents normal cartilage, Grade 
1 describes increased T2 signal within the 
cartilage, Grade 2 refers to a partial-thickness 
defect less than 50% of normal cartilage 
thickness, Grade 3 represents a partial-thickness 
defect greater than 50% of normal cartilage 
thickness, and Grade 4 describes a full-thickness 
defect.

The ICRS developed an osteochondritis dis-
secans (OCD) evaluation score system: grade 0, 
the lesion is stable and the overlying cartilage is 
normal and intact; grade I includes stable lesions 
with some softening of the cartilage surface; 
grade II refers to lesions with partial discontinu-
ity of the cartilage surface; grade III respects to 
the defect when is unstable due to a complete dis-
continuity of the osteochondral defect; and a 
grade IV lesion is an empty defect or a defect 
with loose fragments [37]. According to this 
grading system, grade III and IV lesions are 
unstable and, therefore, may have indication for 
surgical orthopedic treatment [6, 38].

8.5  Diagnosis

Chondral and osteochondral lesions are more 
common at the knee joint; thus, we will explore 
the diagnosis focusing the knee joint. However, 
beyond the physical exam, the other diagnostic 
procedures are similar for other human joints.

Patients with symptomatic chondral or osteo-
chondral defects typically present with activity-
related joint pain and swelling. Larger lesions 
often cause catching or locking of the knee. 
Tibiofemoral defects located at the femoral con-
dyles result in pain at or near the joint line cause 
impairments in activities such as running or 

descending stairs. The patellofemoral defects 
lead to anterior knee pain during movements that 
include ascending stairs, squatting, prolonged 
sitting in a flexed position, or getting up from the 
sited position [39]. These symptoms have poor 
sensitivity because can also be found in other 
knee injuries, such as meniscal tears and 
patellofemoral pain syndrome.

Careful collection and interpretation of the 
clinical history is crucial before determining the 
treatment choice. Prior injuries and previous 
surgeries influence the diagnosis and should be 
explored [39]. The body mass index, mechanical 
alignment, occupation, sports participation, 
associated medical conditions and inflammatory 
diseases, steroid intake, smoking habits, and 
responsiveness to rehabilitation are important 
factors to be taken into account during the 
diagnosis [40]. There are no definitive signs, but 
the location, onset and type of pain, aggravating 
and relieving factors, or any other symptoms 
such as locking or catching are useful for the 
diagnosis [41]. Outcome clinical and functional 
scores such as the ICRS subjective score and the 
Knee and Osteoarthritis Outcome Score (KOOS) 
can be helpful to establish a functional baseline.

The degree of the cartilage injury plays a 
major role in diagnosis because injuries with a 
grade III and IV are those that are usually 
indicated for surgical treatment. Three other key 
factors determine the choice of treatment and 
should be carefully analyzed during diagnosis, 
which include defect size, patient age, and sports 
activity. Defect size is important because will 
determine the best surgical technique to be used 
for treating the defect, including those that are 
small (<2 cm2), large (2–4 cm2), and very large 
(>4 cm2). Larger lesions are usually treated with 
more complex surgical procedures. Outcomes 
related to patient age are still insufficient and 
inconclusive. It is believed that younger patients 
(under 30–40 years) benefit more from cartilage 
repair surgery, but there are conflicting results 
showing no benefit at all [42–47]. Level of 
activity also play a fundamental role in the 
outcomes of cartilage surgery and should be 
taken into consideration. Patients that are more 
active often show better outcomes [48]. The type 
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and level of sports competition is also important 
because the surgeon must plan the injury 
management with the aim to return safely the 
athlete to sports activity.

8.5.1  Physical Examination

Cartilage defects can be asymptomatic, that is 
why it is essential to confirm physical examination 
findings that are consistent with a cartilage injury 
before performing any surgical treatment. 
Physical findings can easily be confounded with 
meniscal injury or patellofemoral disorders 
because no physical test can clearly differentiate 
these conditions. The examination should also 
focus on detecting potential contraindications to 
cartilage restoration and determining if 
concomitant procedures will be required to 
optimize results [49].

Standing and gait analysis should be per-
formed to evaluate for malalignment or specific 
gait abnormalities. Rotational deformity in the 
lower extremity and muscular imbalance have 
also been shown to alter the forces and biome-
chanics of the knee joint [50]. Therefore, a thor-
ough examination should include assessment of 
hip rotation, hamstring and quadriceps strength 
and flexibility, and foot alignment. Muscle weak-
ness, which can contribute to knee pain, can be 
assessed by manual muscle strength testing or via 
instrumented strength testing.

Because ligament insufficiency has been 
shown to adversely affect cartilage restoration, it 
is essential to thoroughly examine the anterior 
cruciate ligament (ACL), posterior cruciate 
ligament (PCL), collateral ligaments, and the 
posterolateral and posteromedial corners [51]. To 
rule out any rotational instability, a pivot shift 
examination should be performed both in the 
office and before any surgical procedure, 
especially when a prior ACL reconstruction is 
placed in a slightly vertical position.

The clinician should search for effusion signs 
which is indicative of inflammatory activity. Joint 
line tenderness may be present in varying degrees 
of flexion, depending on the location of the 
cartilage defect, with pain typically worse 

directly over the cartilage defect. Tenderness at 
the femoral condyle can help to exclude other 
causes of injury (e.g., meniscal injury). Pain after 
pressure over the patella can be indicative of 
trochlear or patellar defects. Pain during these 
tests can be described in many ways and may 
have a mechanical rhythm that worsens gradually 
after the start of a new activity, especially when a 
previous trauma is involved. Pain can be 
exacerbated for numerous reasons, from walking 
to more intense sport activities [52]. Associated 
symptoms, such as locking, pseudo-locking, and 
giving-way can be reported when loose bodies or 
associated lesions as meniscal tears or 
ligamentous injuries are present [6].

The Wilson test can be performed for diagno-
sis of an osteochondral defect. This is a provoca-
tive test of the pathology, performed with the 
patient sitting with the limb hanging on the table. 
With the knee flexed 90°, the tibia is internally 
rotated while the patient actively extends the 
limb. The test is positive when there is a com-
plaint of pain from 30° to the maximum exten-
sion and pain relief by performing the same test 
in external rotation [53].

8.5.2  Imaging

8.5.2.1  Radiography
Radiographic studies are not very helpful in diag-
nosing cartilage lesions in an early stage, but they 
can be valuable for detecting osteochondral 
lesions, osteoarthritis, OCD, loose bodies, and 
limb malalignment [6].

Plain X-ray films should include standard 
anteroposterior, flexion weight-bearing 
anteroposterior (tunnel view), lateral, and 
Merchant views. Flexion weight-bearing 
anteroposterior in addition to standard 
anteroposterior allows better visualization of 
lesions along the posterolateral aspect of the 
medial femoral condyle [54].

8.5.2.2  CT Arthrogram
While, for most joints, high-resolution MRI has 
replaced computed tomography arthrogram 
(CTA), for the elbow and the ankle joints, the 
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CTA remains clinically relevant [55–57]. In such 
cases, cartilage thickness measurements can be 
more accurate on CTA than on conventional MRI 
[58]. On MRI, it is very difficult to detect fissural 
defects that allow communication between intra- 
articular synovial fluid and cyst. The evaluation 
of the presence of subchondral cysts is also an 
important indication for the performance of CTA 
[59].

8.5.2.3  MRI
Usually conventional MRI is considered as the 
modality of choice [60]. Using MRI the 
specificity, sensitivity, positive likelihood ratio 
(+LR), negative likelihood ratio (−LR), and 
diagnostic odds ratio values are reasonable for 
both 1.5-T (0.664, 0.826, 4.222, 0.414, and 9.383, 
respectively) and 3.0-T MRI (0.702, 0.851, 
4.988, 0.304, and 17.765, respectively) [61]. 
However, in comparison to the knee joint, 
articular cartilage at the ankle joint is very thin 
(0.4–2.1  mm), making the assessment of 
morphological cartilage defects a challenging 
task [55, 59, 62]. Besides, low sensitivities for 
detection of osteochondral lesions at the ankle on 
MRI were reported, which varied between 50% 
at 1.5 T and 75% at 3.0 T [55, 59].

MRI is a reliable and noninvasive technique to 
determine volume, thickness, and alterations in 
the cartilage structure. Quantitative T2-mapping 
is a proven technique to quantify the water 
content and collagen fiber orientation of cartilage. 
Elevated T2-relaxation times are closely 
associated with a loss of collagen fiber integrity 
and an altered water content [63]. This has shown 
to be a sensitive parameter for the evaluation of 
cartilage degradation [64–66]. However, 
quantitative MRI does not correlate very well 
with the arthroscopic ICRS classification [67].

Normal articular cartilage has a homogeneous 
or laminar appearance with a smooth surface 
contour. Articular cartilage has intermediate 
signal on both T1- and T2-weighted images. The 
sectional imaging not only enables an evaluation 
of the cartilage, but also of the subchondral bone, 
which arthroscopically mostly cannot be assessed 
[68, 69]. Chondral abnormalities are diagnosed 
on MRI by recognizing a contour defect within 

the cartilage, focal thinning compared with the 
thickness of the adjacent cartilage, and/or signal 
alteration within the cartilage. A secondary sign 
of cartilage defect includes underlying bone 
marrow edema, as manifested by increased signal 
in the subchondral bone on fat-suppressed proton 
density and T2-weighted images. Subchondral 
bone marrow edema is a nonspecific finding that 
may be seen with acute injury (bone contusion or 
bruise, fracture), mechanical disturbance such as 
stress response or overlying meniscal tear, and 
many other conditions, including metabolic and 
neoplastic lesions. However, a flame-shaped or 
rounded focus of marrow edema in the 
subchondral bone should initiate a search for 
overlying hyaline cartilage abnormality [5]. The 
ICRS recommended MRI acquisition protocols 
for articular cartilage are elsewhere described 
[70].

8.5.2.4  Arthroscopic Evaluation
Arthroscopic assessment is still the gold standard 
method to assess chondral and osteochondral 
lesions (Figs.  8.2 and 8.3) the location, grade, 
size, depth, morphology, and characteristics 
(monofocal, bifocal, or multifocal) of chondral 
and osteochondral defects, as well as their 
reparability. The smooth surfaces can be probed 
to evaluate the integrity of cartilage (Fig.  8.4). 
Any fissures and tissue surrounding the cartilage 
should be carefully probed. The stability of the 
defect should also be assessed using the probe.

8.5.3  Osteochondritis Dissecans 
and Osteonecrosis

Both OCD and osteonecrosis may lead to destruc-
tion of the articular surface. In the knee, OCD 
tends to occur on the intercondylar aspect of the 
medial femoral condyle in young people. These 
lesions may separate from the surface and form a 
loose body. The base of these lesions, if debrided, 
will reveal vascular subchondral bone. As repeti-
tive trauma is thought to be the most frequent 
cause, the term osteochondral lesion seemed to 
be more appropriate than the term “osteochondri-
tis” [6, 38, 71].
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Performing a complete and accurate physical 
examination is of fundamental importance, con-
sidering that its high sensitivity (90.9%) for the 
diagnosis of OCD, and reasonable specificity 
69%, which is greater than the MRI [72]. 
Radiographic images of patients with adult OCD 
show a lesion that typically appears as an area of 
osteosclerotic bone, with a high-intensity line 
between defect and epiphysis. Classic radio-
graphic findings include a lucent osseous defect 
that may have a fragmented or corticated osseous 
density within the lucency. MRI should be per-
formed to accurately characterize OCD, to evalu-
ate size and location, and to determine the 
stability of the lesion. An increased signal of the 
defect on T2-weighted images represents joint 
fluid surrounding the lesion; irregularity of the 

a b c

Fig. 8.2 Arthroscopic visualization of femoral chondral 
and osteochondral lesions. (a) Grade III chondral damage 
at the medical femoral condyle, (b) Grade IV 

osteochondral damage at the medical femoral condyle, (c) 
Grade IV osteochondral damage at the medical femoral 
condyle and medial tibial plateau

a b

Fig. 8.3 Arthroscopic visualization of patellofemoral chondral and osteochondral lesions. (a) Grade III-IV chondral/
osteochondral damage at the patella, (b) Grade IV osteochondral damage at the femoral trochlea

Fig. 8.4 Probing of the smooth surfaces c to evaluate the 
integrity of cartilage

F. G. Abreu et al.
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articular surface may also be noted. Measurement 
is generally performed using T1-weighted 
images. Surrounding bone marrow edema is vari-
able and may represent healing response or irrita-
tion from lesion instability, so this finding is 
nonspecific; however, it is often the case that the 
more bone marrow edema is present, the more 
painful the lesion is. An unstable lesion is identi-
fied by one or more of the following findings on 
T2-weighted fat-suppressed images or STIR 
images: (1) linear high signal intensity surround-
ing the osteochondral fragment, (2) cystic change 
interposed between the osteochondral fragment 
and normal bone, or (3) overlying cartilage defect 
or fissuring. Intra- articular gadolinium may dis-
sect beneath the osteochondral fragment, also 
indicating lesion instability [5]. A healed osteo-
chondral lesion will not demonstrate fluid bright 
signal between the osteochondral fragment and 
the host bone. Normal bone marrow fat signal 
will return to the osteochondral fragment once it 
heals. The overlying articular cartilage may be 
intact, without contour irregularities, or may 
exhibit degeneration, thinning, or fraying.

Osteonecrosis results in a similar osteochon-
dral fragment but tends to occur in elderly 
patients on the weight-bearing aspect of the 
medial femoral condyle. In distinction to the 
lesions in OCD, fragments in osteonecrosis sepa-
rate from a bed of avascular bone. Again, radio-
graphs may reveal a lucent defect at the involved 
site, but MRI is more reliable for evaluation of 
these defects. The osteonecrotic fragment has 
low signal intensity on T1- and T2-weighted 
images. A curvilinear area of low signal with 
variable bone edema is characteristic. Although 
the articular cartilage is initially normal, both 
processes may lead to detachment of osteochon-
dral loose bodies, fragmentation, and collapse of 
the articular surface with resultant degenerative 
changes.

8.6  Conclusions

Understanding the cartilage macro- and micro- 
physiological characteristics is important to rec-
ognize the specific mechanical properties of each 

of the cartilage tissue zones. There are several 
classifications of chondral and osteochondral 
injuries using either MRI or arthroscopy visual-
ization, which are an important step of diagnosis 
because will help to determine the most suitable 
treatment. The diagnosis should include a combi-
nation of a comprehensive physical examination, 
imaging procedures and, if needed, arthroscopic 
evaluation. During the physical examination, the 
orthopedic surgeon must pay attention to symp-
toms and patient/defect characteristics. Imaging 
exams have an important role in identifying any 
associated injuries, as well as identifying the 
location and extent of the defects to guide the sur-
gical indications. The diagnostic arthroscopy can 
further evaluate the location, depth, and extent of 
damage to refine the surgical strategy. Both OCD 
and osteonecrosis are also important entities that 
can lead to destruction of the articular surface. 
While physical examination may be sufficient to 
diagnose OCD, the MRI assessment is better 
suited to diagnose osteonecrosis.

References

 1. Carter DR, Beaupre GS, Wong M, Smith RL, 
Andriacchi TP, Schurman DJ.  The mechanobiology 
of articular cartilage development and degeneration. 
Clin Orthop Relat Res. 2004;(427 Suppl):S69–77. 
https://doi.org/10.1097/01.blo.0000144970.05107.7e.

 2. Lu XL, Mow VC.  Biomechanics of articular carti-
lage and determination of material properties. Med 
Sci Sports Exerc. 2008;40(2):193–9. https://doi.
org/10.1249/mss.0b013e31815cb1fc.

 3. Thomas GC, Asanbaeva A, Vena P, Sah RL, Klisch 
SM. A nonlinear constituent based viscoelastic model 
for articular cartilage and analysis of tissue remod-
eling due to altered glycosaminoglycan-collagen 
interactions. J Biomech Eng. 2009;131(10):101002. 
https://doi.org/10.1115/1.3192139.

 4. Wong M, Carter DR.  Articular cartilage functional 
histomorphology and mechanobiology: a research 
perspective. Bone. 2003;33(1):1–13. https://doi.
org/10.1016/s8756- 3282(03)00083- 8.

 5. Scott N, Insall JN, Pedersen HB, Math KR, Vigorita 
VJ, Cushner FD. Insall & Scott surgery of the knee. 
New York, NY: Elsevier; 2015. p. 146–51.

 6. Vilela CA, da Silva MA, Pina S, Oliveira JM, 
Correlo VM, Reis RL, et  al. Clinical trials and 
Management of Osteochondral Lesions. Adv 
Exp Med Biol. 2018;1058:391–413. https://doi.
org/10.1007/978- 3- 319- 76711- 6_18.

8 Diagnosis of Cartilage and Osteochondral Defect

https://doi.org/10.1097/01.blo.0000144970.05107.7e
https://doi.org/10.1249/mss.0b013e31815cb1fc
https://doi.org/10.1249/mss.0b013e31815cb1fc
https://doi.org/10.1115/1.3192139
https://doi.org/10.1016/s8756-3282(03)00083-8
https://doi.org/10.1016/s8756-3282(03)00083-8
https://doi.org/10.1007/978-3-319-76711-6_18
https://doi.org/10.1007/978-3-319-76711-6_18


104

 7. Furman BD, Olson SA, Guilak F. The development 
of posttraumatic arthritis after articular fracture. J 
Orthop Trauma. 2006;20(10):719–25. https://doi.
org/10.1097/01.bot.0000211160.05864.14.

 8. Sui Y, Lee JH, DiMicco MA, Vanderploeg EJ, 
Blake SM, Hung HH, et  al. Mechanical injury 
potentiates proteoglycan catabolism induced by 
interleukin-6 with soluble interleukin-6 receptor and 
tumor necrosis factor alpha in immature bovine and 
adult human articular cartilage. Arthritis Rheum. 
2009;60(10):2985–96. https://doi.org/10.1002/
art.24857.

 9. Szczodry M, Coyle CH, Kramer SJ, Smolinski P, 
Chu CR. Progressive chondrocyte death after impact 
injury indicates a need for chondroprotective therapy. 
Am J Sports Med. 2009;37(12):2318–22. https://doi.
org/10.1177/0363546509348840.

 10. Guilak F, Alexopoulos LG, Upton ML, Youn I, Choi 
JB, Cao L, et al. The pericellular matrix as a transducer 
of biomechanical and biochemical signals in articular 
cartilage. Ann N Y Acad Sci. 2006;1068:498–512. 
https://doi.org/10.1196/annals.1346.011.

 11. Montes GS.  Structural biology of the fibres of 
the collagenous and elastic systems. Cell Biol 
Int. 1996;20(1):15–27. https://doi.org/10.1006/
cbir.1996.0004.

 12. Sharma B, Williams CG, Kim TK, Sun D, Malik A, 
Khan M, et al. Designing zonal organization into tissue- 
engineered cartilage. Tissue Eng. 2007;13(2):405–14. 
https://doi.org/10.1089/ten.2006.0068.

 13. Youn I, Choi JB, Cao L, Setton LA, Guilak F. Zonal 
variations in the three-dimensional morphology of 
the chondron measured in situ using confocal micros-
copy. Osteoarthr Cartil. 2006;14(9):889–97. https://
doi.org/10.1016/j.joca.2006.02.017.

 14. Buckwalter JA, Mankin HJ, Grodzinsky AJ. Articular 
cartilage and osteoarthritis. Instr Course Lect. 
2005;54:465–80.

 15. Nugent GE, Aneloski NM, Schmidt TA, Schumacher 
BL, Voegtline MS, Sah RL. Dynamic shear stimu-
lation of bovine cartilage biosynthesis of proteo-
glycan 4. Arthritis Rheum. 2006;54(6):1888–96. 
https://doi.org/10.1002/art.21831.

 16. Vannini F, Spalding T, Andriolo L, Berruto M, Denti 
M, Espregueira-Mendes J, et al. Sport and early osteo-
arthritis: the role of sport in aetiology, progression and 
treatment of knee osteoarthritis. Knee Surg Sports 
Traumatol Arthrosc. 2016;24(6):1786–96. https://doi.
org/10.1007/s00167- 016- 4090- 5.

 17. Widuchowski W, Widuchowski J, Trzaska T. Articular 
cartilage defects: study of 25,124 knee arthroscopies. 
Knee. 2007;14(3):177–82. https://doi.org/10.1016/j.
knee.2007.02.001.

 18. Hjelle K, Solheim E, Strand T, Muri R, Brittberg 
M. Articular cartilage defects in 1,000 knee arthros-
copies. Arthroscopy. 2002;18(7):730–4. https://doi.
org/10.1053/jars.2002.32839.

 19. Frank RM, Cotter EJ, Hannon CP, Harrast JJ, 
Cole BJ.  Cartilage restoration surgery: incidence 
rates, complications, and trends as reported by the 

American Board of Orthopaedic Surgery Part II can-
didates. Arthroscopy. 2019;35(1):171–8. https://doi.
org/10.1016/j.arthro.2018.08.028.

 20. Andrade R, Vasta S, Papalia R, Pereira H, Oliveira 
JM, Reis RL, et  al. Prevalence of articular cartilage 
lesions and surgical clinical outcomes in football (soc-
cer) Players' knees: a systematic review. Arthroscopy. 
2016;32(7):1466–77. https://doi.org/10.1016/j.
arthro.2016.01.055.

 21. Flanigan DC, Harris JD, Trinh TQ, Siston RA, Brophy 
RH.  Prevalence of chondral defects in athletes' 
knees: a systematic review. Med Sci Sports Exerc. 
2010;42(10):1795–801. https://doi.org/10.1249/
MSS.0b013e3181d9eea0.

 22. Lansdown DA, Cvetanovich GL, Zhang AL, Feeley 
BT, Wolf BR, Hettrich CM, et  al. Risk factors for 
intra-articular bone and cartilage lesions in patients 
undergoing surgical treatment for posterior instabil-
ity. Am J Sports Med. 2020;48(5):1207–12. https://
doi.org/10.1177/0363546520907916.

 23. Wilder FV, Hall BJ, Barrett JP Jr, Lemrow 
NB. History of acute knee injury and osteoarthritis of 
the knee: a prospective epidemiological assessment. 
The Clearwater Osteoarthritis Study. Osteoarthritis 
Cartilage. 2002;10(8):611–6. https://doi.org/10.1053/
joca.2002.0795.

 24. Gersoff WK.  Considerations prior to surgical repair 
of articular cartilage injuries of the knee. Oper Tech 
Sports Med. 2000;8:86–90.

 25. Andrade R, Nunes J, Hinckel BB, Gruskay J, Vasta S, 
Bastos R, et al. Cartilage restoration of patellofemoral 
lesions: a systematic review. Cartilage. 2019; https://
doi.org/10.1177/1947603519893076.

 26. Spahn G, Klinger HM, Hofmann GO.  How valid 
is the arthroscopic diagnosis of cartilage lesions? 
Results of an opinion survey among highly experi-
enced arthroscopic surgeons. Arch Orthop Trauma 
Surg. 2009;129(8):1117–21.

 27. Brittberg M, Winalski CS.  Evaluation of car-
tilage injuries and repair. J Bone Joint Surg 
Am. 2003;85-A(Suppl 2):58–69. https://doi.
org/10.2106/00004623- 200300002- 00008.

 28. Dwyer T, Martin CR, Kendra R, Sermer C, Chahal 
J, Ogilvie-Harris D, et  al. Reliability and validity 
of the arthroscopic international cartilage repair 
society classification system: correlation with 
histological assessment of depth. Arthroscopy. 
2017;33(6):1219–24. https://doi.org/10.1016/j.
arthro.2016.12.012.

 29. Outerbridge RE.  The etiology of chondromalacia 
patellae. J Bone Joint Surg Br. 1961;43-b:752–7.

 30. Brismar B, Wredmark T, Movin T, Leandersson J, 
Svensson O. Observer reliability in the arthroscopic 
classification of osteoarthritis of the knee. J 
Bone Joint Surg Br. 2002;84(1):42–7. https://doi.
org/10.1302/0301- 620x.84b1.11660.

 31. Noyes FR, Stabler CL.  A system for grad-
ing articular cartilage lesions at arthroscopy. Am 
J Sports Med. 1989;17(4):505–13. https://doi.
org/10.1177/036354658901700410.

F. G. Abreu et al.

https://doi.org/10.1097/01.bot.0000211160.05864.14
https://doi.org/10.1097/01.bot.0000211160.05864.14
https://doi.org/10.1002/art.24857
https://doi.org/10.1002/art.24857
https://doi.org/10.1177/0363546509348840
https://doi.org/10.1177/0363546509348840
https://doi.org/10.1196/annals.1346.011
https://doi.org/10.1006/cbir.1996.0004
https://doi.org/10.1006/cbir.1996.0004
https://doi.org/10.1089/ten.2006.0068
https://doi.org/10.1016/j.joca.2006.02.017
https://doi.org/10.1016/j.joca.2006.02.017
https://doi.org/10.1002/art.21831
https://doi.org/10.1007/s00167-016-4090-5
https://doi.org/10.1007/s00167-016-4090-5
https://doi.org/10.1016/j.knee.2007.02.001
https://doi.org/10.1016/j.knee.2007.02.001
https://doi.org/10.1053/jars.2002.32839
https://doi.org/10.1053/jars.2002.32839
https://doi.org/10.1016/j.arthro.2018.08.028
https://doi.org/10.1016/j.arthro.2018.08.028
https://doi.org/10.1016/j.arthro.2016.01.055
https://doi.org/10.1016/j.arthro.2016.01.055
https://doi.org/10.1249/MSS.0b013e3181d9eea0
https://doi.org/10.1249/MSS.0b013e3181d9eea0
https://doi.org/10.1177/0363546520907916
https://doi.org/10.1177/0363546520907916
https://doi.org/10.1053/joca.2002.0795
https://doi.org/10.1053/joca.2002.0795
https://doi.org/10.1177/1947603519893076
https://doi.org/10.1177/1947603519893076
https://doi.org/10.2106/00004623-200300002-00008
https://doi.org/10.2106/00004623-200300002-00008
https://doi.org/10.1016/j.arthro.2016.12.012
https://doi.org/10.1016/j.arthro.2016.12.012
https://doi.org/10.1302/0301-620x.84b1.11660
https://doi.org/10.1302/0301-620x.84b1.11660
https://doi.org/10.1177/036354658901700410
https://doi.org/10.1177/036354658901700410


105

 32. Peterfy CG, Guermazi A, Zaim S, Tirman PF, Miaux 
Y, White D, et  al. Whole-organ magnetic resonance 
imaging score (WORMS) of the knee in osteoarthri-
tis. Osteoarthr Cartil. 2004;12(3):177–90. https://doi.
org/10.1016/j.joca.2003.11.003.

 33. Hunter DJ, Lo GH, Gale D, Grainger AJ, Guermazi 
A, Conaghan PG.  The reliability of a new scoring 
system for knee osteoarthritis MRI and the valid-
ity of bone marrow lesion assessment: BLOKS 
(Boston Leeds osteoarthritis knee score). Ann Rheum 
Dis. 2008;67(2):206–11. https://doi.org/10.1136/
ard.2006.066183.

 34. Jungmann PM, Welsch GH, Brittberg M, Trattnig S, 
Braun S, Imhoff AB, et al. Magnetic resonance imag-
ing score and classification system (AMADEUS) 
for assessment of preoperative cartilage defect 
severity. Cartilage. 2017;8(3):272–82. https://doi.
org/10.1177/1947603516665444.

 35. Massen FK, Inauen CR, Harder LP, Runer A, Preiss 
S, Salzmann GM.  One-step autologous minced 
cartilage procedure for the treatment of knee joint 
chondral and osteochondral lesions: a series of 27 
patients with 2-year follow-up. Orthop J Sports 
Med. 2019;7(6):2325967119853773. https://doi.
org/10.1177/2325967119853773.

 36. Yulish BS, Montanez J, Goodfellow DB, Bryan PJ, 
Mulopulos GP, Modic MT.  Chondromalacia patel-
lae: assessment with MR imaging. Radiology. 
1987;164(3):763–6. https://doi.org/10.1148/
radiology.164.3.3615877.

 37. Ellermann JM, Donald B, Rohr S, Takahashi T, 
Tompkins M, Nelson B, et  al. Magnetic resonance 
imaging of osteochondritis dissecans: validation 
study for the ICRS classification system. Acad 
Radiol. 2016;23(6):724–9. https://doi.org/10.1016/j.
acra.2016.01.015.

 38. Chen CH, Liu YS, Chou PH, Hsieh CC, Wang 
CK.  MR grading system of osteochondritis disse-
cans lesions: comparison with arthroscopy. Eur J 
Radiol. 2013;82(3):518–25. https://doi.org/10.1016/j.
ejrad.2012.09.026.

 39. Gomoll AH, Lattermann C, Farr J. “A unifying the-
ory” treatment algorithm for cartilage defects. In: 
Jack F, Gomoll Andreas H, editors. Cartilage resto-
ration: practical clinical applications. 2nd ed. Cham: 
Springer International; 2018. p. 39–49.

 40. Cole BJ, Pascual-Garrido C, Grumet RC.  Surgical 
management of articular cartilage defects in the knee. 
Instr Course Lect. 2010;59:181–204.

 41. Amaravathi R, Andrade R, Bastos R, Espregueira- 
Mendes J.  The mosaicplasty/OAT procedure: 
technique, pearls and pitfalls. Asian J Arthrosc. 
2019;4(1):15–22.

 42. Asik M, Ciftci F, Sen C, Erdil M, Atalar A. The micro-
fracture technique for the treatment of full- thickness 
articular cartilage lesions of the knee: midterm 
results. Arthroscopy. 2008;24(11):1214–20. https://
doi.org/10.1016/j.arthro.2008.06.015.

 43. Vanlauwe J, Saris DB, Victor J, Almqvist KF, 
Bellemans J, Luyten FP.  Five-year outcome of 

characterized chondrocyte implantation versus 
microfracture for symptomatic cartilage defects 
of the knee: early treatment matters. Am J 
Sports Med. 2011;39(12):2566–74. https://doi.
org/10.1177/0363546511422220.

 44. Gille J, Schuseil E, Wimmer J, Gellissen J, Schulz 
AP, Behrens P.  Mid-term results of autologous 
matrix-induced chondrogenesis for treatment of 
focal cartilage defects in the knee. Knee Surg Sports 
Traumatol Arthrosc. 2010;18(11):1456–64. https://
doi.org/10.1007/s00167- 010- 1042- 3.

 45. de Windt TS, Concaro S, Lindahl A, Saris DB, Brittberg 
M. Strategies for patient profiling in articular cartilage 
repair of the knee: a prospective cohort of patients 
treated by one experienced cartilage surgeon. Knee 
Surg Sports Traumatol Arthrosc. 2012;20(11):2225–
32. https://doi.org/10.1007/s00167- 011- 1855- 8.

 46. Kreuz PC, Erggelet C, Steinwachs MR, Krause 
SJ, Lahm A, Niemeyer P, et  al. Is microfracture of 
chondral defects in the knee associated with dif-
ferent results in patients aged 40 years or younger? 
Arthroscopy. 2006;22(11):1180–6. https://doi.
org/10.1016/j.arthro.2006.06.020.

 47. Knutsen G, Drogset JO, Engebretsen L, Grøntvedt T, 
Isaksen V, Ludvigsen TC, et  al. A randomized trial 
comparing autologous chondrocyte implantation 
with microfracture. Findings at five years. J Bone 
Joint Surg Am. 2007;89(10):2105–12. https://doi.
org/10.2106/jbjs.G.00003.

 48. Kon E, Gobbi A, Filardo G, Delcogliano M, 
Zaffagnini S, Marcacci M.  Arthroscopic second- 
generation autologous chondrocyte implantation 
compared with microfracture for chondral lesions 
of the knee: prospective nonrandomized study at 5 
years. Am J Sports Med. 2009;37(1):33–41. https://
doi.org/10.1177/0363546508323256.

 49. Gomoll AH, Farr J, Gillogly SD, Kercher JS, Minas 
T. Surgical management of articular cartilage defects 
of the knee. Instr Course Lect. 2011;60:461–83.

 50. Collado H, Fredericson M. Patellofemoral pain syn-
drome. Clin Sports Med. 2010;29(3):379–98. https://
doi.org/10.1016/j.csm.2010.03.012.

 51. Efe T, Füglein A, Getgood A, Heyse TJ, Fuchs- 
Winkelmann S, Patzer T, et al. Anterior cruciate liga-
ment deficiency leads to early instability of scaffold 
for cartilage regeneration: a controlled laboratory ex-
vivo study. Int Orthop. 2012;36(6):1315–20. https://
doi.org/10.1007/s00264- 011- 1437- x.

 52. Arøen A, Løken S, Heir S, Alvik E, Ekeland A, 
Granlund OG, et  al. Articular cartilage lesions 
in 993 consecutive knee arthroscopies. Am J 
Sports Med. 2004;32(1):211–5. https://doi.
org/10.1177/0363546503259345.

 53. Conrad JM, Stanitski CL.  Osteochondritis disse-
cans: Wilson's sign revisited. Am J Sports Med. 
2003;31(5):777–8. https://doi.org/10.1177/03635465
030310052301.

 54. Harding WG 3rd. Diagnosis of ostechondritis disse-
cans of the femoral condyles: the value of the lateral 
x-ray view. Clin Orthop Relat Res. 1977;123:25–6.

8 Diagnosis of Cartilage and Osteochondral Defect

https://doi.org/10.1016/j.joca.2003.11.003
https://doi.org/10.1016/j.joca.2003.11.003
https://doi.org/10.1136/ard.2006.066183
https://doi.org/10.1136/ard.2006.066183
https://doi.org/10.1177/1947603516665444
https://doi.org/10.1177/1947603516665444
https://doi.org/10.1177/2325967119853773
https://doi.org/10.1177/2325967119853773
https://doi.org/10.1148/radiology.164.3.3615877
https://doi.org/10.1148/radiology.164.3.3615877
https://doi.org/10.1016/j.acra.2016.01.015
https://doi.org/10.1016/j.acra.2016.01.015
https://doi.org/10.1016/j.ejrad.2012.09.026
https://doi.org/10.1016/j.ejrad.2012.09.026
https://doi.org/10.1016/j.arthro.2008.06.015
https://doi.org/10.1016/j.arthro.2008.06.015
https://doi.org/10.1177/0363546511422220
https://doi.org/10.1177/0363546511422220
https://doi.org/10.1007/s00167-010-1042-3
https://doi.org/10.1007/s00167-010-1042-3
https://doi.org/10.1007/s00167-011-1855-8
https://doi.org/10.1016/j.arthro.2006.06.020
https://doi.org/10.1016/j.arthro.2006.06.020
https://doi.org/10.2106/jbjs.G.00003
https://doi.org/10.2106/jbjs.G.00003
https://doi.org/10.1177/0363546508323256
https://doi.org/10.1177/0363546508323256
https://doi.org/10.1016/j.csm.2010.03.012
https://doi.org/10.1016/j.csm.2010.03.012
https://doi.org/10.1007/s00264-011-1437-x
https://doi.org/10.1007/s00264-011-1437-x
https://doi.org/10.1177/0363546503259345
https://doi.org/10.1177/0363546503259345
https://doi.org/10.1177/03635465030310052301
https://doi.org/10.1177/03635465030310052301


106

 55. Schmid MR, Pfirrmann CW, Hodler J, Vienne P, 
Zanetti M. Cartilage lesions in the ankle joint: com-
parison of MR arthrography and CT arthrogra-
phy. Skelet Radiol. 2003;32(5):259–65. https://doi.
org/10.1007/s00256- 003- 0628- y.

 56. Cerezal L, de Dios B-MJ, Canga A, Llopis E, Rolon A, 
Martín-Oliva X, et al. MR and CT arthrography of the 
wrist. Semin Musculoskelet Radiol. 2012;16(1):27–
41. https://doi.org/10.1055/s- 0032- 1304299.

 57. Delport AG, Zoga AC. MR and CT arthrography of the 
elbow. Semin Musculoskelet Radiol. 2012;16(1):15–
26. https://doi.org/10.1055/s- 0032- 1304298.

 58. El-Khoury GY, Alliman KJ, Lundberg HJ, Rudert 
MJ, Brown TD, Saltzman CL. Cartilage thickness in 
cadaveric ankles: measurement with double-contrast 
multi-detector row CT arthrography versus MR imag-
ing. Radiology. 2004;233(3):768–73. https://doi.
org/10.1148/radiol.2333031921.

 59. Kirschke JS, Braun S, Baum T, Holwein C, Schaeffeler 
C, Imhoff AB, et al. Diagnostic value of CT arthrog-
raphy for evaluation of osteochondral lesions at the 
ankle. Biomed Res Int. 2016;2016:3594253. https://
doi.org/10.1155/2016/3594253.

 60. Naran KN, Zoga AC.  Osteochondral lesions about 
the ankle. Radiol Clin N Am. 2008;46(6):995–1002. 
https://doi.org/10.1016/j.rcl.2008.10.001.

 61. Cheng Q, Zhao FC.  Comparison of 1.5- and 3.0-T 
magnetic resonance imaging for evaluating lesions 
of the knee: A systematic review and meta-analysis 
(PRISMA-compliant article). Medicine (Baltimore). 
2018;97(38):e12401. https://doi.org/10.1097/
md.0000000000012401.

 62. Ba-Ssalamah A, Schibany N, Puig S, Herneth AM, 
Noebauer-Huhmann IM, Trattnig S. Imaging articular 
cartilage defects in the ankle joint with 3D fat-sup-
pressed echo planar imaging: comparison with con-
ventional 3D fat-suppressed gradient echo imaging. 
J Magn Reson Imaging. 2002;16(2):209–16. https://
doi.org/10.1002/jmri.10153.

 63. Waldenmeier L, Evers C, Uder M, Janka R, Hennig 
FF, Pachowsky ML, et  al. Using cartilage MRI 
T2-mapping to analyze early cartilage degenera-
tion in the knee joint of young professional soccer 
players. Cartilage. 2019;10(3):288–98. https://doi.
org/10.1177/1947603518756986.

 64. Domayer SE, Welsch GH, Dorotka R, Mamisch 
TC, Marlovits S, Szomolanyi P, et al. MRI monitor-
ing of cartilage repair in the knee: a review. Semin 
Musculoskelet Radiol. 2008;12(4):302–17. https://
doi.org/10.1055/s- 0028- 1100638.

 65. Mosher TJ, Dardzinski BJ. Cartilage MRI T2 relax-
ation time mapping: overview and applications. Semin 
Musculoskelet Radiol. 2004;8(4):355–68. https://doi.
org/10.1055/s- 2004- 861764.

 66. Apprich S, Welsch GH, Mamisch TC, Szomolanyi P, 
Mayerhoefer M, Pinker K, et al. Detection of degener-
ative cartilage disease: comparison of high- resolution 
morphological MR and quantitative T2 mapping 
at 3.0 tesla. Osteoarthr Cartil. 2010;18(9):1211–7. 
https://doi.org/10.1016/j.joca.2010.06.002.

 67. Casula V, Hirvasniemi J, Lehenkari P, Ojala R, Haapea 
M, Saarakkala S, et al. Association between quantita-
tive MRI and ICRS arthroscopic grading of articu-
lar cartilage. Knee Surg Sports Traumatol Arthrosc. 
2016;24(6):2046–54. https://doi.org/10.1007/
s00167- 014- 3286- 9.

 68. Grambart ST.  Arthroscopic Management of 
Osteochondral Lesions of the talus. Clin Podiatr Med 
Surg. 2016;33(4):521–30. https://doi.org/10.1016/j.
cpm.2016.06.008.

 69. O'Loughlin PF, Heyworth BE, Kennedy 
JG.  Current concepts in the diagnosis and treat-
ment of osteochondral lesions of the ankle. Am 
J Sports Med. 2010;38(2):392–404. https://doi.
org/10.1177/0363546509336336.

 70. Brittberg M, Winalski CS. Evaluation of cartilage inju-
ries and repair. J Bone Joint Surg Am. 2003;85(Suppl 
2):58–69.

 71. Durur-Subasi I, Durur-Karakaya A, Yildirim 
OS. Osteochondral lesions of major joints. Eurasian 
J Med. 2015;47(2):138–44. https://doi.org/10.5152/
eurasianjmed.2015.50.

 72. Kocher MS, DiCanzio J, Zurakowski D, Micheli 
LJ.  Diagnostic performance of clinical examination 
and selective magnetic resonance imaging in the eval-
uation of intraarticular knee disorders in children and 
adolescents. Am J Sports Med. 2001;29(3):292–6. 
https://doi.org/10.1177/03635465010290030601.

F. G. Abreu et al.

https://doi.org/10.1007/s00256-003-0628-y
https://doi.org/10.1007/s00256-003-0628-y
https://doi.org/10.1055/s-0032-1304299
https://doi.org/10.1055/s-0032-1304298
https://doi.org/10.1148/radiol.2333031921
https://doi.org/10.1148/radiol.2333031921
https://doi.org/10.1155/2016/3594253
https://doi.org/10.1155/2016/3594253
https://doi.org/10.1016/j.rcl.2008.10.001
https://doi.org/10.1097/md.0000000000012401
https://doi.org/10.1097/md.0000000000012401
https://doi.org/10.1002/jmri.10153
https://doi.org/10.1002/jmri.10153
https://doi.org/10.1177/1947603518756986
https://doi.org/10.1177/1947603518756986
https://doi.org/10.1055/s-0028-1100638
https://doi.org/10.1055/s-0028-1100638
https://doi.org/10.1055/s-2004-861764
https://doi.org/10.1055/s-2004-861764
https://doi.org/10.1016/j.joca.2010.06.002
https://doi.org/10.1007/s00167-014-3286-9
https://doi.org/10.1007/s00167-014-3286-9
https://doi.org/10.1016/j.cpm.2016.06.008
https://doi.org/10.1016/j.cpm.2016.06.008
https://doi.org/10.1177/0363546509336336
https://doi.org/10.1177/0363546509336336
https://doi.org/10.5152/eurasianjmed.2015.50
https://doi.org/10.5152/eurasianjmed.2015.50
https://doi.org/10.1177/03635465010290030601


107© ISAKOS 2022 
A. Gobbi et al. (eds.), Joint Function Preservation, https://doi.org/10.1007/978-3-030-82958-2_9

Bone Marrow Edema
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9.1  Treatment

As previously mentioned, BMLs represent an 
altered MRI signal underlying different pathol-
ogy; therefore, the treatment should not be related 
on images only but it should highly evaluate 
based on patient symptoms, underlying aetiol-
ogy, and chance of disease progression.

A post-traumatic BML in a patient sustaining 
an ACL injury will hardly require treatment, 
while a more focused BML related to a subchon-
dral insufficiency fracture of the knee (SIFK) 
could progress to avascular necrosis (AVN) 
amendable of surgical treatment.

9.1.1  Basic Principles

The treatment of the BMLs should be primarily 
focused on pain-relief and avoiding lesion pro-
gression. Pain control could be achieved by bal-
ancing both nonsteroidal anti-inflammatory 
drugs (NSAID), Cox-1/Cox-2 Inhibitor, and opi-
oid drugs. NSAID act as inhibitors of the cyto-

kine and leukotrienes pathway aiming to stop the 
biological mechanism sustaining BMLs, while 
opioids could be more effective on pain control 
avoiding central pain hyper-sensibilization.

Weight bear should be limited as soon as pos-
sible. Repeated microtraumas could sustain or 
worsening BMLs progression, leading to micro-
fractures occurring in the bone that already 
underwent to an altered remodelling process. 
Walking in partial weight bear (15–20 kg) using 
crutches should be recommended until further 
MRI assessments demonstrate BMLs regression 
or pain substantially reduce.

Isometric quadriceps strengthening, range of 
movement maintenance, and stretching of knee 
flexors should be highly encouraged in order to 
avoid further delays in the recovery phase, pro-
moting a faster recovery.

9.1.2  Physical Therapies

9.1.2.1  Hyperbaric Oxygen Therapy
Hyperbaric oxygen therapy (HBOT) has been 
proposed in the treatment of BMLs due to its 
role in modulating inflammation and oxidative 
stress [1].

The interaction between inflammatory factors 
and OPG/RANK/RANKL homeostasis [2, 3] 
represents a potential target in order to decrease 
bone remodelling underlying BMLs.
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Bosco et  al. reported increased ROS levels 
associated with a decrease in TNF-α and IL-6 
plasma values in 23 patients with hip AVN (15 
patients staged III according to Ficat classifica-
tion) treated with HBOT.  In a prospective ran-
domized study comparing NSAID to NSAID 
plus HBOT in 41 patients, Capone et al. reported 
significant better clinical and radiological out-
comes in the HBOT group at 3 months follow-
up (WOMAC score 56.4 vs 70.8; BML area 
reduction 28% vs 55%). Similarly, in a double-
blind randomized controlled prospective study 
including 20 patients with unilateral hip AVN 
(Ficat stage II) treated with HBOT or com-
pressed air, better outcomes were reported in the 
HBOT group with stable results at 7 years fol-
low-up and no total hip replacement (THR) con-
versions [4].

Side effects should be considered too in the 
cost-benefits analysis. Light-headedness, claus-
trophobia, and fatigue are frequently reported by 
patients undergoing HBOT therapy; nevertheless, 
also major complications such as lung damage, 
ear and eye disorders, and sinus damage should 
be considered in specific patients.

9.1.2.2  Extracorporeal Shockwave 
Therapy

Shockwave therapy (ESWT) represents a feasible 
alternative in the treatment of BMLs, character-
ized by a low-profile risk and limited costs. A 
promoting effect on osteoblast migration, adhe-
sion, and bone formation was previously docu-
mented [5–7]; moreover, an increase in 
pro-angiogenetic (NO, VEGF, FGF) and a 
decrease in pro-inflammatory factors (il-1, TG-B) 
was reported by different authors [8].

Kang et al. [9] comparing ESWT and alendro-
nate therapy in 126 patients affected by knee 
osteoarthrosis (OA) and concomitant BMLs 
reported a shorter natural course of the disease in 
favor of the ESWT group in both clinical and 
radiological scores. Similarly, Vitali et  al. [10] 
comparing ESWT and conservative treatment in 
56 patients with no radiological sign of OA 
reported higher clinical and functional scores at 
4 months in the ESWT group.

These results seem to confirm the previous 
systematic review by Zhang et al. [11] reporting 
a decrease of BML progression, a reduced sur-
gery demand, and a significant decrease in MRI 
detected BML area. Despite this evidence, lower 
benefits were evidenced in advanced stage ON 
(ARCO grade 3–4) and no synergy with other 
conservative therapies was observed.

In consideration of safeness of the procedure 
and the cost-benefits balance, ESWT represents a 
reliable alternative in patients with comorbidities 
of when pharmacological is not available [12, 13].

9.1.2.3  Pulsed Electromagnetic Fields
Pulsed electromagnetic fields (PEMF) represent 
a noninvasive treatment aiming to reduce pro- 
inflammatory cytokines and oxidative damage 
[14] while promoting new bone formation 
thought osteoclast apoptosis and osteoblast 
migration [15–18]. The huge advantage of this 
therapy is the possibility to be formed at home by 
the patient. Few studies focused on the role of 
PEMF in the treatment of BMLs. A study consid-
ering 66 patients with femoral AVN, at mean FU 
of 28  months, reported about 53% of patients 
pain-free at 2  months, 94% hip preservation in 
stage 1 and 2 AVN, and a 20% conversion rate to 
THR only in patients staged 3 and 4 [19]. Similar 
results were proposed by Martinelli et  al. in a 
limited cohort of patients with talus BMLs 
reporting a substantial clinical benefit at 3 months 
after the treatment and a resolution of the MRI 
edema in 90% of patients at 3 months FU [20]. 
Limited adverse effects (nausea, lethargy, head-
aches, fatigue, and muscle aches) were reported, 
but caution should be used in pregnant patients 
and subjects with pacemaker, defibrillator, or 
implanted cochlear hearing device.

9.2  Pharmacological Therapies

9.2.1  Prostacyclin Derivatives

Prostaglandins have an important role in inflam-
matory responses and cell differentiation, promot-
ing microcirculation and bone regeneration [21].
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Both intraosseous pressure normalization and 
decrease in local leukotrienes and cytokines con-
centration have been advocated as possible thera-
peutical targets of PCD.  At the current time, 
Iloprost represents the most used PCD used in 
BML treatment.

In a prospective double-blind randomized con-
trolled study comparing Iloprost and tramadol, no 
significant difference was reported; nevertheless, 
a greater improvement in BML was reported in 
the Iloprost group as well as an increased bone 
formation [22]. In a similar study by the same 
author, a mean decrease in SSF of 42% and 100% 
at 3 and 12 months, respectively, was reported in 
patients treated with Iloprost, while in patients 
treated with tramadol the decrease was −2.2% 
and 65.7%, respectively [22].

As reported by Classen et al. [23], a significa-
tive improvement in both pain and BML size was 
reported in 74.8% of patients with hip and knee 
AVN who underwent PCD treatment; neverthe-
less, better results should be expected in patients 
with early stages ON. A conversion rate to joint 
arthroplasty of 4% and 20% was reported in early 
stages AVN (ARCO I-II) in comparison to 71% 
and 100% in stage III and IV, respectively.

The PCD side effects usually occur during the 
first 30′ after the infusion begin and decrease 
after the flowing infusions. The most common 
reported side effects are represented by: moder-
ate or severe headache (39%), nausea (21%), 
temporary pain increase (21%), and flush or local 
erythema (21%) [24, 25]. Caution should be used 
in patients with unstable angina or previous acute 
myocardial infarction during the last 6 months.

9.2.2  Bisphosphonates

Bisphosphonates (BPs) represent the most stud-
ied molecules in the treatment of BMLs, in con-
sideration of their ability to affect the BLMs 
pathway at multiple levels: the anti-inflammatory 
activity related to cytokines inhibition (IL-1, 
IL-12, and TNF-a), the effect on micro circle per-
meability related to NGF suppression and the 
reduction of cell apoptosis.

In the last decades, good-to-excellent results 
were reported by many authors using different 
molecules such as Alendronate, Clodronate, 
Pamidronate, Ibandronate, and Zoledronate 
(TAB) [26–31]. Nevertheless, none of them is 
formerly labelled for the treatment of BMLs. The 
only BP labelled to be used in BMLs is repre-
sented by the neridronate.

In a randomized double-blind placebo- 
controlled study by Varenna et  al. [32], 
Neridronate was firstly demonstrated effective in 
reducing pain and improving life quality in 
patients affected by Complex Regional Pain 
Syndrome (CRPS). Furtherly, in a similar study 
by the same author [33], Neridronate was evalu-
ated in the treatment of BMLs in osteoarthritic 
knees. A statistical significant decrease in VAS 
score was observed 10  days after the treatment 
(from 59.4 + 14.7 to 30.4 + 15.6) and only 13% 
of patients required additional analgesics therapy, 
in comparison to 72% in the placebo group. A 
similar trend was observed in MRI knee WORMS 
score values, decreasing from 6.3  +  3.0 to 
3.7 + 4.2 at 2 months after the treatment.

In a minority of patients minor side effects 
such as flu-like symptoms, headache, joints pain, 
and fever could present during the first IV sub-
ministration. These symptoms usually persist for 
2 or 3 days after the treatment and do not occur at 
the next subministrations. A prophylactic dose of 
acetaminophen should be recommended during 
the first infusion to reduce the incidence and 
intensity of these symptoms. Uveitis and osteo-
necrosis of the jaw have been reported as a rare 
side effect associated with BP therapies; never-
theless, the limited duration of the treatment 
related to BMLs markedly reduces these risks. 
Care should be given to patients with poor kidney 
function or low calcium levels.

9.2.3  TNF-Inhibitors and RANK-L 
Antibodies

Few studies are available related to the use of 
TNF-inhibitors usually focused on specific 
classes of patients.

9 Bone Marrow Edema
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Positive results were reported in patients 
affected by rheumatoid arthritis, spondylitis, and 
psoriatic arthritis [34, 35]; nevertheless, the lim-
ited population number doesn’t allow to extrapo-
late clinically relevant conclusions about these 
molecules. Similarly promising results were 
reported using RANK-L antibodies, a reduction of 
BMLs was observed in 93% of patients after a 
single subministration as long as a significant 
decrease in VAS score and no adverse effect [36]. 
In consideration of the high cost of these treat-
ments, a careful evaluation of cost and benefits 
should be performed.

9.3  Surgical Therapies

The surgical treatment should be focused on:

 – removing the underlying mechanism sustain-
ing the edema

 – avoid SIFK progression providing structural 
support to the subchondral bone and promot-
ing bone formation

Compartment overloading due to malalign-
ment, meniscal extrusion, or root lesions could 
lead to BMLs formation. In patients not respond-
ing to conservative treatment and presenting 
painful BMLs, the surgical treatment should be 
evaluated. Malalignment should be treated with 
corrective osteotomies, while meniscal lesion 
should undergo suture/reinsertion inpatients with 
low-grade OA (Kelgrenn-Lawrence grade 1–2) 
and meniscectomy in high-grade OA (Kelgrenn- 
Lawrence 3–4).

In the occurrence of BMLs and concomitant 
SIFK, the surgery defined subchondroplasty 
could represent a reliable solution burned with 

limited invasivity and side effect. This procedure 
should be considered in patients with delayed 
diagnosis of SIFK, therefore at high risk of AVN, 
or in high demanding patients with early diagno-
sis of SIFK.

Using a percutaneous approach, a synthetic 
calcium phosphate bone void filler is injected at 
the level of the BMLs under fluoroscopy, accord-
ing to the pre-operative MRI planning. Calcium 
phosphate endothermically sets in 10  min at 
37 °C, without thermal necrosis, and can easily 
be injected in the trabecular bone.

The filler provides early structural support 
to the subchondral bone allowing for an early 
weight bear recover and promoting bone 
remodelling due to its osteoconductive charac-
teristics [37]. The procedure is usually per-
formed in association to knee arthroscopy in 
order to treat concomitant meniscal injuries 
and to exclude the possibility of intra-articular 
leakage.

This should be considered one of the most rel-
evant risks of the procedure that could lead to 
pain persistence and critical cartilage deteriora-
tion. Other reported side effects are represented 
by subcutaneous calcium phosphate leakage and 
pain increase in the early postoperative period. A 
single case of osteomyelitis related to this tech-
nique is reported in literature [38].

In a recent literature review, Astur et al. [39] 
analyzed the outcomes of 164 patients who 
underwent subchondral injection of calcium 
phosphate, reporting significant improvement in 
knee clinical outcomes, full return to activity 
after 3  months, and a TKR conversion rate 
reduced by 70%.

Further studies could be required to define the 
proper timing and selection criteria in order to 
maximize the procedure results.
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9.4  Algorithm Approach
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10.1  Introduction

The osteochondral unit plays an integral role in 
the overall function of a synovial joint. Its unique 
and complex architecture permits smooth lubri-
cated motion to facilitate human ambulation. 
Articular hyaline cartilage that lines the bone 
ends in these joints can withstand high loads 
while maintaining a near-frictionless articulating 
interface. Load dispersal is shared with the sub-
chondral bone, the morphology of which reflects 
adaptations of loading in adults [1].

The articular joint surface is composed of 
hyaline cartilage connected through a zone of 
calcified cartilage to the subchondral cortical 
bone known as the subchondral plate, which 
gives way to metaphyseal trabecular bone. 
Articular cartilage, the calcified cartilage, and 
the underlying subchondral bone form a tight 
functional association, and are highly interde-
pendent. Alterations in the structure, biomechan-
ics, and physiology of any individual components 
of this unit results in disruption of joint integrity 
and loss of function [2]. In this chapter, we 
describe the anatomy of articular cartilage and 

the subchondral bone, outlining how this struc-
ture contributes to its function.

10.2  Anatomy of Cartilage 
and Subchondral Bone

10.2.1  Articular Cartilage

Hyaline cartilage of 2 to 4 mm in thickness coats 
the articular surfaces of synovial joints. It is com-
posed of individual chondrocytes sparsely dis-
tributed within a dense extracellular matrix and is 
avascular, aneural, and alymphatic. The extracel-
lular matrix is principally composed of water, 
collagen, and proteoglycans with other non- 
collagenous proteins and glycoproteins present in 
lesser amounts [3]. The structure of articular car-
tilage can be divided into histologically identifi-
able zones based on the general orientation of the 
collagen fibrils, the morphology and arrangement 
of the chondrocytes, and the staining properties 
of the matrix (Fig.  10.1) [2, 4]. The superficial 
zone faces the synovial fluid with the middle 
zone, the deep zone, and the calcified zone ulti-
mately transitioning into subchondral bone.

10.2.1.1  Superficial Zone
The superficial zone makes up approximately 
10–20% of articular cartilage thickness and pro-
tects deeper layers from sheer stresses [5]. This 
zone consists of a lamina splendins, a clear film 
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of small collagen fibrils and cellular layer of flat-
tened chondrocytes one to three cells thick. The 
collagen fibers of the superficial zone (primarily 
type II and IX) lie parallel to the articular surface 
and are tightly packed in an arrangement that 
resists sheer stresses [5]. It has the highest water 
and collagen content and the lowest level of pro-
teoglycan synthesis of all the zones. In addition, 
the superficial zone is also thought to function as 
a barrier to the passage of large molecules from 

the synovial fluid. The integrity of this layer is 
imperative in the protection and maintenance of 
deeper layers.

10.2.1.2  Middle Zone
Immediately below the superficial zone lies the 
middle (or transitional) zone. This zone makes up 
between 40% and 60% of total cartilage volume 
and contains thicker collagen fibrils and more 
proteoglycans. Here, the fibers are arranged 

Superficial
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Deep
Zone

Calcified Zone

Subchondral
Boneplate

Subchondral
Trabecular Bone

Pericellular

Tidemark

Terretorial

Interterretorial

Fig. 10.1 Cellular composition and matrix morphology of articular cartilage and subchondral bone
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obliquely and the chondrocytes are more spheri-
cal and at a lower density. This zone forms the 
transition between the shearing forces of the sur-
face layers and the compression forces in the 
deeper layers.

10.2.1.3  Deep Zone
The deep zone represents approximately 30% of 
articular cartilage volume and is responsible for 
providing the greatest resistance to compressive 
forces. The deep layer is characterized by 
rounded chondrocytes arranged in columns, a 
high proteoglycan content, and a radial collagen 
network. The chondrocytes in zones II and III 
produce all the components of the extracellular 
matrix. Although there are no intercellular junc-
tions between chondrocytes, communities of two 
or more cells come together to form chondrons. 
Chondrocytes within chondrons share the same 
pericellular matrix, which differs in its composi-
tion and has a higher rate of turnover compared 
with the inter-territorial extracellular matrix 
between the chondrons.

10.2.1.4  Calcified Zone
The tidemark is a discrete band of mineralized 
cartilage between the deep zone and the calcified 
zone made visible by histological staining. The 
tidemark represents a calcification front, at which 
non-mineralized cartilage matrix comes to con-
tain hydroxyapatite [6]. It is cell free and tends to 
migrate towards the surface with age. Immediately 
below the tidemark, the calcified cartilage is a 
20–250 μm thick transitional zone that forms an 
interface between cartilage and the stiffer bone. It 
also functions to anchor the cartilage to subchon-
dral bone and forms a barrier to diffusion from 
blood vessels supplying the subchondral bone. 
The small, rounded chondrocytes in the calcified 
zone are distributed in an extracellular matrix 
composed of types II and X collagen, glycosami-
noglycans, and alkaline phosphatases that con-
tribute to hydroxyapatite mineral deposition in 
the matrix [7]. The type II collagen fibrils of the 
non-calcified layers cross the tidemark to be 
anchored within the calcified cartilage [8]. No 
collagen fibers cross the boundary between the 
calcified cartilage and subchondral bone, with the 

two tissues only held together by three- 
dimensional interdigitation [9]. These undula-
tions in the interfaces between the articular 
cartilage, calcified cartilage, and underlying cor-
tical plate help to transform shear stresses into 
compressive and tensile stresses during joint 
loading and motion.

10.2.2  Subchondral Bone

Located directly below the calcified cartilage, the 
subchondral bone is organized into two anatomi-
cally distinct regions with unique architectural, 
mechanical, and biological properties, namely 
the subchondral bone plate and the subchondral 
trabecular bone [10, 11]. The subchondral bone 
plate separates the calcified cartilage from the 
marrow cavity and is similar to cortical bone at 
other skeletal sites. Like compact bone, it is com-
posed of osteons consisting of concentric lamel-
lae surrounding the central Haversian canal. The 
thickness and mineral density of the subchondral 
bone plate varies by age, weight, location, and 
stresses applied. In general, the central more 
heavily loaded contact areas are thicker and more 
mineralized [7]. The bone in the cortical bone 
plate merges into a network of trabecular bone 
that is more porous and metabolically active than 
cortical bone. The trabeculae are oriented in dif-
ferent directions depending on location, and they 
provide a unique structural network that is also 
adapted to the local mechanical influences 
through the continuous remodeling activity of 
osteoclasts and osteoblasts [12]. In general, the 
mean bone strength reduces rapidly with increas-
ing distance from the surface and is higher in 
men than in women [13].

Subchondral bone receives sensory and sym-
pathetic innervation which modulate bone regen-
eration, remodeling, and cartilage homeostasis 
[14]. In addition, the subchondral bone is highly 
vascular providing metabolic support to the over-
lying cartilage. Narrow canals and wider ampul-
lae provide connections between the marrow 
cavity and the calcified cartilage, penetrating 
across the subchondral plate [15]. These pene-
trating blood vessels enable signaling molecules 
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and nutrients to reach the deeper layers of carti-
lage accounting for approximately 50% of the 
water, oxygen, and glucose requirements of carti-
lage. Channels are narrower and form a tree-like 
network in regions where the subchondral plate is 
thicker, while they tend to be wider and resemble 
ampullae where the plate is thinner. In the 
absence of these branching vascular conduits, the 
cartilage must receive all nutrients through diffu-
sion of synovial fluid [4]. In addition to osteo-
cytes and osteoblasts, the subchondral bone 
contains mesenchymal cells with multipotent 
potential in vitro that are thought to migrate from 
the subchondral bone in the setting of osteochon-
dral injury to contribute to the formation of 
fibrous repair tissue [16].

10.2.3  The Molecular Organization 
of Normal Articular Cartilage

The cartilage matrix surrounding chondrocytes in 
healthy articular cartilage is arranged into regions 
defined by their architecture and distance from 
the cell and composition, namely the pericellular, 
territorial, and inter-territorial regions (Fig. 10.1). 
The pericellular matrix lies immediately around 
the cell and is the region where molecules that 
interact with cell surface receptors are located, 
for example, hyaluron binds to the receptor CD44 
[17]. It contains mainly proteoglycans, as well as 
glycoproteins and other non-collagenous pro-
teins. The territorial matrix surrounds the pericel-
lular matrix, slightly further from the cell. It is 
composed mostly of fine collagen fibrils, forming 
a basket-like network around the cells that is 
thought to protect them from mechanical stresses 
[18]. At largest distance from the cell is the inter-
territorial matrix which contributes most to the 
biomechanical properties of articular cartilage 
[19]. This region is characterized by an abun-
dance of proteoglycans and bundles of large col-
lagen fibrils that are arranged parallel to the 
surface of the superficial zone, obliquely in the 
middle zone, and perpendicular to the joint sur-
face in the deep zone.

10.3  Composition of Articular 
Cartilage

Articular cartilage in adults is composed of an 
extensive extracellular matrix with sparse distri-
bution of highly specialized cells called chondro-
cytes that are responsible for the production of 
this matrix.

10.3.1  Cells

Chondrocytes are the single resident cell type in 
articular cartilage accounting for only 1–2% of 
the total cartilage volume [20]. Chondrocytes are 
highly metabolically active, responsible for the 
development, maintenance, and repair of the 
extracellular matrix. During fetal development, 
chondroblasts derived from mesenchymal pro-
genitors proliferate with the majority of cartilage 
transforming into bone through endochondral 
ossification. At skeletal maturity, hyaline carti-
lage persists at the articular surface with the 
matrix and synovial fluid environment playing 
extremely important roles in the maintenance of 
the phenotype of articular chondrocytes.

The shape, number, and size of chondrocytes 
vary depending on the anatomical regions of the 
articular cartilage. Chondrocytes in the superfi-
cial zone are flatter and smaller and generally 
have a greater density than chondrocytes situated 
in the deeper zones. Individual chondrocytes 
establish a specialized microenvironment in its 
immediate vicinity and are responsible for the 
turnover of extracellular matrix within this area. 
They must be able to respond to changes in 
matrix composition by synthesizing appropriate 
types and amounts of macromolecules. Although 
these cells have high metabolic activity, they are 
relatively few in number and so the total activity 
within cartilage is low [21]. The chondrocyte is 
trapped within the matrix it produces preventing 
migration to adjacent areas of cartilage. It is 
unusual for chondrocytes to form direct connec-
tions for communication, but they do respond to 
stimuli such as mechanical loads, hydrostatic 
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pressures, piezoelectric forces, and growth fac-
tors [5]. Chondrocytes are highly dependent on 
optimal chemical and chemical environments to 
maintain their health. As they have limited capac-
ity for replication, the intrinsic healing capacity 
of cartilage is low.

It has not been fully elucidated how chondro-
cytes obtain nutrition to fuel their metabolism; 
however, contact between articular cartilage and 
its vascularized subchondral bone appears to be 
crucial. In addition, synovial fluid provides chon-
drocytes with nutrients via diffusion. A double- 
diffusion barrier requires passage through the 
synovium first, followed by passage through the 
extracellular matrix to the chondrocyte. As such, 
metabolism in articular cartilage is primarily 
anaerobic in an environment with very low oxy-
gen concentration.

10.3.2  Extracellular Matrix

Water makes up 65–80% of the total weight of 
healthy articular cartilage. Collagens and proteo-
glycans are the principal load-bearing macromol-
ecules in articular cartilage. Other classes of 
molecules found in smaller amounts make up the 
remaining ECM including lipids, phospholipids, 
proteins, and glycoproteins (Table 10.1).

10.3.2.1  Water
Water is the most plentiful component of articu-
lar cartilage. The relative water concentration 
decreases from approximately 80% at the super-
ficial zone to 65% in the deep zone [3]. The 
majority of this water is contained within the 
pore space of the extracellular matrix, with 
approximately 30% within the intra-fibrillar 
space of collagen and a small proportion con-
tained within the intracellular space [22, 23]. 
This water contains inorganic ions including 
sodium, calcium chloride, and potassium [24]. 
The flow of water through the cartilage aids in the 
transport and distribution nutrients to chondro-
cytes. Much of the interfibrillar water appears to 
exist as a gel, and most of it may be moved 
through the matrix by applying a pressure gradi-

ent across the tissue or by compressing the solid 
matrix [25]. The small pore size of the ECM 
causes high frictional resistance against this flow. 
It is the combination of the frictional resistance to 
water flow and the pressurization of water within 
the ECM that is responsible for the compressive 
strength and the ability of articular cartilage to 
withstand high joint loads.

10.3.2.2  Collagen
Collagen is the most abundant structural macro-
molecule in extracellular matrix, making up 
approximately 60% of the dry weight of carti-
lage. Type II collagen makes up approximately 
90% of the collagen in ECM and forms fibrils 
and fibers intertwined with proteoglycan aggre-
gates that form an extensive network throughout 
the territorial and interterritorial matrix. These 
fibrils vary in diameter, from approximately 
20 nm in the superficial zone to 70 to 120 nm in 
the deep zone. The collagens form a cross-linked 
network that adds to the three-dimensional stabil-
ity and tensile properties of articular cartilage. 
Collagen types IV, V, VI, IX, and XI contribute a 
minor proportion that help to form and stabilize 
the type II collagen fibril network. All collagen 
types contain a region consisting of 3 polypeptide 
α-chains wound into a triple helix. The amino 
acid composition of polypeptide chains is pri-
marily glycine and proline, with hydroxyproline 
providing stability via hydrogen bonds along the 
length of the molecule. The triple helix structure 
of the polypeptide chain imparts important shear 
and tensile properties, which help to stabilize the 
matrix [5].

Type X collagen is present in the calcified car-
tilage layer and also forms a meshwork. It is 
associated with cartilage calcification and is pro-
duced by hypertrophied chondrocytes during 
endochondral ossification. Type 1 collagen is not 
found in normal articular cartilage but is present 
following injury in the subsequently formed 
fibrocartilage.

10.3.2.3  Proteoglycans
Proteoglycans are heavily glycosylated protein 
monomers accounting for 10–15% of the wet 
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weight of cartilage and are responsible for pro-
viding compressive strength. There are two major 
classes of proteoglycans in articular cartilage: 
large aggregating proteoglycan monomers or 
aggrecans, and smaller non-aggregating proteo-
glycans including decorin, biglycan, fibromodu-

lin, lumican, and perlecan. Proteoglycans have a 
“bristle-brush” structure consisting of a protein 
core with one or more linear covalently attached 
glycosaminoglycan chains (chondroitin sulfate, 
keratan sulfate) that remain separated from each 
other through charge repulsion (Fig. 10.2).

Table 10.1 Components of the articular cartilage extracellular matrix and their function

Matrix component Comments Function
Collagen
Type II Principal component of macrofibril Tensile strength
Type VI Forms microfibrils in pericellular sites Unknown
Type IX Cross-linked to surface of macrofibril Tensile properties and/or 

fibril-interfibrillar connections
Type X Associated with macrofibril and present in pericellular 

latticework. Only synthesized by hypertrophic chondrocytes. 
Only usually present in calcified layer

Unclear but may add structural 
support

Type XI Present within and on macrofibrils Nucleates fibril formation
Type XII and XIV Each is homotrimeric Probably part of macrofibril
Proteoglycans
Aggrecan Majority proteoglycan by mass. Binds hyaluronan by a G1 

domain. Most concentrated in deep zone.
Compressive stiffness

Non-aggregating proteoglycans
Decorin Has one chondroitin or dermatan sulfate chain near 

amino-terminus. Equimolar to aggrecan. Concentrated at 
articular surface and in pericellular sites.

Regulates formation of 
macrofibrils

Biglycan Has two chondroitin or dermatan sulfate chains near 
amino-terminus.

Interacts with collagen VI

Fibromodulin May contain as many as 4 keratan sulfate chains Regulates formation of 
macrofibrils

Lumican Contains keratan sulfate in immature Regulates formation of 
macrofibrils

Perlecan Located at cell surface. Contains heparan sulfate Cell-matrix adhesion
Other molecules
Lubricin Synthesized by cells of superficial zone Joint lubrication
Cartilage oligomeric
Protein

Five armed molecule of thrombospondin family Binds type II collagen and may 
be involved in macrofibril 
assembly

Link protein Structure homologous to G1 domains of aggrecan and 
versican

Stabilizes binding of aggrecan 
and versican G1 domains to 
hyaluronan

Maytrix-γ-
Carboxyglutamic 
acid
Protein

Pericellular location. Also known as matrix Gla protein Inhibits calcification

Fibrillin-1 Forms microfibrillar network Unknown
Hyaluronic acid 
(hyaluronan)

Forms macromolecular aggregates with aggrecan and/or 
versican: Binds G1 domain of these molecules and link 
protein. Interacts with collagen fibril.

Retention of aggrecan and 
versican in matrix

Chondroadherin 
(CHAD)

Leucine-rich protein Cell-matrix binding

CD44 The cell surface receptor for hyaluronic acid Cell-matrix binding
Chondronectin Cell-matrix binding
Fibronectin Cell-matrix binding
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Aggrecan is the largest and most abundant pro-
teoglycan with over 100 chondroitin sulfate and 
keratin sulfate chains attached to its core protein. 
Aggrecans interact with hyaluronic acid to form 
large proteoglycan aggregates stabilized via link 
proteins [26]. Aggrecans occupy the interfibrillar 
space generating high negative charges that attract 
water generating high osmotic pressures that 
enable cartilage to resist high compressive loads7.

Non-aggregating proteoglycans including 
decorin, biglycan, and fibromodulin are smaller 
and are characterized by their ability to interact 
with collagen. Although their protein structure is 
similar to aggrecan, their glycosaminoglycan 
composition and function are different. Decorin 
and biglycan possess one and two dermatan sul-
fate chains, respectively, whereas fibromodulin 
possesses several keratin sulfate chains. Decorin 

and fibromodulin play a role in fibrillogenesis 
and interfibril interactions by interacting with the 
type II collagen fibrils in the matrix. Biglycan is 
principally found close to chondrocytes, where 
they may interact with collagen VI.

10.3.2.4  Other Non-collagenous 
Proteins and Glycoproteins

Non-collagenous proteins and glycoproteins are 
sparsely distributed through the extracellular 
matrix. Although generally poorly understood, a 
number are thought to be involved in maintaining 
structure by acting as adhesives, binding matrix 
components and chondrocytes. These include, 
fibronectin that binds to integrin transmembrane 
receptors, and chondronectin and anchorin that 
mediate attachments of chondrocytes with 
 collagen fibrils.

Protein Core

Link Protein

Hyaluronic Acid Backbone

Keratin Sulphate Sidechains

Chondroitin Sulphate Sidechains

Fig. 10.2 Proteoglycan structure
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Lubricin (previous known as “superficial zone 
protein”) is mucinous glycoprotein synthesized 
by synoviocytes and articular chondrocytes that 
is abundant in the synovial fluid, synovial mem-
brane, and superficial zone of articular cartilage 
[27]. It functions to protect the cartilage surface 
from protein deposition and cell adhesion, inhibit 
synovial cell overgrowth, and in preventing 
cartilage- cartilage adhesion [28].

10.3.2.5  Homeostasis 
of the Extracellular Matrix

The maintenance and turnover of the extracellu-
lar matrix is regulated by chondrocytes and deg-
radative enzymes. In healthy cartilage, a balance 
is achieved between the degradation of the differ-
ent macromolecules with their replacement by 
newly synthesized products. The metabolic activ-
ity of the chondrocytes can be altered by a variety 
of factors within their surrounding chemical and 
mechanical environment.

Proteinases including metalloproteinases and 
cathepsins degrade collagen and proteoglycan 
aggregates as part of the normal turnover of the 
matrix constituents. The matrix metalloprotein-
ases are classified into collagenases, gelatinases, 
stromelysins, and membrane-associated metallo-
proteinases. All are secreted as latent proenzymes 
that require activation extracellularly. 
Collagenases cause collagen fibril degradation. 
Gelatinases degrade denatured type II and type 
IV collagen and also have significant activity 
against fibronectin, elastin, and collagen types V, 
VII, X, and XI. Stromelysin functions to degrade 
the protein core of aggrecan. Cathepsins are 
active in the degradation of aggrecan. Balancing 
this action are the protein inhibitors. Tissue 
inhibitors of matrix metalloproteinases (TIMPS) 
are acidic polypeptides that prevent degradation 
by metalloproteinases.

Matrix components including proteoglycans 
are produced by chondrocytes and secreted into 
the ECM. A number of growth factors contribute 
to the regulation of proteoglycan metabolism 
although the molecular mechanism by which 
these proteins exert their effects is not fully 
understood. Insulin-like growth factors, trans-
forming growth factor-β, interleukin-1, and 

tumor necrosis factor-α have all been demon-
strated to influence proteoglycan metabolism. 
TGFβ stimulates proteoglycan synthesis and 
decreases the catabolic activity of interleukin-1 
and MMPs. Basic fibroblasts growth factor 
(bFGF) stimulates DNA synthesis in articular 
chondrocytes. Insulin growth factor-1 (IGF-1) 
stimulates extracellular matrix synthesis.

Chondrocyte activity is also influenced by 
mechanical forces. Joint motion and load are 
important to maintain normal articular cartilage 
structure and function. Inactivity of the joint has 
also been shown to lead to the degradation of car-
tilage. Regular joint movement and dynamic load 
is important for the maintenance of healthy artic-
ular cartilage metabolism while excess force can 
damage cells. A further function of the extracel-
lular matrix is therefore to protect chondrocytes 
from the potentially damaging biomechanical 
forces transmitted through joints.

10.4  Composition and Metabolism 
of Subchondral Bone

10.4.1  Cells

Subchondral bone contains at least five cell types 
critical to the production and turnover of sub-
chondral bone including osteoblasts, osteoclasts, 
osteocytes, bone lining cells, and osteoprogeni-
tors. Osteoblasts and osteoclasts form bone 
remodeling units that maintain the integrity of the 
bone and balance between deposited and resorbed 
bone. Osteocytes, form an interconnected net-
work in the bone matrix and with cells on the 
bone surface. As osteocytes are widely distrib-
uted throughout cortical and trabecular bone, 
they are well positioned to respond to local bio-
mechanical influences and soluble mediators, 
and accordingly regulate bone remodeling and 
adaptation via cell–cell interactions with osteo-
clasts and osteoblasts. Bone marrow of the tra-
becular bone maintains a heterogeneous 
population of multipotent mesenchymal cells that 
may function as progenitors for osteochondral 
cell lineages as well as supporting a trophic envi-
ronment for hematopoiesis [29, 30].
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10.4.2  Matrix

Bone matrix is composed of organic and inor-
ganic components (Table  10.2). Collagen (pri-
marily type 1) comprises 90% of the organic 
matrix and provides the tensile strength of bone. 
The type 1 collagen forms an organized template 
for mineralization by inorganic components of 
calcium hydroxyapatite and calcium phosphate 
that make up 60% of the dry weight of bone. 
Proteoglycans and other non-collagenous pro-
teins including osteocalcin and osteonectin are 
also present.

10.4.3  Bone Remodeling 
and Homeostasis

The subchondral bone plate and subchondral tra-
becular bone is continuously remodeled through-
out life. The adaptive capabilities of subchondral 
bone reflect Wolff’s law which states that the 
magnitude and direction of applied load deter-
mine the internal architecture and external con-
formation of bone [31]. This response is 
facilitated through the formative and resorptive 
activities of osteoblasts and osteoclasts. The rich 
vascularization and innervation of subchondral 
bone facilitates a comprehensive and extensive 
local response to both physiologic and pathologic 
alterations within the bone.

10.5  Functions of Articular 
Cartilage 
and Subchondral Bone

The principal functions of articular cartilage and 
subchondral bone are to provide a smooth lubri-
cated surface for low friction articulation and to 
facilitate the transmission of loads to the underly-
ing bone.

10.5.1  Shock Absorption and Load 
Transmission

Articular cartilage is able to tolerate high cyclic 
loads, with little or no evidence of degeneration 
or damage [3]. The subchondral bone plays a key 
role in mechanically and metabolically support-
ing the articular cartilage, maintaining joint 
shape, and absorbing shock [4].

As a shock absorber, articular cartilage is 
capable of absorbing considerable compressive, 
tensile, and sheer stresses. The compressive 
properties of articular cartilage are a direct result 
of its biphasic nature. Water is the principal com-
ponent of the fluid phase that also contains the 
inorganic ions sodium, calcium, chloride, and 
potassium. The solid phase consists of the extra-
cellular matrix which is permeable and porous. 
When a load is applied to articular cartilage, the 
trapped synovial liquid flows through the porous 

Table 10.2 Components of the subchondral bone matrix and their function

Matrix component Comment Function
Organic matrix
Collagen Primarily type 1 collagen Provides tensile strength
Proteoglycans Glycosaminoglycan–protein complexes Contribute to compressive strength
Non-collagenous 
matrix
Proteins

Osteocalcin (bone gamma-carboxyglutamic 
acid containing protein)
Osteonectin

Promote mineralization and bone 
formation

Growth factors and 
cytokines

Include TGFβ, IGF, IL-1, IL-6, BMPs Aid in bone cell differentiation, activation, 
growth, and turnover

Inorganic matrix
Calcium 
hydroxyapatite

Ca10(PO4)6(OH)2 Provides compressive strength

Osteocalcium 
phosphate

Ca8H2(PO4)65H2O Provides compressive strength

TGFβ transforming growth factor beta, IGF insulin-like growth factor, IL-1 interleukin-1, IL-6 interleukin-6, BMPs 
Bone morphogenetic proteins.
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extracellular matrix causing the generation of 
significant frictional resistance. Even for very 
small flow speeds, very large drag forces are 
exerted on the solid matrix, dissipating the stress. 
When the material starts to deform, the porosity 
decreases and the permeability is reduced, 
decreasing the flow rate and increasing the drag 
forces. The low permeability of articular carti-
lage prevents fluid from being squeezed out of 
the matrix [5]. Therefore, cartilage responds to 
load by increasing the hydraulic pressure and 
becoming stiffer.

Articular cartilage is viscoelastic and exhibits 
time-dependent behaviors including creep and 
stress relaxation. The viscoelastic nature of carti-
lage is related to the low permeability of the tis-
sue, and the pressurization of the fluid phase that 
increases as the loading rate is increased. When a 
constant load is applied to cartilage, the tissue 
initially deforms rapidly by liberating the con-
fined liquid before the process slows down until 
equilibrium is reached. Similarly, when cartilage 
is deformed and held at a constant strain, high 
stresses are produced due to the hydraulic pres-
sure, which are reduced after liquid flow. This 
effect is known as stress relaxation and strongly 
influences the compressive behavior of the 
material.

The compressive properties of articular carti-
lage vary along the depth of the tissue and is pri-
marily related to differences in the fluid flow in 
each zone. Thus, the highly permeable superficial 
zone is exposed to compressive strains of up to 
50%. Fluid flow greatly decreases in the middle 
and deep zones, resulting in compressive strains 
of less than 5%. The deformation of cartilage is 
further attenuated by the subchondral bone that 
remains impermeable and stabilizes the tissue.

Cartilage is also anisotropic, having different 
mechanical properties depending on the direction 
in which it is loaded. Compressive forces gener-
ate significant tensile (hoop) stresses within carti-
lage. Typically, collagenous fibrous tissues show 
nonlinear tensile load deformation behavior. The 
orientation of the collagen network is the primary 
determinant of the tensile behavior cartilage 

within each zone. Initially, in the “toe region” of 
the stress–strain curve, a small load causes a 
large deformation. In cartilage, it has been shown 
that the initial portion of the “toe region” is 
caused by the drag force required to slide the col-
lagen meshwork through the proteoglycans; col-
lagen fibers themselves are not initially 
particularly stretched. As the collagen fibers 
eventually become taut and assume a uniform 
structure, the slope of the load deformation curve 
becomes constant. The organization of the colla-
gen fibers varies in the different zones of articular 
cartilage therefore influencing the mechanical 
properties.

Articular cartilage is also able to tolerate the 
shear stresses that occur with translational and 
rotational movements of bones. Shear stress 
occurs when forces are applied parallel to the sur-
faces of a material. Although the predominant 
load on articular cartilage is compressive, signifi-
cant shear stresses are developed particularly in 
the deep zone near the tidemark. The overall stiff-
ness of articular cartilage in shear is directly pro-
portional to the amount of collagen present in the 
tissue with proteoglycans not contributing to 
shear resistance.

10.5.2  Low-Friction Gliding Surface

The second principal function of articular carti-
lage is to provide a smooth lubricated surface for 
low friction articulation. Articular cartilage has a 
very low coefficient of friction, 30 times smoother 
than most modern joint replacements, and less 
than 1/5 of that of ice on ice. This coefficient of 
friction can be lowered further by fluid-film for-
mation, elastic deformation of articular cartilage, 
synovial fluid and efflux of fluid from cartilage.

The primary mechanisms of lubrication in 
synovial joints are boundary and fluid-film lubri-
cation. Each type of lubrication comes into play 
at a different point in the movement of the joint. 
In boundary lubrication a monolayer of lubricant 
(likely the glycoprotein lubricin) separates each 
surface boundary of the joint. This prevents 
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direct articular contact and is most important at 
rest or under load. In fluid-film lubrication, a 
thin layer of fluid increases the separation of the 
two surfaces. Hydrodynamic, squeeze film and 
elastohydrodynamic forms of fluid-film lubrica-
tion have all been described. In hydrodynamic 
lubrication, the two surfaces are at an angle to 
each other and the viscosity in the resulting 
wedge of fluid separates the two surfaces. In 
squeeze film lubrication, the two surfaces are 
parallel and move perpendicularly to each other. 
The viscosity of the incompressible fluid main-
tains the lubrication with high loads carried for 
short lengths of time. As the layer of fluid lubri-
cant is forced out, it becomes thinner and the 
joint surfaces come into contact, but they are still 
protected by lubricin.

Elastohydrodynamic lubrication occurs as 
speed increases and is similar to squeeze film, but 
the yielding articular surfaces create a larger sur-
face area when compressed by the fluid. There is 
less dissipation of the fluid-film, and therefore 
the load is sustained for a longer period. This is 
the predominant lubrication mechanism in syno-
vial joints during dynamic joint function.

Synovial joint, being non-rigid structures, 
exhibit modified forms of boundary and fluid- 
film lubrication. When movement begins, bound-
ary lubrication is exhibited at points of close 
contact of the two surfaces and fluid-film 
elsewhere.

Two other forms of lubrication are also 
thought to occur between the static state with 
boundary lubrication and the elastohydrody-
namic lubrication seen at speed: weeping and 
boosted lubrication. Articular cartilage is vari-
ably permeable to fluid, depending on whether it 
is loaded. As the articular cartilage of the joint 
slides under compression, fluid is exuded under 
and in front of the leading edge of the load, 
enhancing lubrication. As the load decreases after 
maximum compression, water is once again 
imbibed and the articular cartilage reforms its 
shape. In boosted lubrication, the solvent part of 
the lubricant enters the articular cartilage, which 
leaves behind the concentrated hyaluronic acid 
complexes as a lubricant in “trapped pools” of 
concentrated synovial fluid.

10.6  Conclusions

Articular cartilage and the subchondral bone 
have uniquely evolved to effectively dissipate 
forces through joints and provide articulations 
with extremely low friction that are able to toler-
ate high cyclic loads. These functions are reliant 
on their complex anatomical structures made up 
of cells and extracellular matrix that constantly 
adapt to the local biomechanical and biological 
conditions. Alterations in the architecture, bio-
mechanics or physiology of any individual com-
ponents of this unit results in disruption of joint 
integrity and loss of function.
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It was eerie. I saw myself in that machine.
I never thought my work would come to this.
Isidor Isaac Rabi
(American physicist, won Nobel Prize in Physics (1944) for discovery of nuclear magnetic resonance)

Mapping of the Osteochondral 
Defect
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11.1  Introduction

Articular cartilage has limited capacity for spon-
taneous repair and hence demand an early and 
accurate diagnosis and intervention. This chapter 
intends to summarize the various magnetic reso-
nance imaging (MRI) techniques to identify and 
quantify articular cartilage injury in an orthope-
dic surgeon’s perspective.

11.2  Basics of Magnetic 
Resonance Imaging

Magnetic resonance (MR) imaging is the most 
important imaging modality for the evaluation of 
traumatic or degenerative cartilaginous lesions in 
the knee [1]. Currently, standardized cartilage- 
sensitive pulse sequences are available for all 
joints.

Volumetric (quantitative) MR imaging is 
likely to become more available to standardized 
work stations, permitting the longitudinal assess-
ment of cartilage volume over time.

One of the major advantages of MRI is that it 
allows the manipulation of contrast to highlight 
different tissue types and also provides multipla-
nar capability with spatial resolution that 
approaches that of computed tomography (CT), 
without the potentially harmful ionizing radia-
tions of radiographs and CT [2].

It is essential to understand the basic princi-
ples of the functioning of MRI to understand how 
cartilage mapping functions.
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MRI scanners can be grouped roughly based 
on field strength into ultralow-field scanners 
(<0.1 Tesla (T)), low-field scanners (0.3 to 0.7 T), 
and high-field scanners (>1.0 T).

Low-field systems have shown poorer diag-
nostic performance in comparison to high-field 
systems, especially when assessing partial- 
thickness cartilage damage [3].

High-field scanners generate higher signal-to- 
noise images and allow shorter scanning times, 
thinner scan slices, and smaller fields of view, the 
most commonly used scanner being the 1.5 T MRI.

 (a) Surface coils are devices that act as antennae 
placed close to the joint or limb and mark-
edly improve signal and resolution and help 
achieve good image quality and visualization 
of cartilage. Surface coils for wrist, shoulder, 
knee, and ankle are currently standard.

 (b) How an MRI scan is performed: The 
patient is placed in a strong magnetic field 
many times stronger than the earth’s mag-
netic field. The magnetic force affects the 
nuclei of elements with odd numbers of pro-
tons or neutrons within the field, the most 
abundant being hydrogen, which is plentiful 
in water and fat. These hydrogen nuclei, 
which are essentially protons, align them-
selves with respect to the strong magnetic 
field. In this steady state, a radiofrequency 
(RF) pulse excites the magnetized protons 
and perturbs the steady state. A receiver coil 
listens for an emitted RF signal that is gener-
ated as these excited protons relax or return 

to equilibrium. This emitted signal is used to 
create the MR image.

Musculoskeletal MRI examinations primarily 
use spin-echo (SE) technique (Fig. 11.1), which 
produces T1-weighted, proton density (PD), and 
T2-weighted images. T1 and T2 are tissue- 
specific characteristics. These values reflect mea-
surements of the rate of relaxation to the steady 
state. By varying the timing of the application of 
RF pulses (TR, or repetition time) and the timing 
of acquisition of the returning signal (TE, or echo 
time), an imaging sequence can accentuate T1 or 
T2 tissue characteristics. In most cases, fat has a 
high signal (bright) on T1-weighted images and 
fluid has a high signal on T2-weighted images. 
Structures with little water or fat, such as cortical 
bone, tendons, and ligaments, are hypointense 
(dark) in all types of sequences.

Improvements in MR techniques led to the 
development of a relatively new techniques 
called the fast spin-echo (FSE) that allows faster 
imaging, thereby improving patient tolerance and 
decreasing motion artifacts. Fat signal in FSE 
images remains fairly intense, requiring fat- 
suppression techniques, e.g., chemical-shift fat- 
suppression and short tau inversion recovery 
(STIR) sequence. These fat-suppression tech-
niques help in the detection of edema in both 
bone marrow and soft tissue and hence are named 
“fluid-sensitive” sequences (Fig.  11.2). Another 
fast imaging method, gradient-echo technique, 
can be used selectively for cartilage imaging 
(such as for the glenoid labrum).

a b c d

Fig. 11.1 (a) Coronal T1, (b) Sagittal GRE, (c) Sagittal T2, and (d) Sagittal PD fat-saturated images of knee joint

S. Saseendar et al.



129

The general consensus is IM-weighted 
sequences have echo times (TE) in the range of 
30–60 ms and T2-weighted sequences have TE of 
70–80 ms and PD-weighted sequences have TE 
of 10–30 ms [3]. In general, fat-suppressed, fluid- 
sensitive IM-weighted FSE sequences have been 
the most useful standard imaging for cartilage. 
With IM- and T2-weighted FSE sequences, nor-
mal hyaline cartilage is intermediate in signal and 
fluid is bright, allowing good contrast to identify 
surface abnormalities as well as pathologies of 
the cartilage matrix. However, they cannot char-
acterize the severity of cartilage degeneration as 
validated by histology [4].

Diagnostic performance for cartilage lesions 
increases when different imaging planes are used 
in comparison to a single imaging plane alone. 
Isometric/volume acquisition also reduces time 
duration and the ability to multiplanar recon-
struction of images, thereby reducing the time 
taken as well as reducing the risk of motion arti-
facts (Fig. 11.3).

 (c) MRI sequences in cartilage mapping: MR 
imaging techniques can be divided into two 
broad categories based on their usefulness for 
a) morphologic and b) compositional evalua-
tion. Morphologic assessment techniques 

provide accurate information on the structure 
of the cartilage and identify fissuring, focal 
or diffuse, partial- or full-thickness cartilage 
loss and hence are used for semiquantitative 
or quantitative assessment of the cartilage. 
They include conventional SE, GRE, FSE, 
and more advanced isotropic three- 
dimensional (3D) SE and GRE sequences. 
Objective evaluation scores have been pro-
posed to describe focal cartilage defects in 
the knee, the most commonly used being the 
Outerbridge score. The score was primarily 
developed for arthroscopic assessment of the 
cartilage, but has been modified and extended 
for use with MRI [5].

Modified Outerbridge grading of cartilage:
• Grade I: Focal areas of hyperintensity with 

normal contour.
• Grade II: Swelling/ fraying of articular carti-

lage extending to surface.
• Grade III: Partial-thickness cartilage loss 

with focal ulceration.
• Grade IV: Full-thickness cartilage loss with 

underlying bone reactive changes.

On the other hand, compositional assessment 
techniques identify changes in the composition 
of the cartilage with special address to the water 
content and proteoglycan and collagen content. 
These techniques include T2 mapping, delayed 
gadolinium-enhanced MR imaging of cartilage 
(dGEMRIC), T1rho imaging, sodium imaging, 
and diffusion-weighted imaging.

11.3  Morphologic Assessment 
of Cartilage

 (a) Two-dimensional SE and Fast SE Imaging: 
2D or multisection T1-weighted, PD- 
weighted, and T2-weighted imaging 
sequences with or without fat-suppression 
are the most commonly used imaging 
sequences for the assessment of joint carti-
lage (Fig. 11.1). T1-weighted images show 
intrasubstance anatomic detail of hyaline 
cartilage but do not provide good contrast 

Fig. 11.2 Coronal section of knee: STIR image showing 
marrow edema (arrow) in the medial tibial condyle
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between joint fluid and the cartilage and also 
carry poor capability for depicting ligament 
injuries and may lead to overestimation of 
meniscal abnormalities. T2-weighted imag-
ing provides good contrast between the carti-
lage surface and joint effusion, which is 
useful for detecting focal areas of delamina-
tion or other defects, whereas internal carti-
lage signals are weakened. Proton 
density-weighted imaging is mostly the 
main workhorse in MSK imaging, carrying 
the benefit of both depicting surface carti-
laginous defects as well as abnormalities of 
internal cartilage composition. Intermediate- 
weighted sequences are being used more 
commonly in recent times. They provide the 
combination of the contrast advantage of 

proton density weighting and also a higher 
signal intensity in cartilage than standard 
T2-weighted sequences, allowing better dif-
ferentiation between cartilage and subchon-
dral bone.

 (b) Two-dimensional fast or turbo SE imag-
ing sequences are techniques where multiple 
echoes are acquired with each sequence rep-
etition. Hence, acquisition time is shorter 
than that with standard SE sequences and 
signal-to-noise (SNR) and contrast-to-noise 
(CNR) are higher. It is the technique most 
often used in clinical practice for the assess-
ment of knee joint abnormalities, including 
cartilaginous lesions.

 (c) Proton density-weighted and T2-weighted 
FSE imaging techniques are well suited for 

a c

b

Fig. 11.3 Multiplanar image reconstruction using single isometric volume acquisition: (a) sagittal, (b) axial, (c) coronal
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morphologic assessments of articular carti-
lage as well as menisci and ligamentous 
structures, providing information of a quality 
comparable to that obtained in surgery [6]. 
Although fast SE sequences provide excel-
lent SNR and contrast between tissues of 
interest, 2D fast SE imaging may suffer from 
anisotropic voxels, section gaps, and partial 
volume effects. Furthermore, this technique 
requires the acquisition of image data in mul-
tiple planes.

 (d) MR Arthrography: Direct MR arthrogra-
phy with use of T1-weighted pulse sequences 
(Fig. 11.4)[7] following intra-articular injec-
tion of gadolinium chelates has been shown 
to represent a reliable imaging technique for 
the detection of surface lesions of articular 
cartilage with high sensitivity and specificity 
[8]. The injected fluid produces high contrast 
between joint space, cartilage, and subchon-
dral bone, and at the same time distends the 
joint and thus, improves the separation of 

corresponding joint surfaces, such as the 
chondral surfaces of the femur and the ace-
tabulum at the hip joint. However, this tech-
nique is of limited use for osteoarthritis 
imaging due to its invasive nature.

 (e) Three-dimensional MR Imaging: These 
sequences generate isotropic voxels and 
allow high-quality reformations in any plane. 
Thus, it may be possible to only obtain one 
high spatial-resolution image dataset and get 
the additional planes as reformations. This 
would potentially save acquisition time and 
shorten patient examinations substantially. 
These techniques are considered the standard 
technique for morphologic evaluations of 
knee cartilage because they offer higher sen-
sitivity than 2D techniques and provide 
excellent depiction of cartilaginous defects, 
comparable to that achieved with arthros-
copy [9]. The commonly used 3D imaging 
sequences include 3D FSE, 3D GRE, 3D 
SPGR. The terminologies of these sequences 
could vary depending on the manufacturer, 
though the technique and imaging parame-
ters remain the same.

 (f) Limitations:
 1. Small focal lesions and fissures are 

obscured because of the lack of reliable 
contrast between cartilage and fluid.

 2. The gradient-echo sequences are not 
suited to visualize bone marrow pathology 
and are very limited in assessing menisci, 
ligaments, and tendons and are best suited 
only for quantitative measurement of vol-
ume and thickness of cartilage [10],

 3. They overestimate cartilage, ligament, 
and meniscal tear.

 4. Long acquisition times may lead to 
motion artifacts and less accurate mea-
surements although these problems may 
be less severe with current MR imaging 
systems.

 5. Fourth, the technique is highly vulnerable 
to susceptibility artifacts. In a recent 
study, high-resolution images of knee 
joint cartilage were obtained with an 
increased SNR, better cartilage-to-fluid 
contrast, and shorter acquisition time 

Fig. 11.4 Direct MR arthrography of the knee joint, 
T1-weighted SE showing hyperintense synovial fluid. 
There is a cartilage defect within the patella representative 
of first-stage chondromalacia (Reproduced with permis-
sion from Imhof et al. [7])
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with combined IDEAL and SPGR 
sequences than with a standard fat- 
saturated SPGR sequence alone [11].

Other 3D sequences have been described 
as modifications and improvements over 
these sequencing techniques for better visu-
alization of the cartilage and improving the 
SNR and CNR, e.g., fast low-angle shot 
(FLASH) imaging, 3D-driven equilibrium 
Fourier transform (DEFT), balanced steady- 
state free precision (bSSFP), and 3D dual- 
echo steady-state (DESS) imaging 
(Fig. 11.5).

11.4  Compositional Assessment 
of the Cartilage Matrix

In addition to assessing cartilage pathology as 
well as thickness and volume, recent studies have 
shown the potential of MRI parameters to reflect 

changes in biochemical composition of cartilage 
with early OA.

These techniques include T2 quantification, 
T1rho quantification, and delayed Gadolinium- 
enhanced MRI of cartilage (dGEMRIC) [12]. 
These techniques allow characterization of the 
cartilage matrix and, potentially, quality before 
morphological damage occurs.

 (a) T2 Quantification: This technique is based 
on the finding that increasing T2 relaxation 
time is proportional to the distribution of car-
tilage water and is sensitive to small water 
content changes [13] and is inversely propor-
tional to the distribution of proteoglycans. 
Thus, measurement of the spatial distribution 
of the T2 reflecting areas of increased and 
decreased water content may be used to 
quantify cartilage degeneration before mor-
phologic changes are appreciated (Figs. 11.6 
and 11.7). Aging is associated with an 
asymptomatic diffuse increase in T2 of the 
transitional zone of articular cartilage in the 
senescent cartilage which is different from 
the focal increased T2 observed in damaged 
articular cartilage [14].

 (b) T1rho Quantification: A different parame-
ter that has been proposed to measure carti-
lage composition is 3D T1rho relaxation 
mapping (Fig. 11.8) [13, 15]. Loss of glycos-
aminoglycans (GAG) is reflected in mea-
surements of T1rho due to less-restricted 
motion of water protons.

Both T2- and T1rho-measurements carry the 
benefit of identifying biochemical changes before 
the actual development of cartilage degeneration 
in asymptomatic subjects [16] and also being 
noninvasive and not requiring contrast injection.

 (c) Delayed Gadolinium-enhanced MRI of 
Cartilage (dGEMRIC): Cartilage consists 
of approximately 70% water and the remain-
der predominantly of type II collagen fibers 
and GAG. These GAG macromolecules con-
tain negative charges that attract sodium ions 
(Na+). One of the most commonly used MRI 

Fig. 11.5 Axial fat-suppressed 3D DESS sequence 
depicting a partial-thickness cartilage defect in the inter-
facetal patellar cartilage (Courtesy: Dr. Ananthram Shetty, 
Spire Alexandra Hospital, UK, Dr. Stelzeneder, Medical 
University of Vienna, Austria)
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Fig. 11.6 Standard T2 and corresponding T2 mapping 
shows a normal appearance of the patellar and femoral 
trochlear articular cartilage. The deep layer of the cartilage 

appears blue and the superficial layer appears green on T2 
mapping images. (Courtesy: Dr. Alvaro Zamorano, Dr. 
Jorge Diaz, University of Chile Clinical Hospital, Chile)

a

b

Fig. 11.7 Sagittal (a) and axial (b) MRI image of the 
knee showing the patellar and femoral articular cartilage 
T2 mapping showing red to orange marking in deeper 
layer of cartilage (lower T2 relaxation) and the green 
marking in superficial layer of cartilage (higher T2 relax-

ation). Zone B of both patellar and femoral articular carti-
lage show blue regions (higher abnormal T2 relaxation) 
indicating early cartilage damage (Courtesy: Dr. Raju 
Vaishya, Dr. Nitin Ghonge, Indraprastha Apollo Hospitals, 
India)

11 Mapping of the Osteochondral Defect



134

contrast agents Gd-DTPA2 has a negative 
charge and will therefore not penetrate 
 cartilage in areas of high GAG concentra-
tions. It gets distributed in higher concentra-
tions in areas with lower GAG concentration 
and thus pathologic cartilage composition. 
Concentrations of Gd-DTPA2  in cartilage 
can be measured, reflecting the composition 
of cartilage (Fig. 11.9) [17, 18]. dGEMRIC 
measurements of GAG have correlated well 
with concentrations measured with biochem-
istry and histology [12, 19].

11.5  Clinical Cartilage Imaging

 (a) Cartilage Imaging in Traumatic Lesions: 
Articular cartilage lesions are common after 
injury especially in the knee. MRI serves as a 
noninvasive option for the evaluation of the 
cartilage and other structures of the joint. 
Early identification of such lesions and carti-
lage repair when indicated may offer the pos-
sibility for patients to avoid the development 
of osteoarthritis or delay its progression. 
Newly developed cartilage repair techniques, 
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Fig. 11.8 Color-coded T2 (a, b) and T1rho (c, d) maps 
overlaid on a sagittal SPGR image in a 35-year-old male 
before (a, c) and after (b, d) a marathon. After the mara-
thon (b), T2 times were significantly increased, mainly in 
the patella and the trochlea, indicating cartilage edema 
with increased water content secondary to the physical 

stress. The patella, femur, and lateral tibia plateau showed 
only a small increase in T1rho times after the marathon 
(d), indicating only a subtle change in cartilage macromo-
lecular matrix (Reproduced without changes from Link 
et al. [15] (Licensed under CC by 4.0)
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including marrow-stimulation techniques, 
osteochondral grafting, autologous chondro-
cyte implantation and require high-quality 
follow-up to assess healing [20].

Adequate preoperative imaging is 
required to study the lesions carefully. It is 
important to differentiate between an iso-
lated cartilage injury from an osteochondral 
fracture as the treatment options and proto-
col for rehabilitation would vary tremen-
dously. Osteochondral injuries can be 
recognized by the presence of hyperintense 
fatty marrow attached to the cartilage frag-
ment or by the absence of the thin, low- 
signal- intensity subchondral plate between 
the cartilage and the bone (Fig. 11.10).

 (b) Cartilage Imaging in Osteoarthritis: Lot 
of recent research has gone into MR imaging 
of osteoarthritis. Various noninvasive and 
invasive regenerative options have been pro-
posed for the treatment of osteoarthritis. 

Establishing their efficacy would need objec-
tive morphological and compositional 
assessment of the cartilage, in order to assess 
both the extent of structural cartilage healing 
and the quality of the regenerate.

MRI, especially T2 mapping, can identify 
both early osteoarthritis changes character-
ized by cartilage softening and later by carti-
lage thinning, and also more severe changes 
such as subchondral sclerosis, cyst, and 
osteophyte formation. Both quantitative and 
qualitative assessment of such lesions is pos-
sible. Figure 11.11 depicts T2 mapping of an 
adult patient with significant medial knee 
osteoarthritis.

 (c) Cartilage Imaging in Repair: Hyaline car-
tilage is an avascular and aneural structure 
that carries little to no inherent capacity for 
spontaneous repair [21]. The field of carti-
lage repair has been rapidly expanding in an 
attempt to bring about healing of the defect 

a b

Fig. 11.9 A dGEMRIC image of a matrix-associated 
ACT 2 years after surgery. (a) The cartilage layer of the 
graft shows different T1 values, representing proteogly-
can concentration, compared with hyaline cartilage. (b) a 
3D-GRE image of the same patient, which shows mor-

phology of cartilage implant with hypointense signal 
alteration of the cartilage implant in comparison with nor-
mal hyaline cartilage (Reproduced without changes from 
Trattnig et al. [17] (Licensed under CC by 4.0)
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created by chondral and osteochondral dam-
age. The techniques include simple debride-
ment, abrasion chondroplasty and 
microfracture, autologous osteochondral 
transplantation, allograft transplantation, and 
autologous chondrocyte implantation. The 
basic biological principles of these methods 
vary tremendously. Confirming improve-
ment in the structure and composition of the 
new cartilage tissue would need dedicated 
MR imaging techniques.

Various scoring systems exist to objec-
tively evaluate the repair tissue. The 
MOCART classification is the most fre-
quently scoring system based on MRI for 

postoperative cartilage repair tissue evalua-
tion [22, 23]. It is a 9-part and 29-item scor-
ing system, resulting in a repair tissue score 
between 0 and 100 points where 100 points 
indicates the best imaginable score and 0 
points indicates the worst imaginable score.

 1. Microfracture: Microfracture is one of the 
most popular resurfacing techniques. It con-
sists of debriding calcified cartilage and drill-
ing small holes into the subchondral bone. 
The principle behind this technique is to allow 
release of multipotential stem cells from the 
marrow that would encourage healing of the 
defect with reparative fibrocartilage. The out-

a b

c d

Fig. 11.10 (a) Sagittal T1, (b) Coronal T1, (c) PD fat- 
saturated, (d) STIR images of the ankle joint demonstrat-
ing osteochondral lesion of the talus with an undisplaced 

fragment and high signal rim around the osteochondral 
defect typical for a grade III lesion
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comes of this technique have been shown to 
be dependent on good MRI fill grade in addi-
tion to low body mass index (BMI) and short 
duration of preoperative symptoms [24].

The response to microfracture is character-
ized by initial hyperintensity due to increased 
mobility of water in the newly formed matrix 
[24, 25] in addition to underlying bone mar-
row edema that decreases progressively. 
Overgrowth of subchondral bone has also 
been reported following microfracture along 
with corresponding thinning of the overlying 
repair tissue [24, 25].

The significance of subchondral bone over-
growth is not yet certain, but could result from 
excessive removal of subchondral bone, 
 leading to overstimulation for endochondral 
ossification [26]. Preservation of the subchon-
dral bone has been emphasized recently in the 
conceptualization of nanofracture technique. 
MRI can also help in assessing peripheral 
integration of the repair tissue. T2 mapping 
can help in assessing the quality of cartilage 
repair. T2 mapping following microfracture 
has usually produced prolonged T2 relaxation 

times in comparison to the adjacent and oppo-
site hyaline cartilage (Fig. 11.12) [24].

 2. Osteochondral Autografts and Allografts: 
Osteochondral autograft or allograft trans-
plantation consists of harvesting one or more 
plugs from a less important part of a joint, 
most commonly the intercondylar notch 
region, and transferring into the defect in a 
weight-bearing portion of the joint. Bone- 
cartilage plug allografts are usually reserved 
for large defects while autografts are the 
choice for smaller defects.

In addition to patient reported outcome 
measures, objective evaluation of repair pro-
vides insight into the healing capacity of the 
technique and possibly the long-term out-
comes of the treatment. MRI assessment has 
largely replaced histologic evaluation of 
biopsy specimens as the method for objective 
assessment (Fig. 11.13) [17].

Brown et al. [25] proposed parameters to 
be assessed in an MR imaging after cartilage 
transplantation or microfracture: signal inten-
sity of the repair cartilage, presence of delam-
ination, interface with the native cartilage, 

Fig. 11.11 T2 mapping of the knee joint demonstrating 
degenerative changes with cartilage thinning, subchondral 
sclerosis, and near-complete loss of medial tibial and fem-

oral articular cartilage with rarefaction (Courtesy: Dr. 
Manuel Mosquera, Clinica la Carolina, Dr. Ruben 
Guzman, Clinica el Rosario, Colombia)
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Fig. 11.13 Normal cartilage integration of osteochondral 
autografts in the weight bearing region of the femoral con-
dyle in a patient 2  years after osteochondral autografts 
(Reproduced without changes from Trattnig et  al. [17] 
(Licensed under CC by 4.0)

a b c

d e f

Fig. 11.12 (a) Preoperative MRI axial section 
T2-weighted image of the patellofemoral joint following 
patella dislocation, showing a linear fissure and delamina-
tion in the ridge and lateral facet of patella; arthroscopic 
image of cartilage defect in the patella before (b) and after 

(c) microfracture; postoperative sagittal T2-weighted (d), 
axial (e), and T2 mapping (f) images demonstrating repair 
tissue with slightly higher relaxation values (Courtesy: 
Dr. David Figueroa, Clinica Alemana, Chile)

percentage fill of the lesion in coronal and 
sagittal images, integrity of the articular car-
tilage in the surrounding environment, 

including cartilage in the adjacent and oppo-
site surfaces.

Cartilage-sensitive MR imaging and T2 
mapping in a canine model showed trabecu-
lar osseous integration in 89% of specimens 
at 6 months. However, on histology, the car-
tilage showed incomplete or no integration 
between the host and graft surfaces in both 
autografts and allografts, asserting that artic-
ular cartilage does not regenerate completely 
across gaps [27]. MRI can also assess the 
degree of offset of the subchondral plate in 
relation to the host tissue. Thus, MRI can 
provide more detailed information than the 
invasive second-look arthroscopy. T2 relax-
ation times observed after autologous osteo-
chondral transplantation have been found to 
be closer to that of the host tissue. MRI can 
also help in assessing the surface alignment 
of the graft plug in relation to the rest of the 
joint surface. Proud plugs are associated 
with increased contact pressures and forma-
tion of subchondral cavitations suggesting 
excessive motion between the graft and 
recipient site.
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While cartilage-sensitive sequences assess the 
integrity of the cartilage and its surface, fat- 
suppressed images help assess the relation of the 
graft and the host at the subchondral bone. Low 
signal intensity on all pulse sequences strongly 
suggests loss of bone viability, which may lead to 
eventual implant failure. However, care must be 
taken to avoid mistaking the low-signal-intensity 
of trabecular compression in a “press fit” fixation 
for failure of the graft to incorporate. If instrumen-
tation had been used, modification of pulse 
sequence would be necessary to reduce suscepti-
bility artifacts in the presence of metallic fixation.

 3. Autologous Chondrocyte Implantation: 
Autologous chondrocyte implantation is an 
example of tissue engineering technique for 
cartilage reconstruction. It consists of three 
key elements—a matrix scaffold, cells and 
signaling molecules, including growth factors 
or genes [21]. An MRI done after ACI would 
need to assess the following parameters: fill, 
maturation of tissue, integration with the sub-
chondral bone and integration with adjacent 
hyaline cartilage. The fill after ACI is consis-
tently better that after microfracture 
(Fig. 11.14). However, graft hypertrophy is a 
common complication after ACI and can lead 
to morbidity. Hypertrophy usually occurs 
within the first 6 months postoperatively [25].

In the initial few months, the repair carti-
lage is hyperintense due to the immature 
matrix and increased mobility of water. This 
is topped by the low-intensity periosteum 
[25]. The repair cartilage stays hyperintense 
until 8 weeks following which there is a tran-
sitional phase with lower, more inhomoge-
neous signal intensity for 3 to 6 months. In the 
final remodeling phase, the signal approaches 
that of the host hyaline cartilage [28].

A good integration of the repair tissue with 
the underlying subchondral bone should lack 
fluid signals at the deep interface. The pres-
ence of persistent fluid signal intensity at this 
interface suggests impending delamination 
[29]. Peripheral integration, one of the most 
important factors in evaluating cartilage 

repair, can be evaluated with the help of high- 
resolution fluid-sensitive pulse sequences 
[20]. Edge integration is known to take up to 
2 years and is seen as a lack of fluid intensity 
between the native and repair cartilage [28]. 
Finally, dGEMRIC techniques can be used to 
evaluate the quality of the repair tissue. The 
glycosaminoglycan levels have been found to 
reach levels comparable to the adjacent host 
hyaline cartilage after 12 months.
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Subchondral Bone and Healthy 
Cartilage

Deepak Goyal and Anjali Goyal

12.1  Introduction

The articular cartilage and the osteochondral 
unit, both have a limited potential to self-heal, 
and hence it is a big challenge to treat the chon-
dral as well as the osteochondral lesions. 
Osteochondral (OC) defects account for nearly 
5% of all the articular cartilage lesions [1]. 
Previous treatment strategies have had a strong 
focus on the exclusive structural repair of the 
articular cartilage; without the due considerations 
to the deeper subchondral (SC) pathology [2, 3]. 
It has been proved beyond doubt that a failure to 
treat the SC bone is the main reason for the fail-
ure of a cartilage repair surgery in OC defects [3, 
4]. The articular cartilage and the SC bone are 
two different tissues with different anatomy, his-
tology, and mechanical properties; but still are 
one functional unit and are inter-dependent [3]. 
The SC bone plays an important role in the natu-
ral healing of the cartilage through its various 
properties like the nutritional properties, the 

load-bearing properties, and as a warehouse of 
the mesenchymal cells and the growth factors [3, 
5]. The fundamentals of the tightly controlled 
homeostasis inside the osteochondral unit must 
be understood properly before determining the 
treatment strategies for the chondral, the osteo-
chondral, and the subchondral bone lesions [2]. 
The purpose of this review chapter is to establish 
the role of SC bone in the maintenance of the 
health of the cartilage [3, 6].

12.2  The Subchondral Bone 
and the Cartilage Health

Goyal et  al. [3] described the SC bone as the 
healthy soil for the healthy cartilage and com-
pared the soil-plant equilibrium with the SC 
bone-cartilage equilibrium. The soil nourishes 
the plants, hosts its roots, and protects it from the 
eroding forces of the nature. In a similar way, SC 
bone also acts as a fertile soil to the overlying 
cartilage and shares the loads put on the cartilage. 
If the SC bone is unhealthy, the overlying carti-
lage will soon get desiccated and will get sepa-
rated from the bone; the best example is seen in 
osteochondritis dissecans and osteonecrosis. The 
SC bone plays three important roles to act as a 
healthy soil; the nutritional role, the load sharing 
role and the supplier of the important cells, and 
the growth factors.
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12.2.1  Nutritional Role

Traditionally, it is believed that the cartilage gets 
its nutrition through a diffusion from the synovial 
fluid and it is the only source of nutrition to the 
cartilage [3]. However, many historic studies 
hinted about a few evidences that could suggest 
the presence of a vascular supply to the cartilage 
from the SC bone. These suggestions were in the 
form of the presence of porosities in the SC bone 
plate [7], the presence of deficiencies in the SC 
bone plate reaching till the basal cartilage, [8] or 
the presence of canals penetrating from the SC 
bone plate to the calcified cartilage, etc. [9] All 
these studies pointed towards the presence of 
arterioles going to the basal cartilage and return-
ing as venules. In some other studies, the vascular 
channels were not only demonstrated between 
the calcified cartilage and the SC bone but also 
between the uncalcified cartilage and the SC 
bone. Lyons et al. [10] showed various  villous - 
like projections penetrating the calcified cartilage 
and reaching the uncalcified cartilage and vice 
versa thus confirming another network of chan-
nels between the SC bone and the uncalcified car-
tilage. Apart from the channels between the SC 
bone and the cartilage, the other modes of trans-
port like diffusion were also identified. A study 
by Pan et al. [11] demonstrated the diffusion of 
sodium fluorescence through the uncalcified car-
tilage using the FLIP (fluorescence loss induced 
by photobleaching) technique and suggested that 
the smaller molecules like glucose, prostaglandin 
E2, nitric oxide, etc. can easily permeate through 
the uncalcified cartilage into the SC bone and 
vice versa. All these studies confirm that it is a 
myth to believe about the existence of an absolute 
barrier of nutritional supply to the cartilage from 
the SC bone [3, 9]. There is a reasonable evi-
dence to support that the smaller particles can 
perfuse through the cartilage in the OC unit while 
the transportation of the larger molecules occur 
through the canalicular/lacunar network [12]. It 
is thus obvious that all these inherent mecha-
nisms play a crucial role in supplying nutrition to 
the overlying cartilage and in its health (Fig. 12.1).

It has also been studied that the number of 
these vessels increase in response to the loads on 
a particular area of the OC unit [3, 9]. Lane et al. 

had demonstrated that the number of vascular 
perforations respond to the physiological stresses 
by increasing their number and by enhancing the 
healing potential; and thus support the cartilage 
to cope up with the extra loads [13]. However, 
the abnormally high or chronic non-physiologi-
cal loads may impede the flow of the nutrients 
from the SC bone and thus don’t play a role in 
the healing [3]. In osteoarthritis, angiogenesis of 
the SC bone has a negative effect on the entire 
OC unit. A study by Walsh et al. [14] found that 
a new microvascular growth and nerve growth 
takes place in the SC bone space and the uncalci-
fied cartilage, and it had a direct connection with 
the presence of vascular endothelial growth fac-
tor (VEGF) and the nerve growth factor (NGF) 
in the region. SC bone angiogenesis not only 
increased the innervation of the overlying carti-
lage but also facilitated increased crosstalk lead-
ing to the cartilage degradation. The SC 
angiogenesis also stimulated nociceptors growth 
which can cause an increase in the pain [15]. In 

Fig. 12.1 Nutritional supply to the cartilage. The osteo-
chondral complex has various mechanisms to support the 
nutritional supply to the cartilage in the form of canalicu-
lar formations between the subchondral bone and the cal-
cified cartilage [5, 9] (red arrow), in the form of villous 
like projections from the uncalcified cartilage that dip into 
the calcified cartilage and reach subchondral bone [10] 
(green arrow) and in the form of permeation that allows 
transport of small molecules across various layers of 
osteochondral complex (yellow wavy lines) [11]
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summary, the nutritional role of the SC bone to 
support the health of the cartilage is quite effi-
cient during the physiological limits, and it also 
responds to the non-physiological loads by 
angiogenesis. However, a chronic non-physio-
logical loading disrupts the balance and causes a 
compromise in the nutritional supply to the 
cartilage.

12.2.2  Load Bearing

12.2.2.1  Physiological Loading
The hyaline cartilage has a unique ability to with-
stand high loads, while maintaining a near- 
frictionless articulating interface between the 
bones. Traditionally, the cartilage is considered 
as a load-bearing structure of the joint; however, 

the cartilage with its limited regenerating poten-
tial and a weak architecture cannot be the princi-
pal load-bearing structure without a firm support 
of the SC bone. Take an example of a bed and a 
mattress. A child can jump on the mattress end-
lessly without causing any damage to the mat-
tress or himself because the mattress is soft, 
bouncy, and spongy in nature. (Fig. 12.2) But if 
the hard wooden bed-frame is removed from 
underneath the mattress, the child won’t be able 
to jump in the same way. The mattress is allowing 
all the load bearing because there is a firm sup-
port underneath, in the form of a wooden bed- 
frame. Same way, the cartilage is a load-bearing 
structure because there is a firm SC bone under-
neath. The presence of a bone marrow edema and 
the architectural breaks in the SC bone plate and 
the spongiosa on MRI in post-trauma cases are 

Fig. 12.2 Role of the subchondral bone to support the 
cartilage. The subchondral bone to the cartilage is like a 
hard wooden bed to the soft mattress. A child can jump on 
the mattress without pain or damage because the mattress 
is supported by the hard bed. The soft, bouncy, and elastic 

mattress will lose its functional properties without a firm 
support. Similarly, subchondral bone works as a load- 
bearing structure to the cartilage allowing painless elastic 
movements of the joint
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enough evidences to prove that the SC bone is an 
equal load-bearing structure [3].

The SC bone is a mineralized, tough, and 
stiff structure while the cartilage is a non-miner-
alized, soft, and a viscoelastic structure. The 
calcified cartilage is an interface that is made up 
of chondrocytes, vertically oriental collagen II 
fibers in continuity with the collagen type I 
fibers of the SC bone and a mineralized front 
called the tidemark [16]. These structural prop-
erties of the calcified cartilage allow two differ-
ent structures of the OC unit to bear the various 
tensile, compressive, and the shear forces as a 
single unit. While the cartilage and the bone 
have different healing potentials, both must heal 
as a single unit to counter the physiological 
forces. This can only be possible when the load 
distribution is balanced between all the layers of 
the OC unit. The different properties of the dif-
ferent layers of the OC unit minimize the angu-
lar, shear, and the vertical forces applied to the 
OC unit. In fact, load bearing is actually a load 
sharing where all the components of the osteo-
chondral unit have a role to play. It should also 
be noted that the loads are different in the differ-
ent joints and also different in the different areas 
of a particular joint. Lower limb joints bear 
more loads than the upper limb joints, ankle 
bears more loads than the knee joint because of 
its proximity to the ground and a smaller size, 
the medial tibial plateau bears more loads than 
the lateral tibial plateau due to the physiological 
varus [3]. Hence, different components of the 
OC unit may express different load- bearing 
properties in a particular joint.

 Subchondral Bone Spongiosa and Plate
The cancellous bone under the SC bone plate is 
made up of the compression trabeculae and the 
traction trabeculae, both respectively architec-
tured to bear the compressive and the tensile 
stresses on the joint coming from an angular 
force. Any non-physiological angular load put on 
these trabeculae can cause a break in the continu-
ity of these trabeculae and also can lead to a frac-
ture. The spongiosa bone plays a crucial role in 
absorbing the angular forces put on the joint.

The SC bone plate is thicker and denser at the 
areas where the loads are high. Also, the forces 
get concentrated on a particular area of the SC 
bone plate and may not be equally distributed all 
along the SC bone plate; for example, the deepest 
portion of the concave bone will have the maxi-
mum concentration of the forces, and hence it 
should be thicker and denser than the adjoining 
SC bone plate. There are various studies that sup-
port this phenomenon. A study by Milz and Putz 
[17] measured the thickness of the proximal tib-
ial articular SC bone and found it to be the thick-
est at the most concave part of the medial and the 
lateral tibial plateau. The thickest part was 
900 μm thick while the thinnest part was only 
100 μm thick. While the thickness of the bone 
can be easily measured, density measurement 
requires a technology called the computed 
tomography osteoabsorptiometry (CT-OAM) 
that measures the mineralization of the bone.

Muller-Gerbl et al. [18] analyzed the SC bone 
plate of the proximal tibial plateau and found that 
the bone areas that were thicker were also denser. 
In another study, Muller-Gerbl et  al. [5] found 
more density towards the medial periphery of the 
medial tibial plateau in patients with tibia vara, 
which reverted to the center of the medial tibial 
plateau post valgus-producing osteotomy. It is 
important to determine if the thickness of the SC 
bone corelates with the density of the bone or not, 
which actually correlates the strength of the bone 
with the mineralization of the bone. It is widely 
known that lateral patellar surface has a greater 
contact area than the medial patellar facet and 
hence has higher loads on the lateral patellar 
facet [19]. Hoechel et al. [20] studied 20 human 
patella and mapped their strength distribution. 
They reported that the mechanical strength had a 
non-homogenous distribution on the patella and 
this variable strength had a regular reproducible 
mirroring picture with the density distribution of 
the SC bone plate as measured with the 
CT-OAM.  This correlation consistently favored 
the high strength and density of the SC bone plate 
in the lateral patellar facet of 19/20 patella. A 
similar study on the glenoid cavity by Kraljević 
et al. [21] elicited a similar correlation.
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 Calcified and Uncalcified Cartilage
The calcified cartilage aids tremendously in the 
remodeling and thus the healing process of the 
OC unit. This remodeling process is triggered by 
the physiological loading and the unloading of 
the joint. This is possible because the vessels 
invading the calcified cartilage from the SC bone 
bring nutrients and osteoblasts to the calcified 
cartilage, thereby helping in a constant equilib-
rium at the base of the calcified cartilage [3].

The orientation of the collagen fibrils in dif-
ferent directions in the different layers of the 
uncalcified cartilage is designed to absorb the 
various types of forces like a vertical pressure, 
traction, and the shear forces [9]. This orientation 
of the fibers must be supported by the rich matrix 
of water and proteoglycans [3]. The osmotic 
pressure generated by these proteoglycans draw 
water into the cartilage in response to the mechan-
ical pressures put on it. The phenomenon of 
osmosis along with the permeable diffusion form 
the SC bone through the villous like projections, 
further helps in bringing the nutrients to the 
loaded area; thereby helping in maintaining the 
health of the uncalcified cartilage. An intrinsic 
healing mechanism exists in the uncalcified carti-
lage that stimulates the synthesis of the proteo-
glycans and the collagen fibrils in response to the 
loading. The hydrophilic proteoglycans can with-
stand the physiological loads till it reaches the 
critical capacity to tolerate the loads, beyond 
which the proteoglycans break causing a struc-
tural damage [3, 9–11]. A study by Milz et  al. 
[22] proved that a joint may have a different osse-
ous and chondral congruency. The thickness of 
the cartilage varies from joint to joint and also in 
different regions of a single joint. It is known that 
the smaller joints like ankle and subtalar joints 
bear more loads than the knee joint, but still have 
much thinner cartilage than the cartilage of the 
knee. It is also known that the subtalar and the 
ankle joints are highly congruent joint as com-
pared to the knee joint. The cartilage is thicker 
when the joint is less congruent and its varied 
thickness helps to compensate the difference in 
the osseous congruency. This adjustment helps in 
an equal distribution of the loading forces across 

the OC unit, with more deformation being 
allowed by the more malleable uncalcified carti-
lage [9]. All these load distribution mechanisms 
help the uncalcified cartilage to repair itself 
within the physiological limits, but the disinte-
gration starts if the loads are beyond the physio-
logical limits.

 Tidemark and Cementing Line
The tidemark is a unique micro-trilaminated 
structure like an egg basket which separates two 
important dissimilar subzones mainly the calci-
fied and the uncalcified cartilage. There are tiny 
linear collage type II fibrils that cross the tide-
mark vertically, adding to its unique structural 
strength against the shear forces. The cementing 
line is so far the weakest structure in the OC unit 
and hence responsible for many isolated chondral 
avulsions.

12.2.2.2  Non-Physiological Loading
The SC bone and SC spongiosa must adapt to the 
mechanical needs of the OC unit and support the 
overlying cartilage. The morphology of the sub-
chondral bone is a direct expression and adapta-
tion of the past loading history in adults [2]. 
However, non-physiological loading conditions 
can damage the SC bone and dysregulate the OC 
unit. It is crucial to study the response of the SC 
bone after an acute trauma and in osteoarthritis; 
as it will give further insight in understanding the 
integrated relationship between the SC bone and 
the cartilage.

Post-traumatic bone bruises or a bone marrow 
edema are often seen on MRI, for example, in the 
lateral femoral condyle after an acute anterior 
cruciate ligament injury. The small to moderate 
insults to the SC bone heal spontaneously and no 
active treatment is needed for the same. However, 
moderate to severe SC bone marrow insults may 
lead to an insufficiency fracture, an impaction 
fracture or an osteochondral fracture of the SC 
bone. The extent of the SC bone damage depends 
on several factors including the abnormal loads 
put on the bone during the injury, a load distribu-
tion between the cartilage and the bone, and the 
strength of the bony architecture. The SC bone 
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remodeling may not be congruent or may lead to 
a collapse of the SC bone causing an unsupported 
overlying cartilage. Damage to the subchondral 
bone can alter the elastic modulus of the cartilage 
and thus its force distribution properties, which 
can lead to the cartilage degeneration even by the 
physiological loads [2, 23]. Gradually, the injury 
leads to a local traumatic arthritis and eventually 
a generalized arthritis of the joint [24, 25]. Thus, 
a non-physiological traumatic loading of the OC 
unit can damage the cartilage due to a direct 
injury, or during the remodeling of the SC bone 
or due to the subsequent failure of the SC bone.

While an acute trauma is a one-time event, 
osteoarthritis is a repeated overloading of the 
osteochondral unit over a longer period of time. 
The cascade of repair and remodeling attempts 
on a chronically overloaded joint affects the long- 
term health of the OC unit and the overall joint 
[2, 26]. Signals from the subchondral bone have 
been shown to alter the differentiation potential 
of the bone marrow stem cells and thereby induce 
phenotypic degenerative changes towards osteo-
arthritis [27]. The healthy hyaline cartilage 
doesn’t have nociceptors (pain receptors), and 
hence it must be intriguing to determine the 
source of the pain in the presence of cartilage 
lesions. Clearly, either the pain is coming from 
the underlying SC bone or is originating from the 
synovium due to the lesion-induced synovitis [2] 
[28]. It is a known fact that the osteoarthritis pain 
reduces in response to unloading or in response 
to an anti-inflammatory drug; both indicating the 
source of pain as either the SC bone or the syno-
vial inflammation. A cartilage loss leads to the 
SC bone getting exposed and at some stage the 
pain starts. If the SC bone is the source of the 
pain then, it is unclear at what point the SC dam-
age becomes significant enough to induce pain. 
As there are no known time indicators when the 
SC bone’s potential is breached to show the pain, 
the timeline of the treatment strategy cannot be 
planned in time [2]. Moisio et  al. [29] studied 
MRI cross sections of the osteoarthritis patients 
and tried to find an association between the SC 
bone exposure and the knee pain. They concluded 
that a moderate to severe knee pain correlated 
with the percentage of the denuded bone. 

However, it needs to be studied if there are the 
presence of more regulators other than the SC 
bone that decides the extent of pain [30].

12.2.3  Ware House

The SC bone marrow has an abundant supply of 
the growth factors like IGFs, BMPs, FGFs, and 
TGF-B that permeates into the overlying carti-
lage and plays a crucial role in the remodeling 
and the natural cartilage healing process in asso-
ciation with the chondrocytes. The cells originat-
ing from the undifferentiated mesenchymal bone 
marrow stem cells advances through the calcified 
cartilage towards the uncalcified cartilage and in 
the process gets converted into the chondroblasts 
and then the chondrocytes, respectively. However 
once in the uncalcified cartilage, the chondro-
cytes become trapped in their lacuna, sort of 
becoming prisoners in their own home, and hence 
are unable to proliferate further. Hence unless the 
SC bone continues to provide the unlimited sup-
ply of the mesenchymal stem cells, the physio-
logical cartilage repair will not take place.

12.2.4  Role of SC Bone 
in Postoperative Health 
of the Cartilage

The SC bone and the cartilage, both are vital to 
each other’s existence and function, while main-
taining the biomechanical and the physical equi-
librium. The SC bone not only supplies cells, 
growth factors, and nutrition to the cartilage; but 
also provides a firm and strong support to with-
stand the shear and compressive forces put on the 
cartilage. In lieu, the cartilage provides a neces-
sary cover to the SC bone, acts a co-shock 
absorber and provides an almost frictionless 
movement between the two bones in the joint. 
The chondral or the osteochondral surgical resto-
ration surgeries become an extremely complex 
process because of this unique osteochondral 
relationship with its differential mechanical 
strengths and the biological properties [2]. A 
deep understanding about the relationship 
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between the two components of the OC unit is 
necessary to understand the impact of the SC on 
various cartilage repair surgeries.

After a microfracture technique, the role of SC 
bone is not just to supply mesenchymal stem 
cells, but much more beyond that. Beck et al. [31] 
showed that post-MF SC responded in the form of 
an increased bone volume, an increased trabecu-
lar thickness, a decreased trabecular separation, 
and formation of the cysts that communicated 
with the MF holes and had a high density of 
osteoclasts in the peripheral cyst area. Qiu et al. 
[32] noted that after drilling of the chondral 
defect, the regenerating SC bone continued to 
migrate upward towards the cartilage surface and 
at 32 weeks, the upward migration crossed beyond 
the limits of the surrounding SC bone; leading to 
thinning of the already regenerated cartilage. 
Gradually, the drilling hole that stimulated the 
cartilage repair process, lead to the destruction of 
the repaired cartilage as endochondral ossification 
remained unabetted. Another study by Orth et al. 
[33] documented a deterioration of the SC bone 
and the SC spongiosa post- drilling in the form of 
SC bone cysts, intralesional osteophytes, along 
with a decreased bone volume and a decreased 
bone density. A meta-analysis by Goyal et al. [34] 
concluded that MF gives good results for up to 
5 years with the patients having small lesions and 
low postoperative demands; however, MF is likely 
to fail beyond 5 years. A study by Mithoefer et al. 
[35] observed an SC overgrowth in 62% of the 
patients at 22 months post-op after the MF tech-
nique. Patients who showed the SC overgrowth 
had a much higher failure rate (25%) than the 
patients without an SC overgrowth (3.1%). All the 
above studies [31–35] point towards a similar 
phenomenon. Drilling or microfracture stimulates 
the SC bone to regenerate the cartilage by supply-
ing the mesenchymal cells, nutrients and by sup-
porting the super-clot; however, the SC bone also 
successively starts regenerating osseous tissues. If 
this subchondral ossification process doesn’t have 
a check point; then it will continue to overgrow 
causing a damage to the overlying recently 
repaired cartilage. While Mithoefer et  al. [35] 
suggested an over- scrapping or overstimulation of 
the SC bone plate as the possible reason for the 

SC overgrowth, Qiu et al. [32] hypothesized that a 
properly reconstructed SC bone can act as an effi-
cient check for the further advancement of the 
regenerating bone.

The advantage of osteochondral cylinder 
transplantation techniques has a distinct advan-
tage over others, as the technique transfers both 
the healthy hyaline cartilage and the bone tissues. 
This helps in repairing the SC bone as well as the 
cartilage in one step; but unfortunately, has a dis-
advantage in the form of the graft size limitation. 
It should also be noted that the thickness of the 
cartilage is different in different regions of the 
knee joint, that means an osteochondral cylinder 
harvested from a non-weight bearing lateral fem-
oral trochlear border may provide a chondral 
congruency at the weight bearing cartilage defect 
of the medial femoral condyle but may not pro-
vide an osseous congruency. A discrepancy 
between the donor-host osseous congruency has 
an impact on the long-term results of OCT proce-
dure or not; should be a subject of further 
research.

Autologous chondrocytes implantation (ACI) 
procedure doesn’t directly interfere with the SC 
bone, but still SC bone reactions have been 
observed post-ACI. The SC bone plate advance-
ment, intralesional osteophytes, and the SC cysts 
have been reported on the mid- to long-term fol-
low-up of ACI cases [36, 37]. ACI done after a 
failed MF have also been reported to give poorer 
results as compared to the ACI done in a fresh 
case [36]. The disturbed SC bone architecture 
and the biological environment could be the rea-
son for poor ACI results in failed MF cases, but it 
is difficult to attribute the reasons behind the dis-
turbed SC bone response after fresh ACI cases. 
Either the SC bone fails to develop a biological 
equilibrium with the implanted cells or the defect 
preparation of the lesion hyper-stimulates the SC 
bone; leading to an aggravated SC bone response.
Goyal et al. [38] reported cases with extra- large 
osteochondral defects where such large lesions 
were treated with osseous reconstruction using 
the iliac crest bone grafting and then a further 
cartilage repair was done using ACI, collectively 
named as the overlay ACI technique. The long-
term results showed good osseous repair and 
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chondral repair with a congruency maintained at 
both the structures. The bi-mimetic scaffolds 
have also been used to repair the osteochondral 
unit. However, these scaffolds failed to show a 
proper regeneration of the SC bone on CT scan 
and on MRI, [39] indicating a complex healing 
mechanism of the OC unit much beyond the con-
cept of just the cells and the scaffolds.

12.3  Conclusion

Osteochondral complex is one unit with the sub-
chondral bone and the cartilage being important 
and equal partners to each other for the mechani-
cal support and the biological equilibrium. The 
soil–plant relationship between the SC bone and 
the cartilage is very crucial to each other. The 
involvement of one component of the osteochon-
dral unit by a pathology not only reduces func-
tion of that component, but it is only a matter of 
time when the function of the other component 
will also compromised. The SC bone has an 
immense role to play in the form of nutrition sup-
ply, load bearing, and a source of enormous cells 
and the growth factors to the cartilage. While it is 
tempting to do a cartilage repair surgery, a 
through thought must be given for a possible eti-
ology in the SC bone. A treatment strategy that 
focuses solely on repairing the cartilage while 
ignoring the pathology of the SC bone, is bound 
to fail from day one. A continued research into 
role of SC bone in the cartilage health and in the 
cartilage repair surgeries is required that can lead 
to long-term curative treatment strategies for the 
joints.
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Failure or Delay of Fracture 
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13.1  Introduction

A delay in fracture healing is a recognized and 
well- described phenomenon in long bone frac-
tures, but when it comes to subchondral bone, the 
literature fails to identify and describe it as a 
problem, remaining as an occult, progressive, 
non-solved pathology. Patients have persistent 
pain, and prolonged impaired function of the 
joint. The main risk of the lack of early recogni-
tion is that injury continues to the osteochondral 
unit with exposure to the noxious stimulus, with 
consequential joint damage and collapse.

13.2  Definition

Classically, a fracture nonunion is defined by the 
U.S Food and Drug Administration as one that is at 
least 9 months old and has not shown any signs of 
healing for three consecutive months [1], or the 
one proposed by Müller: failure of a fracture to 
unite after 8 months of nonoperative treatment [2]. 
When referring to subchondral bone, it is not rea-
sonable to wait that long, as the further fracture 
progression occurs, the joint is at risk of evolving 
to irreversible damage. In this situation, the best 
definition would be a fracture that has no possibil-
ity of healing without further intervention.

Anterior cruciate ligament rupture is the most 
frequently associated cause of articular damage 
secondary to traumatic bone bruises, with a 
reported incidence between 56% and 80%.

Graf et  al. investigated knee MRIs of 98 
patients with ACL injuries. They reported an 
incidence of 71% with bone bruises, with total 
and spontaneous resolution after 6 of the injuries 
[3]. Similar findings were observed by Miller. In 
a prospective MRI study of 65 patients with MCL 
injuries. Bone bruises in 45% of their patient 
population experienced complete resolution 
6–12 weeks after the initial injury. These findings 
suggest a timing of about 6–12 weeks to the nor-
mal healing of a bone bruise. When longer heal-
ing times are present, one should be concerned 
and secondary causes of joint injury should be 
ruled out.
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In fact, this is the importance of diagnosis of 
bone marrow traumatic lesions; contusions are 
reversible, and subchondral fractures can be 
reversible only if there is no presence of fracture 
deformity or avulsion of bone fragments.

Reversible lesions are transient osteoporosis 
of the hip (TOH), regional migratory osteoporo-
sis (RMO), complex regional pain syndrome 
(CRPS), and insufficiency fractures. All these 
lesions result from an atraumatic origin. Among 
irreversible lesions where diagnoses include 
avascular necrosis (AVN) and spontaneous osteo-
porosis of the knee (SONK), we include sponta-
neous insufficiency fractures of the knee (SIFK). 
SIFK is generally the consequence of overload in 
malaligned knees, chondral lesions, and meniscal 
lesions, especially root lesions and meniscal 
extrusions.

13.3  Risk Factors

Delay or non-healing of subchondral fractures 
appear to be the consequence of fracture severity, 
patient comorbidity, and medication use [4]. The 
correct identification and treatment of risk factors 
could accelerate recovery in early stage lesions 
and decrease joint failure progression in advanced 
stages. Finally by correctly understanding risk 
factors, it will also identify possible pathways of 
secondary osteoarthritis and will help consider 
future treatments regarding articular surface 
maintenance.

13.3.1  Host Factors

13.3.1.1  Age
Subchondral fractures in general appear to 
increase with age. This was reported by Pape 
et  al. which found a 3.4% of SIFK in patients 
between 50 and 65 years, while in older patients 
the rate increased to 9.4%. No cases were 
described in patients with younger ages [5].

Elderly patients present with a decreased 
inflammatory response with less cellular activity 
and fewer inflammatory cells within the callus, 
and this causes impaired vascularization and 

angiogenesis, as usually they suffer from 
increased proinflammatory status [6].

Other important factors to consider are that 
older patients tend to take more time from pain 
onset to the medical evaluation; and tend to have 
more difficulties in complying with non-weight 
bearing restrictions impeding proper fracture 
remodeling [7].

13.3.1.2  Gender
Animal model researchers have failed to estab-
lish a clear correlation between gender and non-
union or delayed union fractures [8]. Yamamoto 
et  al. compared the outcomes of males versus 
females with hip SIF. Of the male patients, 86% 
healed by non-surgical treatments, while in the 
female group, (mean 66 years), only 48% healed 
spontaneously [9]. But this finding could be 
explained due to hormonal changes correlated to 
age; estrogen deficit, and osteoporosis seen in 
this cohort of patients which may produce more 
difference than gender itself. Overall, gender per 
se is not considered as a risk factor for delayed 
fracture healing [10].

13.3.1.3  Metabolic Syndrome
Metabolic syndrome is a systemic proinflam-
matory and atherogenic state in which the sub-
chondral unit is also affected, as systemically 
the patient is in a catabolic and antianabolic 
condition. This syndrome is characterized by 
hypertension, decreased HDL, hypertriglyceri-
demia, elevated fasting glucose, and an 
increased waistline. Patients with this syn-
drome have a significant impairment of bone 
healing compared with control groups [11, 12]. 
It is not a cause of osteoporosis that could cause 
further insufficiency fractures as previously 
suggested [12]. Perhaps even though there is 
scarce literature regarding this topic, metabolic 
syndrome is a modifiable factor that should be 
addressed, as it not only affects fracture heal-
ing, but it also has been correlated with second-
ary osteoarthritis [13].

13.3.1.4  Diabetes Mellitus (DM)
DM can potentially cause a twofold increase in 
delayed union or nonunion compared with con-
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trol groups [14]. It causes decreased expression 
of growth factors such as platelet-derived 
growth factor (PDGF), insulin-like growth fac-
tor-1 (IGF- 1), vascular endothelial growth fac-
tor (VEGF), and transforming growth factor-beta 
(TEGF-β) among others [15]. This decreases the 
capability of MSCs to undergo osteoblastic dif-
ferentiation causing a delay of cell proliferation 
and abnormal bone remodeling, with signifi-
cantly decreased density and deteriorated struc-
ture [16].

Poor glycemic control with HbA1c levels 
>7%, as well as peripheral neuropathy, are pre-
dictors of impairment of bone healing and osteo-
arthritis [17]. On the other hand, appropriate 
maintenance of glucose levels, and direct deliv-
ery of insulin improves fracture healing potential 
to a normal state [18]. Moreover, the direct 
administration of insulin has provided good 
results in diabetic wound healing, suggesting 
that insulin could be a good target for future 
therapies [19].

13.3.1.5  Nutrition
Nutrition is an important factor that affects bone 
healing. As previously mentioned, fats, with their 
proinflammatory state, and sugars with impaired 
bone formation directly affect bone healing. 
Proteins also play an important role, as they are 
crucial for collagen fiber formation, with most 
fracture healing pathways being regulated by 
protein mediators such as BMPs [20].

Malnourished protein subjects have experi-
enced a decrease in systemic IGF-I, associated 
with lower subchondral trabecular mass, and 
mineral density [21], developing a poor quality 
callus with reduced strength in comparison to 
control groups.

One known pathologic pathway is citrulline- 
arginine- nitric oxide (NO). The lack of arginine 
supplementation correlates with a down regula-
tion of NO synthesis and impaired healing with 
lower bone formation rate and mineral apposition 
rate [22]. Arginine, as well as citrulline supple-
mentation correlates with NO expression, with 
new bone formation, and muscle mass augmenta-
tion [23]. This suggests NO-citrulline-arginine 
pathway as a treatment target for delayed union.

13.3.1.6  Vitamin D
Vitamin D deficiency correlates directly with bone 
mineral loss being considered a cause of subchon-
dral fracture, as well as for impaired healing. There 
is a high percentage of vitamin D deficiency in 
unexplained fractures with impaired healing; and 
thus it should be ruled out when no other causes 
are identified [24]. On the other hand, its supple-
mentation stimulates osteogenesis, through an 
increase in the production of osteocalcin and 
osteoclast-mediated bone resorption [25]. 
Moreover, it does not only aid in fracture healing 
but also prevents it from forming [26]. These fac-
tors make vitamin D supplementation a cost-effec-
tive treatment method for fracture prevention [27].

Less frequent but not less important are meta-
bolic diseases resulting in vitamin D deficiency 
such as thyroid or parathyroid hormone disor-
ders. Affected patients often present with 
impaired healing. In these cases, medical treat-
ment by itself can aid in fracture resolution [28]. 
It should be ruled out especially when no other 
causes of delayed healing are present.

13.3.1.7  Osteoporosis
Histological findings of SIFK present with loss 
of bone trabeculae and osteoporosis. But actu-
ally, there are few studies that support this effect 
[29]. Low BMI is present only in 16% to 20% of 
SIFK patients, suggesting local osteoporotic 
changes are secondary to fracture healing and 
regional damage rather than the true etiology of 
the fracture [30]. Moreover, bone turnover mark-
ers have been shown to be elevated in aspirates 
from the local defect, without any significant 
change in serum concentration [31] supporting 
the theory of local changes. Thus, in this setting 
osteoporosis does not appear to be a risk factor 
for fracture delay healing.

13.3.2  Pharmacological Treatments 
and Drugs

13.3.2.1  Steroids
Prolonged corticosteroid therapy produces a 
decrease in mineral density by means of inhibiting 
the osteogenic differentiation of MSCs and gener-
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ating osteoblast and osteocyte apoptosis, with a 
reduction in organic matrix synthesis [31, 32]. 
This was demonstrated in in vivo rat models with 
induced fractures [33]. It has also been recorded in 
asthmatic patient populations with chronic corti-
coid use [34]. Moreover, steroid local injections 
have been linked directly as causal factor for insuf-
ficiency fractures in the hip and knee [35], as well 
as its chondrotoxic effects intra- articularly at high 
doses [36, 37]. In patients with chronic use of ste-
roids, treatment of delayed union with teriparatide 
has shown to give good results [38, 39].

13.3.2.2  Nonsteroidal Anti- 
Inflammatory Drugs (NSAID)

NSAIDs anti-inflammatory action is frequently 
associated with impaired bone healing [40], but 
meta-analysis of available clinical trials fail to 
convincingly support this hypothesis [41]. 
Moreover, recent studies support the safe use of 
nonselective NSAIDs regarding nonunion [24, 
42], in comparison to the use of selective COX-2 
inhibitory medications which have shown a strong 
association with the development of nonunion of 
fractures [43, 44]. Little is known regarding the 
effect they could have in healing of subchondral 
bone. In animal models with induced osteoarthri-
tis, the use of selective cyclooxygenase-2 inhibi-
tor is correlated with reduced bone volume with 
lower trabecular thickness and increased trabecu-
lar fractures in the subchondral bone. These find-
ings suggest that caution must be taken regarding 
the use of selective COX 2 inhibitors [45].

13.3.2.3  Alcohol Abuse
High doses of Ethanol (>1000 cc/day) inhibit the 
ossification of newly formed bone, producing a 
poorly mineralized structure with reduced 
mechanical stability [46]. This is thought to be 
through inhibition of Wnt signaling required for 
normal fracture repair [47]. It has been correlated 
with AVN in chronic alcoholics, but studies have 
not shown a significant relationship with delayed 
union, as it is linked to the high intensity frac-
tures more than to alcohol by itself [4].

13.3.2.4  Smoking
Nicotine is a well-known cause of delayed frac-
ture healing [48–52]. Its vasoconstrictor proper-
ties produce a decreased perfusion rate, resulting 
osteochondral hypoxia and ischemia. It alters 
macrophage, fibroblast, and osteoblast activity as 
well as inhibits tissue differentiation and the nor-
mal angiogenic response in the early stages of 
fracture healing [51]. The mechanism of delay is 
thought to be through the cholinergic anti- 
inflammatory pathway, as the secretion of TNF-a 
is inhibited by nicotine [53, 54].

13.3.3  Mechanical

13.3.3.1  Meniscus
Medial meniscus root tears have been identified 
in approximately 70% of the patients with SIFK 
lesions. Disruption of the posteromedial menis-
cus root results in twice the peak pressures with 
weight bearing when compared with a knee with 
an intact meniscus [55]. This produces a subse-
quent alteration of normal knee biomechanics, 
similar to total meniscectomy. Also, the occur-
rence of SONK lesions have been described after 
meniscectomy, supporting it as an etiological 
factor [56].

13.3.3.2  Varus Alignment
Varus deformity of femorotibial angle of 180° or 
more has been associated with a poor prognosis 
for fracture progression [57], while on the other 
hand unloading of the medial compartment, with 
high tibial osteotomy, produces a significant 
reduction in symptoms [58, 59], and correlates 
with a decrease in the lesion size [60].

These two factors, meniscus deficiency and 
varus alignment, show a strong correlation with 
subchondral fracture development with joint 
overload, making it an imperative target for pre-
vention of further subchondral fracture 
 progression. Thus, this hypothesis is the main 
concept indicating early non-weight bearing and 
correct patient compliance.
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13.4  Prognostic Factors

The main prognostic factors will be the type of 
fracture, which is diagnosed primarily by MRI 
after proper clinical assessment; as well as the 
time of diagnostic evaluation and the initiation of 
treatment. Therefore, the main goals will be the 
prompt identification of the problem and early 
treatment, even if it is with non-surgical treat-
ment, with non-weight bearing, before irrevers-
ible markers of osteoarthritis appear.

13.4.1  Clinical Presentation

The presence of persistent pain is one of the first 
and most important aspects of the diagnosis, so 
its presence should raise high clinical suspicion 
of fracture non-healing. It can also manifest with 
direct tenderness at the site of the lesion, or as 
weight bearing instability. In cases of non- 
traumatic lesions, the intensity of symptoms such 
as the extent of swelling, or flexion contractures 
have also been related to worse outcomes [61]. 
When referring to high impact lesions (i.e., trau-
matic multiligament knee injuries), they have 
been correlated with prolonged bone marrow 
edema with persistence up to 2  years after the 
lesion with knee OA, making this patient popula-
tion at high risk in developing delayed healing, or 
fracture collapse [62].

It is important to consider, especially in older 
or neuropathic patients, that sensory nerve fibers 
course mainly through the periosteum and tra-
becular fractures may not be perceived as painful 
[63]. In this instance, global patient assessment 
should be performed in order to identify early 
markers or risk factors for non-healing fracture 
progression.

13.4.2  Time of Diagnosis

The time interval to diagnosis is crucial as late 
diagnosis, or delay of treatment have been shown 
to be predictive factors for osteoarthritis progres-
sion in subchondral fractures [7]. Aglietti com-
pared the time between the onset of symptoms 

and osteoarthritis. Of the patients that initiated 
treatment after less than 6 months, 64% presented 
with signs of arthritis; 6–12  months 85%; and 
more than 12 months 95.8% [61]. Regardless of 
this, the timing between the onset of symptoms 
and diagnosis with treatment can be as long as 
15  months, making early diagnosis and prompt 
treatment a strong factor to improve in order to 
avoid further failure progressions.

13.4.3  Bone Marrow Edema (BME)

Quantity or extension of bone marrow edema is 
not associated with prognosis nor delayed heal-
ing, particularly when talking about purely tra-
becular edema. These type of lesions usually heal 
without any further intervention. Sometimes the 
extent of edema can be associated with factors 
such as lesion severity, and it can persist up to 
2 years [64]. In these cases, it correlates with a 
poor prognosis, and secondary lesions are causal 
factors of early osteoarthritis (i.e., instability, 
meniscal tear, chondral lesion) [62, 65]. 
Particularly edema that extends towards the artic-
ular surface, articular disruption, or geographic 
lesions, suggest osteochondral injury and thus 
tend to have a worse outcome [64, 66]. A careful 
and wise interpretation has to be made in order to 
make correct treatment choices.

13.4.4  Lesion Characteristics

Subchondral and osteochondral lesions have cer-
tain characteristics that can be interpreted as pro-
gression markers, and thus will help prompt 
treatment be initiated, even if the symptoms do 
not correlate with the lesion. Several studies have 
already correlated the size of the lesion with out-
comes in subchondral fractures [61, 67, 68]. 
Lecouvet described as poor prognosis, a fracture 
line that is longer than 14 mm or a depth of more 
than 4 mm on transverse view of the femoral con-
dyle in T2-weighted MRI scans [69]. Sayyid 
et al. recently proposed that lesions greater than 
26  mm combined, coronal and transverse, with 
individual measurements of >16.5  mm and 
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>10.5  mm, respectively, as factors with a poor 
prognosis [70]. Other factors to consider are the 
presence of articular damage that can be seen in 
MRI as a fracture band over an articular edge [7]; 
contour deformity or depression and subchondral 
low intensity over the fracture site, indicating fur-
ther detachment of the lesion [64, 69, 71].

13.4.5  Bone Markers

There are multiple studies that have found an 
association with the levels of bone marker turn-
over, and the persistence or severity of fractures 
[72]. Bone-specific alkaline phosphatase, osteo-
calcin, collagen type 1 cross-linked C-telopeptide 
(CTX-1), and N-terminal telopeptide of collagen 
type I (NTX-1) have been related with joint 
space narrowing in patients with SIF.  Serum 
N-terminal propeptide of type 1 collagen (P1NP) 
and tartrate- resistant acid phosphatase 
(TRACP-5b) have also been associated with 
joint space narrowing, as well as with length of 
fracture band, suggesting that the levels of bone 
metabolic markers might be predictors for fail-
ure and reflect the severity among patients with 
subchondral fractures [7]. In DM patients, bone 
remodeling biomarkers FGF-2 and IGF1 have 
been shown to be significantly decreased making 
them a potential method for diagnosis of fracture 
persistence and progression [73].

Therefore, further research and development 
of available bone turnover markers, with known 
levels, would be of significant interest for diag-
nostic and prognosis establishment of subchon-
dral fractures.

13.5  Conclusions

Delayed healing of subchondral fractures is a 
novel concept in which clinical findings are often 
nonspecific, and initial radiographs may seem 
irrelevant. Therefore, delayed diagnosis is com-
mon and is one of the main causes of fracture 
failure and joint collapse. A high level of suspi-
cion must be maintained when persistent pain 
and bone marrow edema like lesions are present, 

and this must be associated within the clinical 
context. When properly diagnosed, it is crucial to 
consider a global assessment of the patient risk 
factors for delayed healing and to rule out sys-
temic diseases in order to maintain homeostasis 
and properly assess modifiable factors. Finally, it 
is important to consider the joint as a system, to 
address the state of the meniscus, the alignment, 
and possible causes of joint overload before any 
treatment decision is arrived at in treating injury 
to the osteochondral unit.
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Avascular Necrosis

Katarzyna Herman, Przemysław Pękala, 
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14.1  Introduction

Avascular necrosis (AVN), also known as osteo-
necrosis (ON), is progressive process of bone 
destruction characterized by cell death subse-
quent to an incident of bone ischemia. It is a 
common condition affecting mostly the femoral 
head, less frequently the shoulder and knee and 
rarely observed in other locations [1, 2]. The 
natural development of ON mostly leads to col-
lapse and deformation of the affected joint sur-
face, inevitably leading to joint destruction, 
causing secondary arthritis. If three or more ana-
tomical sites are affected by osteonecrosis, it is 
defined as multifocal osteonecrosis [3]. On the 

cellular level, the pathology can be characterized 
as a local apoptosis of the bone cells, which can 
affect patients at any age and has a complicated 
multifactorial etiology [4]. It is believed that it is 
directly caused by impaired local blood distribu-
tion (in atraumatic cases, the anatomy of the 
bone’s vascular network is untouched, but physi-
ology of the blood distribution is significantly 
altered). The subchondral area of bone is mainly 
affected, and progress of this disease leads to 
irreversible joint cartilage and subchondral bone 
damage. The prognosis is better in children than 
in adults, due to their capability for bone growth 
and remodeling [5].
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Patients’ symptoms in advanced stages usu-
ally consists of pain in the area of the joint 
affected by AVN, restricted range of motion, and 
swelling. It is believed that early stages of AVN 
are asymptomatic, especially in non- 
weightbearing joints, and therefore many patients 
are referred to the orthopedic surgeon with an 
advanced presentation and irreversible damage to 
the bone and articular surface (Figs. 14.1, 14.2, 
14.3, and 14.4).

14.2  Epidemiology

It is estimated that the incidence of AVN is 1.4–
3.0 per 100,000 worldwide and the most com-
monly affected site is the hip, which accounts for 
three-fourth of all AVN cases [6]. However, in 
long-term study following up patients with multi-
focal osteonecrosis, hips were affected in all 
cases and bilateral hip involvement was seen in 

Fig. 14.1 A case of ON of the femoral head in a 52-year- 
old female, a former smoker, patient reported severe hip 
pain without traumatic incident. An AP view of the hip 
taken at the first visit, showing no particular pathological 
changes

Fig. 14.2 MRI (coronal cut) of the same patient 2 months 
later showing ON of the femoral head, which is deformed, 
articular surface in the upper part clearly flattened and col-
lapsed, bone marrow edema is visible in the femoral head 
with neck penetration and also within the acetabulum

Fig. 14.3 Femoral head removed during hip arthroplasty 
performed due to ON. The arrow is indicating a line where 
the subchondral bone has collapsed
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70% [7]. About 75% of patients are between 30 
and 60 years of age, males are most commonly 
affected (7:3 male-female ratio) [1, 8]. The 
 second most commonly affected site is the 
humeral head. It accounts for approximately 7% 
of AVN in the body, and generally patients with 
humeral head ON have concomitant femoral 
head ON [9]. Joint destruction due to humeral 
head ON accounts for 5% of all shoulder arthro-
plasties [10].

The knee is involved 90% less frequently than 
the hip, and typically the contralateral knee is 
affected in >80% of all cases [11]. ON in the 
knee can be divided into three categories: sponta-
neous osteonecrosis of the knee (SONK), sec-
ondary ON, and post-arthroscopic ON. Secondary 
ON occurs due to ischemia and is mostly seen in 
patients younger than 45  years of age, usually 
exposed to corticosteroids or alcohol. Lesions are 
usually multiple and affect more than one joint 
[12]. Noteworthy is the fact that SONK, histori-
cally classified as osteonecrosis, is in actually a 
subchondral insufficiency fracture in an osteope-
nic bone rather than a spontaneous necrosis as 
shown in histological studies [13]. In a recent 
review, authors have stressed the fact that SONK 
has multifactorial pathogenesis but the increase 
in joint contact pressure seen after meniscectomy 
and in meniscal tears, especially of the medial 

posterior root, may result in insufficiency frac-
tures [14]. Postarthroscopic ON occurs rarely and 
has been associated with meniscectomy and 
chondroplasty though some authors have sug-
gested that it may be an actual subchondral frac-
ture following arthroscopic procedure rather that 
an ischemic event [11, 15].

Other locations are less common, in the case- 
control study of ON in the United Kingdom 
authors found that just 3.6% of all ON cases were 
found in the foot [6]. The data on the epidemiol-
ogy of foot and ankle atraumatic lesions is very 
limited though, so the true prevalence is unknown. 
ON of the talus accounts for a small percentage 
(approx. 2%) of all symptomatic cases, and it is 
characteristically localized in posterolateral 
region of the talar dome, where the vascular sup-
ply is the poorest [16]. Other described locations 
include first and second metatarsals and the 
navicular, but then again ON has been docu-
mented for nearly every bone in the foot [17]. In 
extreme cases, ON could also affect even sesa-
moids, causing significant pain symptoms lead-
ing to a decrease in quality of life of patients [18].

14.3  Pathophysiology

Osteonecrosis can be described as a combination 
of cell destruction due to ischemia, resorption, 
and complex regeneration of the affected site. 
The natural history of ON is variable, thus it 
mainly depends on the size of the ischemic region 
and the affected site. Pathophysiology of the dis-
ease is similar in adults and children beginning 
with an ischemic event, but due to different carti-
lage maturity and regeneration capability out-
come in adolescents is much better than in adults 
[4, 19].

There are two main phases of ON; in first isch-
emic phase, impaired blood flow leads to necro-
sis of mesenchymal stem cells. Then, the changes 
in biology of the local environment cause apopto-
sis of the osteoblasts and lastly osteocytes to die 
[4, 20]. Necrotic changes in osteocytes begin 
after 2–3  h of anoxia; however, histological 
changes can be seen after 24–72 h after the isch-
emic incident [21]. In the second phase, capillary 

Fig. 14.4 The collapsed region has been elevated show-
ing underlying necrotic bone
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revascularization arises in the periphery of the 
necrotic tissue, commencing the continuous pro-
cess of parallel bone resorption and bone 
 production when the new bone tissue is lami-
nated onto the dead bone. In the subchondral 
layer, resorption exceeds new bone production, 
consequently mechanical properties of the tissue 
dramatically decrease. This may lead to subchon-
dral bone damage and irreversible change in the 
bone architecture caused by normal forces acting 
on an impaired bone [20]. It is mostly the loss of 
subchondral trabeculae that leads to following 
subchondral fracture [22].

Studies imply a pathophysiological path con-
cerning disturbed subchondral microcirculation, 
which may occur in three possible mechanisms: 
mechanical vascular interruption, intravascular 
occlusion, and extravascular occlusion [20, 23]. 
Posttraumatic ON is caused by an interruption in 
vascular supply, which may occur in femoral 
neck, humeral neck, talar neck, and scaphoid 
waist due to either a fracture or a dislocation [24]. 
However, in the non-traumatic situation patho-
logical changes leading to ON vary depending on 
the ischemic etiology that may be either intra- or 
extravascular. An intravascular obstruction may 
be caused by various abnormalities such as: clots, 
lipid thrombi or sickle cell aggregations [25]. In 
contrast, occlusion may occur due to extravascu-
lar pressure collapsing the vessels and therefore 
impairing the blood supply. The femoral head 
can be compared to a rigid wall chamber, with 
vessels passing through it. Fluid movement 
depends on the amount of pressure applied on 
them and as the vessels are compressible; a rise in 
extravascular pressure within the bone leads to 
collapse of these vessels. This hypothesized 
mechanism may occur due to lipid (or other sub-
stance) deposition within bone marrow or adipo-
cyte hypertrophy that is seen in corticosteroid 
treatment, alcohol abuse or Gaucher disease [20].

14.4  Etiology

The causes of ON can be classified as traumatic 
and non-traumatic. It was long believed that cases 
not related to trauma are idiopathic, but recent 

studies suggest that there is a metabolic cause 
behind almost every case of ON.

14.4.1  Corticosteroids

The most prevalent and confirmed cause by many 
studies of ON not related to trauma is elevated 
corticosteroids level, reported to be 10–30% of all 
cases in retrospective studies [26]. The higher the 
dose and the longer the duration, the greater 
chance that ON will develop in the particular 
patient. Corticoids play a significant role in the 
development of the majority of ON cases. 
Noteworthy is the fact that not only in patients 
treated with corticosteroids therapy can ON occur, 
but in all patients with elevated levels of adrenal 
cortex hormones, even in those suffering from 
adrenocortical carcinoma [27]. Many hypothe-
sized mechanisms have been proposed, and it has 
been accepted that compromised blood flow leads 
to subsequent cell death, but the pathophysiologi-
cal pathway behind this process remains unclear. 
It should be emphasized that corticosteroids have 
numerous and extremely complex effects on 
immune and bone homeostasis [28]. Interestingly, 
many studies suggested the role of altered phos-
pholipids metabolism in ON.  In a mice model, 
ultrastructural changes in osteocytes were 
observed after high doses of methylprednisolone 
intramuscular injections. Lipid droplets accumu-
lated in osteocytes and their gradual enlargement 
lead to compression of the nucleus, discontinuity 
of cell membrane, and finally cell disintegration 
[29]. Weinstein et al. found an increase in apopto-
sis of both osteocytes and osteoblasts after pred-
nisolone administration in mice [30]. Moreover, 
animal models also show that corticosteroids pro-
long a life span of osteoclasts and this direct inter-
action is the cause of early and rapid bone loss 
[31]. Other systemic effects of corticosteroids 
also promote bone necrosis through suppression 
of angiogenesis, hyperlipidemia, increase in intra-
cortical pressure and coagulation pathways altera-
tions [28]. Koo et  al. reported a total dose of 
prednisone used until ON was detected on MRI 
oscillated from 1.8 to 15.505  g and mean time 
from the beginning of steroid therapy until diag-
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nosis of ON was 5.3  months [32]. Intriguingly, 
Liberman et al. found symptomatic ON only in 6 
of 204 patients treated with steroids for immuno-
suppression after cardiac transplantation [33]. On 
the contrary, there are reports that even a single 
corticosteroid injection may cause an iatrogenic 
ON [34]. Therefore, physicians should be aware 
about this dramatic complication and always con-
sider risk when prescribing corticoid injection 
therapy.

14.4.2  Alcohol Abuse

Alcohol effect on bone metabolism is dose 
dependent. Studies have shown that negative 
effects are seen in heavy and chronically drinking 
patients [35]. The final mechanism of the blood 
supply interruption and the death of bone cells in 
alcohol-related ON is unknown. It is hypothe-
sized that an ischemic incident occurs due to adi-
pocyte hypertrophy and a rise in intraosseous 
pressure [20]. In an animal model, chronic alco-
hol consumption has been proven to increase adi-
pogenesis in bone marrow, cause cell hypertrophy, 
reduce hematopoiesis in the subchondral bone, 
and increase empty osteocyte lacunae [36]. What 
is more, cells obtained from bone marrow of the 
proximal femur during hip replacements of 
patients with alcohol-induced femoral head ON 
have shown decreased ability to differentiate into 
the osteogenic lineage compared with cells 
obtained from patients with femoral neck frac-
tures [37]. A meta-analysis by Byung-Ho et  al. 
has shown that the risk of femoral head ON 
increased by 35.3% for every 100  g of ethanol 
consumed per week [38]. Hirota et al. reported a 
dose-dependent relationship of weekly ethanol 
intake and a risk of ON, the odds ratio for > or 
=800 g/week was 14.8 [39].

14.4.3  Smoking

Although an exact mechanism is still unknown, a 
multifactorial cause has been hypothesized. 
Smoking modifies nitric oxide (NO) availability 
triggering oxidative stress and endothelial dys-

function, therefore altering the coagulation pro-
cesses. Moreover, direct nicotine effect through 
sympathetic system effect and a subsequent vaso-
constriction of microcirculation may also affect 
the bone [40, 41]. Studies have shown an 
increased risk of non-traumatic ON in the ciga-
rette smoking population [40, 42, 43]. Matsuo 
et al. reported a significantly increased probabil-
ity of ON for current smokers in their study group 
[43]. Interestingly, in a systematic review Wen 
et  al. reported an elevated risk also for former 
smokers [40].

14.4.4  Sickle Cell Disease 
and Coagulation 
Abnormalities

Bone and other organs are gradually damaged by 
repeated incidents of vaso occlusion and inflam-
mation that occur in coagulation abnormalities. 
Sickle cell anemia is an autosomal recessive 
hemoglobinopathy that leads to abnormal hemo-
globin S polymerization in the deoxygenated 
state [44]. Affected erythrocytes are crescent 
shaped and become less deformable than the nor-
mal ones, which inevitably leads to vascular 
occlusion and subsequent ischemia [45]. 
Therefore, ON is a common complication of 
sickle cell disease reported mainly in the femoral 
head [46] and unlike ON caused by other dis-
eases it affects the entire epiphysis [44].

Glueck et al. stated that thrombophilia and hypo-
fibrinolysis are a risk factor for development of 
femoral head ON [47]. Also, Zalavras et al. reported 
that a significantly higher number of patients with 
non-traumatic ON had factor V Leiden mutation 
compared with controls [48]. It has also been 
reported that Hemophilia can cause femoral head 
ON due to repeated intraosseous hemorrhage that 
leads to intravascular occlusion [49].

14.4.5  Genetic

In the last few decades, several genetic studies on 
etiology of the AVN have been performed. There 
have been reports regarding links between the 
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polymorphisms in several genes and the develop-
ment of this disease. Among possible genetic 
 predispositions to AVN, variations in VEGFA, 
IL-1B, IL-1R1, IL-1R2, IL-4, MMP-14, and 
many others have been identified [50–54]. 
Although there is a plethora of genetic studies on 
the genetic links in development of ON, most of 
the published articles are cross-sectional studies, 
with no statistical power to make a final conclu-
sion on causative relationships. Many valuable 
genome-wide association studies have been per-
formed. However, only further studies with well- 
designed methodology can give valuable answers, 
which will help develop new prophylactic and 
therapeutic approaches.

14.4.6  Dysbarism

Dysbarism is a known complication of diving 
caused by rapid changes in ambient pressure. 
Throughout diving, the nitrogen from the respira-
tor tank is inhaled along with oxygen and is dis-
solved in blood and diffused into the tissues under 
pressure. If divers ascend too rapidly, the nitrogen 
will not be able to be excreted from the blood as 
the ambient pressure decreases and will form bub-
bles in the blood and soft tissues. Dysbaric ON 
occurs when the osteo vasculature is constricted 
due to an intraosseous pressure rise, caused by 
gaseous bubbles formation in the medullary cav-
ity of long bones [55]. Though it is not a common 
cause of ON in the general population, a high 
incidence was reported among divers, 65% in a 
group of Hawaiian coral divers, and 85% in a 
group of Japanese sponge divers [56, 57].

14.4.7  Other

The prevalence of ON in patients infected with 
human immunodeficiency virus (HIV) was 
reported by Fessel et  al. to be 0.9% [58], but 
some studies have stated that overall incidence 
may be 100 times higher than in the general pop-
ulation [59]. On the other hand, it has been 
debated that patients infected with HIV also have 
other risk factors of ON different to the HIV or 

the antiviral therapy [60–62]. The bone homeo-
stasis may be disturbed due to immune-mediated 
consequences of HIV, changes in parathormone 
(PTH) and calcitonin levels that stimulate pro- 
inflammatory cytokines and osteoclastogenesis, 
but the influence of antiviral treatment has also 
been debated [63].

Gaucher disease (GD) is a disorder leading to 
accumulation of glucocerebrosides in the lyso-
somes of histiocytes (Gaucher cells) due to lack 
of beta-glucocerebrosidase. In GD, normal adi-
pocytes in bone marrow are displaced by the 
Gaucher cells [64]. Though etiology is not obvi-
ous, it is possibly a rise in intraosseous extravas-
cular pressure due to Gaucher cells deposition in 
bone marrow that leads to vessel occlusion and 
therefore necrosis [20, 65]. ON in GD is fre-
quently multifocal and may be related to puberty 
or pregnancy, but new lesions can develop at any 
time [66, 67]. Studies have also reported ON in 
Fabry disease, another lysosomal storage disor-
der caused by deficiency of alpha-galactosidase 
A [68, 69].

Patients with systemic diseases related to 
phospholipids such as lupus erythematosus 
(SLE) are at particular risk as their primary con-
dition makes them prone to the ON and the treat-
ment (corticosteroids) further increases the 
chance of bone necrotic changes [70]. Herningou 
et al. described an increased probability of femo-
ral head ON development during pregnancy and 
in postpartum period [71]. An elevated risk of 
ON has also been described for metabolic dis-
eases such as hyperlipidemia, hypertriglyceride-
mia, and hyperuricemia [20]. ON has also been 
reported in pancreatitis, leukemia or lymphoma, 
patients undergoing radiation, bone marrow 
transplant and graft-versus-host disease, and 
patients with metastatic or disseminated malig-
nancies [20, 72].

14.5  Diagnostic Imaging

The radiological tests which are used in detecting 
the ON are magnetic resonance imaging (MRI), 
X-ray, and positron emission tomography (PET). 
Changes in MRI scans precede manifestation of 
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the ON in standard radiographs because MRI 
enables visualization of the metabolic changes in 
the bone marrow cells, while the radiographs 
show only the characteristics of mineralized 
structures of the bone, which are affected in later 
stages of the ON. Bone marrow edema is always 
present in ON; however, it is not specific as many 
other conditions (including trauma) can cause 
such changes in bone structure.

MRI is an essential diagnostic tool for early- 
stage (precollapse) lesions without subchondral 
fracture. Additionally, it is critical for early diag-
nosis, staging, and prognosis. A basic MR imag-
ing examination protocol for suspected AVN 
includes coronal Tl-weighted spin-echo (SE) and 
coronal short tau inversion recovery (STIR) or 
fat-suppressed proton-density (PD)/T2-weighted 
fast (turbo spin-echo [TSE]) sequences with large 
fields of view. The use of intravenous contrast 
shows decreased enhancement in the necrotic 
bone and increased enhancement at the reparative 
interface and has been suggested as a means to 
differentiate viable from necrotic tissue [73]. 
Noteworthy is the fact that strong signal in T2 
sequence in MRI can be also observed in young 
healthy athletes, who do not need any treatment 
[74]. Thus, physicians should always use a holis-
tic approach and treat patient’s symptoms, not 
only the results of the scans.

Differential diagnosis includes stress frac-
tures, regional migratory osteoporosis, transient 
osteoporosis, complex regional pain syndrome 
(Sudeck’s syndrome), primary bone tumors, 
metastases, infectious, reactive or rheumatoid 
arthritis, osteomyelitis, and leukemia. 
Differentiation between avascular necrosis and 
transient osteoporosis poses the greatest diagnos-
tic challenge. Transient osteoporosis can only be 
recognized after more aggressive and irreversible 
diseases with similar clinical symptoms have 
been excluded. All of these disease entities may 
be accompanied by edema of the bone marrow 
presenting on an MRI as low signal intensity on 
T1-weighted imaging, T1-weighted TSE and 
high intensity on T2-weighted, turbo inversion 
recovery magnitude (TIRM) and STIR sequences, 
and increased intensity after administration of a 

paramagnetic contrast [75, 76]. The absence of 
additional focal lesions in the subchondral bone 
is a very sensitive and specific sign of transient 
osteoporosis that differentiates it from chronic 
conditions. Additionally, T2-weighted imaging 
may reveal joint effusion which commonly 
accompanies this disorder [77]. In the case of dif-
ferentiation with complex regional pain syn-
drome, the focus should be shifted to additional 
changes, such as skin atrophy, sensorimotor 
impairment, and contractures [78]. In the early 
stages, symptoms of both diseases are identical 
and affect a similar age group of patients. 
T1-weighted imaging shows very early changes 
involving the surrounding area of the necrotic 
bone ring of the fibrous connective tissue with a 
weak signal [75]. In contrast to transient osteopo-
rosis, bone marrow edema does not occur in the 
early stages of avascular necrosis. However, it 
presents in more advanced stages of necrosis and 
correlates with fracture and progression of pain, 
according to some authors it is a weak prognostic 
factor [79–81].

Positron emission tomography (PET) scan-
ning is very sensitive for AVN identification. 
Reactive hyperemic changes, hypervascularity, 
and higher turnover in bone metabolism are mir-
rored by higher uptake in PET. However, speci-
ficity is poor and access and costs present 
additional barriers [82].

Although radiographs are not the gold stan-
dard for the diagnosis of AVN, they are especially 
useful to identify subchondral collapse [83]. 
Classifications and scoring systems, regardless of 
the assessed joint, are generally based on the 
presence or absence of abnormalities such as 
sclerosis, subchondral fracture, head collapse, 
destruction of the underlying trabecular pattern 
and acetabular/glenoid involvement [84–86]. As 
previously mentioned, if an early phase of a sub-
chondral fracture is suspected and is not clearly 
delineated on plain radiographs, computed 
tomography (CT) should be performed [87].

Studies have attempted to use genetic and bio-
chemical markers from serum or joint tissue for 
early diagnosis; however, these methods are still 
in their infancy and their role is unclear [88, 89].
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14.6  Treatment Perspectives

The natural history of ON leads to secondary 
osteoarthritis and in many cases, it results in the 
necessity of joint replacement surgery. 
Additionally, the hip hemiresurfacing showed to 
be an effective procedure, which can give a 
patient many years of a quality life before con-
version to a total hip replacement [90]. However, 
in recent years the rapid development of the bio-
logical regenerative therapies resulted in a better 
prognosis for those patients, in which well- 
designed and performed treatments have been 
conducted with overall survivorship of 10 years 
as high as 80% [91]. In particular, autologous 
bone marrow transplant has been demonstrated 
to be an effective and safe therapeutic option 
[92]. Noteworthy is the fact that recent studies 
show possible complications of subchondro-
plasty. It is now believed that approach to treat 
impairment in  local blood supply with bone 
cement is not particularly adequate, and more 
attention should be paid to therapeutic options 
related to the bone marrow [93, 94].

In recently published case series, authors 
reported successful treatment of spontaneous ON 
of the knee joint with administration of daily 
teriparatide. There was a significant reduction in 
pain and no further progression observed in 
6 months of follow-up. However, the study was 
conducted only on the group of three patients 
[95]. There are also promising results of in vitro 
studies, suggesting possible positive effect of 
vitamin C and magnesium supplementation, 
which may play a significant role in the develop-
ment new approaches of ON prevention [96].
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Current Concepts in Subchondral 
Bone Pathology

Alberto Gobbi, Ramiro Alvarez, Eleonora Irlandini, 
and Ignacio Dallo

15.1  Introduction

Articular cartilage and subchondral bone act as a 
functional unit, the osteochondral unit (OCU), to 
maintain joint homeostasis. Numerous research 
efforts have focused on articular cartilage dam-
age and their pathophysiology. Still, few are 
focused on subchondral bone pathology, which 
should be viewed as a critical element of the 
osteochondral unit and a key player in joint 
health. Focal changes in the subchondral bone, 
termed bone marrow lesions (BMLs), are fea-
tures detected by magnetic resonance imaging 
(MRI). BMLs describe an alteration of bone mar-
row signal intensity, with high signal on fluid- 
sensitive sequences (T2/proton density with fat 
suppression and short tau inversion recovery 
(STIR)) with or without low T1WI signal. BMLs 
are present in a wide range of pathologies, includ-
ing traumatic contusion and fractures, post- 
cartilage surgery, osteoarthritis (OA), transient 
BML syndromes, spontaneous insufficiency frac-
ture of the knee (SIFK), osteonecrosis (ON), and 

conditions included in complex regional pain 
syndrome (CRPS). These MRI alterations may 
correspond histologically to true edema, but also 
trabecular necrosis, cysts, fibrosis, and cartilage 
fragments. Therefore, instead of the commonly 
used term “bone marrow edema,” the expressions 
“bone marrow edema-like signal,” or “BMLs” 
are more appropriate [1]. MRI plays a fundamen-
tal role in guiding the diagnosis based on recog-
nizable typical patterns even at the early stages. 
There is a growing interest in the study of the 
subchondral bone in several pathological condi-
tions. However, these BMLs remain controver-
sial for their still unidentified role in 
etiopathological processes, clinical impact, and 
treatment. This chapter will focus on the current 
understanding of subchondral bone pathologies.

15.2  Classification of Subchondral 
Bone Pathology

A classification of BMLs according to cause into 
ischemic, mechanical, and reactive has been pro-
posed. However, as the etiology and pathogenesis 
are at best poorly understood for many of the 
lesions, such differentiation might be misleading. 
For these reasons, subchondral bone marrow 
edema-like lesions around the knee can be classi-
fied into traumatic or non-traumatic and into 
reversible or irreversible [1, 2]. The reversibility 
of the BML depends on its cause and whether 
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there is an alteration to the structure of the osteo-
chondral unit. There are distinctive features on 
MRI that can help to predict if the BML is revers-
ible. Prognostic criteria that appear to indicate a 
benign course are no changes on plain radio-
graphs, the lack of additional subchondral 
changes other than BML, and the absence of 
focal epiphyseal contour depression. Conversely, 
the presence on MRI of low signal intensity lines 
deep in the condyles [3, 4], or a subchondral area 
of low signal thicker than 4 mm strongly predicts 
irreversibility [5, 6]. The differential diagnosis 
includes a wide range of conditions based on 
typical patterns that rely on location, age, coex-
isting pathologies, clinical history, and MRI find-
ings. The following paragraphs will focus on the 
characteristic imaging findings, the pathology, 
the prognosis, and possible complications of the 
most common types of BMLs.

15.2.1  Traumatic Subchondral Bone 
Lesions

Trauma-induced BMLs can be associated with 
acute direct or indirect trauma such as bone con-
tusions, or with subacute lesions as a result of 
overload, such as stress fractures and repetitive 
microtrauma occurring during physical activity 
[2, 5]. These types of BMLs are mostly related to 
traumatic episodes and are often associated with 
knee ligament tears [7]. However, there is a spec-
trum of asymptomatic patients subject to repeti-
tive microtrauma, with a subchondral edema-like 
signal on MRI [8, 9], that has been shown in 41% 
of collegiate basketball players [10]. Osseous 
injury can be caused by a direct blow, applied 
shear forces, bones impacting each other, or from 
traction forces in the context of avulsion injury 
[11]. These mechanisms and the associated soft- 
tissue injuries can be revealed through the study 
of the distribution of marrow edema-like signal 
[11, 12]. The pivot shift injuries, often related to 
ACL tears, are the most common cause of sub-
chondral contusions [7]. This can be a result of 
valgus stress on the knee with the femur in exter-
nal rotation relative to a fixed tibia or an internal 
tibial rotation during cut and jump activities [13].

These mechanisms could be the explanation of 
why the lateral compartment is more involved 
than the medial one [14].

Other location-specific patterns are those 
related to hyperextension, dashboard injury, clip 
injury, and lateral patellar dislocation [11]. 
Hyperextension and dashboard [15] injuries may 
lead to posterior cruciate ligament (PCL) tear and 
cause a subchondral contusion in the anterior 
tibia or femur [12, 16]. During clip injury, bone 
marrow edema is usually most prominent in the 
lateral femoral condyle produced by a direct 
blow. In contrast, a second smaller area of edema 
may be present in the medial condyle secondary 
to avulsive stress to the medial collateral liga-
ment (MCL) [11]. Injuries related to spontane-
ously reduced lateral patellar dislocation in 
teenagers are characterized by one or a combina-
tion of kissing impaction in the medial patellar 
facet or the median ridge, a medial patellar trac-
tion contusion of the medial retinaculum, impac-
tion contusion in the anterior lateral femoral 
condyle, and an osteochondral grade 4–5 defect 
in the lateral femoral condyle [5, 17]. Another 
age-location-specific pattern in children with 
open physis is the ACL tear, which typically 
avulses from the tibia, resulting in a traction con-
tusion around the insertion site [1].

Histopathological findings following a single 
direct impact or resulting from repetitive micro-
trauma are characterized by microfractures of the 
subarticular spongiosa with osteocyte necrosis 
and empty lacunae, hemorrhage, and edema [18]. 
The natural history of post-traumatic bone contu-
sions has been poorly investigated, especially in 
the long term. BML evolution is influenced by 
several factors like location of the lesion, the 
mechanism, the severity, osteochondral unit dam-
age, and the association with other injuries. Bone 
contusions typically present themselves as 
reversible edema-like lesions, with indistinct 
margins that resolve within 2–4 months [1], like 
the one associated with isolated MCL tear. 
However, it has been reported that BML in a 
complex ligament injury may have a slower reso-
lution [19].

The damage to the OCU plays a major role in 
the evolution of BMLs. While edema-like signal 
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in ACL lesions without cortical involvement tend 
to resolve spontaneously in 95% of cases [20], 
BMLs are still present at 3  years follow-up in 
lesions associated with a disruption of the femo-
ral cortical surface. According to the mechanism 
of the ACL tear, it has been noted that the non-
contact lesion appears to cause more severe BML 
in both the medial and lateral compartments, than 
the contact ones [7]. The location of the lesion is 
another factor that may affect the evolution of 
BML. During an ACL tear, the BMLs located on 
the femoral condyle tend to resolution at 3 months 
compared to lateral tibial BMLs at 6 months [5, 
12]. Moreover, 67% of lateral femoral condyle 
ACL injury-associated bone bruises have been 
related to osteochondral damage, whereas no car-
tilage defects were found in cases of BML of the 
posterolateral tibial plateau [21].

If the traumatic impact is severe, a subchon-
dral fracture may cause a local depression and 
collapse of the cartilage surface. Osteoarthritis 
signs may appear in the course of bone remodel-
ing as the subchondral bone increases in thick-
ness and becomes stiffer. Biopsy samples of the 
articular cartilage overlying the bone bruise 
lesions showed degeneration or necrosis of chon-
drocytes and a loss of proteoglycan. These data 
support the suggestion that a severe bone bruise 
is a precursor of early degenerative changes [22]. 
There is no agreement in the literature regarding 
a correlation at short-term follow-up between 
BMLs and functional status, even though it has 
been reported that patients with an ACL tear and 
BML had increased pain scores and longer reha-
bilitation time [23], mainly if the alteration is still 
detectable 3 months after the injury [24]. It is still 
under debate if the initial joint injury and BML 
are directly correlated to long-term function and 
OA development [7].

15.2.2  Atraumatic Subchondral Bone 
Lesions

15.2.2.1  Transient Bone Marrow 
Lesion Syndromes

Transient conditions include regional migratory 
osteoporosis (RMO), transient osteoporosis 

(TOP), and complex regional pain syndrome 
(CRPS). All transient conditions have a similar 
MRI presentation of diffuse subchondral bone 
marrow high-signal intensity with indistinct mar-
gins, reaching but preserving the joint surface. 
Gender, age, and clinical history help to differen-
tiate between the three diagnoses [1].

Complex regional pain syndrome (CRPS) was 
previously referred to as reflex sympathetic dys-
trophy or algodystrophy. A diagnosis of CRPS is 
made on a clinical basis and is divided into CRPS 
type I and II accordingly without or with identifi-
able peripheral nerve injury. CRPS Type 1 is ini-
tiated by a major or a minor traumatic injury and 
is often associated with pain, swelling, vasomo-
tor instability, contracture, and osteoporosis [25]. 
Transient osteoporosis (TO) is a rare condition 
that is characterized by sudden onset localized 
pain, usually in a weight-bearing joint, most 
commonly the hip, that usually resolves with 
conservative management, hence the term “tran-
sient.” It is also characterized by the demonstra-
tion of localized demineralization on plain 
radiography or computed tomography (CT) scan; 
therefore, the term “osteoporosis” [26]. The pop-
ulations mainly affected are middle-aged men 
and pregnant women during the last trimester or 
the immediate postpartum period [27].

Regional migratory osteoporosis (RMO) is a 
disorder manifested by arthralgia migrating to 
other joints or within the same joint. RMO is lim-
ited to the weight-bearing joints of the lower 
appendicular skeleton. Clinical findings will usu-
ally include tenderness, joint effusion, and swell-
ing with no significant restriction in the range of 
motion. In most cases, plain radiographs and 
bone densitometry will reveal localized deminer-
alization in the juxta-articular bone. The pattern 
of symptoms migration has been reported as typi-
cally sequential, proximal to distal with a migra-
tory interval of up to 9 months [28].

15.2.2.2  Subchondral Insufficiency 
Fractures

Subchondral insufficiency fractures of the knee 
(SIFK) are non-traumatic fractures with no histo-
logical evidence of necrosis, usually occurring in 
overweight, elderly female patients. SIFK 
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involves a physiologic force applied to weakened 
trabeculae, often in association with osteopenia 
and diminished protective function of the articu-
lar cartilage and meniscus, which leads to a frac-
ture along the subchondral area of the bone [29]. 
SIFK can be reversible but also can progress to a 
collapse of the articular surface and rapidly 
destructive OA [5].

In MRI evaluation, SIFK is best shown on 
T2-weighted and proton density-weighted 
images and is associated with marked bone mar-
row edema. The findings in SIFK include a 
hypointense line that is irregular, sometimes dis-
continuous, in the subarticular marrow, and an 
area of low signal intensity immediately subja-
cent to and creating the appearance of a thick-
ened subchondral bone plate. These localized 
abnormalities represent the fracture line and the 
granulation tissue [29]. The low signal intensity 
area has prognostic relevance. If it is thicker than 
4 mm or longer than 14 mm, the lesion may be 
irreversible and evolve into irreparable epiphy-
seal collapse and articular destruction [1, 6]. 
Edema-like signals present in SIFK extents from 
the subchondral region over large areas, often 
involving the entire femoral condyle and reach-
ing the metaphysis [30]. It differs from the more 
localized BMLs subjacent to cartilage loss in 
osteoarthritis. However, the extent of the lesion 
has no prognostic significance [29]. SIFK typi-
cally is observed along the central weight- bearing 
aspect of the femoral condyle (60–90%) and is 
commonly associated with medial meniscus tears 
[31–33]. It has been proposed that more than 
50% of patients demonstrate radial or posterior 
root tears [34]. These findings support the pro-
posed role of mechanical stress in the develop-
ment of SIFK and emphasize the rationale for 
meniscal conservation.

The clinical course and earliest stage of SIFK 
can be unpredictable and does not necessarily 
progress in every patient [5]. Typically, the initial 
phase consists of severe pain with functional 
impairment for at least 3 to 6 months, followed 
by spontaneous resolution with functional and 
radiographic improvement [35]. While subtle 
contour deformities occasionally can be observed 
in self-resolving lesions, prominent contour 

deformity, and the collapse of the subchondral 
bone plate are poor prognostic factors [29]. On 
the contrary, the lack of additional subchondral 
changes other than BML is 100% predictive of 
reversibility [6]. Markers of high-grade lesions 
include medial meniscus posterior root tears with 
associated moderate to severe extrusion, high- 
grade chondrosis, larger lesion sizes, and articu-
lar surface collapse [33].

15.2.2.3  Osteonecrosis
Ahlback first described osteonecrosis (ON) of the 
knee in 1968 [36]. Since then, the improvement 
of knowledge in this field has led to the identifi-
cation of three distinct categories of ON: sponta-
neous osteonecrosis of the knee (SONK), 
avascular osteonecrosis (AVN), and post- 
arthroscopic ON. SONK was recognized early as 
a distinct form of epiphyseal osteonecrosis. This 
condition typically is seen in patients after the 
sixth decade of life and more frequently in 
women. Patients usually report a sudden onset of 
knee joint pain related to minimal or no trauma 
and often recall a precise moment when the 
symptoms started [29]. SONK is the most com-
mon form of osteonecrosis of the knee [37].

The etiology of SONK is still not completely 
understood, but two hypotheses have been pro-
posed. Avascular origin was initially suggested. 
However, the evidence in favor of this theory is 
limited. More recently, SONK has been associ-
ated with subchondral insufficiency fractures of 
the knee (SIFK). A study by Yamamoto and 
Bullough [38], which was supported by results of 
later studies [27, 39], showed that the first event 
is an SIFK, that has progressed into collapse fol-
lowed by secondary necrosis limited to the area 
between the fracture line and the subchondral 
bone plate. Moreover, the MRI features of this 
lesion also are profoundly different from those of 
AVN studies [29].

Avascular necrosis (also called atraumatic, 
ischemic, or idiopathic osteonecrosis) is a degen-
erative bone condition characterized by the death 
of cellular components of the bone secondary to 
an interruption of the subchondral blood supply 
[40], usually affecting the epiphysis of long 
bones in patients below 45 years of age. It can be 
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secondary to systemic diseases, radiation, che-
motherapy, or substance consumption of alcohol, 
corticosteroids, and tobacco. These underlying 
systemic conditions and bone infarcts at other 
locations can narrow the differential diagnosis 
between SONK and AVN [1, 37]. In most cases, 
a “double-line sign,” an inner high-signal- 
intensity band (vascularized granulation tissue), 
and an outer low-signal-intensity band (sclerotic 
appositional new bone) are visible on T2-weighted 
[29]. Advanced disease may result in the sub-
chondral collapse, which threatens the viability 
of the joint involved. Lesions involving more 
than one-third of the condyle on midcoronal MR 
images or the middle and posterior one-third of 
the condyle on midsagittal MR images are at 
higher risk of collapse [41].

Post-arthroscopic ON or “osteonecrosis in the 
postoperative knee” (ONPK) [42] was first 
described by Brahme et al. in 1991 [43]. ONPK 
is the least common form of ON in the knee, and 
it is not related to age or sex predominance. The 
etiology of ONPK is debated; it may occur after 
meniscectomy, cartilage debridement, and radio-
frequency surgery. Altered knee biomechanics 
after meniscectomy may be a predisposing factor 
for osteonecrosis. It has been proposed that 
increased tibiofemoral contact pressure might 
result in insufficiency fracture of the cartilage 
and subchondral bone with an intraosseous leak 
of synovial fluid and subsequent osteonecrosis 
[44, 45]. However, other authors have described 
the lesion as being, in fact, a subchondral fracture 
and not pure osteonecrosis as traditionally 
described [46, 47]. MRI obtained in the early 
stages of ONPK will demonstrate a nonspecific, 
large area of bone marrow edema (BME) in the 
femoral condyle, always coinciding with the site 
of the arthroscopic procedure [42].

15.2.2.4  Bone Marrow Lesions 
in Osteoarthritis

Subchondral BMLs are a common finding in 
patients with both early and advanced OA. These 
are often associated with meniscus damage, thin-
ning, or focal cartilage defects and subchondral 
cyst-like lesions [5]. The most common histo-
logic findings in bone marrow edema-like lesions 

in OA include bone necrosis, fibrosis, hemor-
rhage, and trabecular abnormalities, while edema 
is infrequent. These findings might be seen as 
well in SIFK. However, the bone marrow edema- 
like pattern is typically localized in osteoarthritis 
and extensive in SIFK, and the articular cartilage 
may be preserved in early SIFK, while significant 
cartilage loss typically accompanies eburnation 
in osteoarthritis. Once SIFK progresses to col-
lapse and articular surface destruction, distin-
guishing it from primary osteoarthritis at imaging 
may be impossible [29]. The evolution of BML 
in the setting of OA is extremely variable. 
Subchondral lesions may regress or resolve com-
pletely within 30  months follow-up [48], but 
some studies showed the persistence of BML in 
the majority of patients [49, 50]. The clinical cor-
relation of BMLs in the setting of OA is still 
under debate; moderate evidence supports that 
the severity and enlargement of BML are predic-
tors of pain, the progression of cartilage damage, 
and subchondral bone attrition [35, 51–53].

15.2.2.5  Bone Marrow Lesions after 
Surgery for Cartilage Repair

The increasing awareness of the role played by 
the subchondral bone in cartilage lesions has 
recently led to investigations into the meaning of 
such MRI findings in patients with cartilage treat-
ments. BML is a common finding after cartilage 
surgery, ranging from about 40% to 80% of both 
chondral and osteochondral procedures [54, 55]. 
The evolution of post-surgical BML is still 
unclear, with evidence of both a reduction and an 
increase in its incidence over time. From a histo-
logical point of view, the entire osteochondral 
unit can be altered, either as a short-term matura-
tion result, or as long-term tissue evolution show-
ing changes in bone mineral density, bone 
volume, and trabecular thickness [56]. In a review 
of 10 years of follow-up imaging of subchondral 
bone edema in knees after matrix-assisted autolo-
gous chondrocyte transplantation, BML was 
present in the 50% of cases during the first post-
operative phases, markedly reduced to 30% at 2 
and 3  years, and then again increased to 60% 
[57]. These changes might be related to the matu-
ration phase marked by the decreasing of the 
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BML followed by an increase at long-term fol-
low- up explained by the fact that the tissue 
obtained as a result of cartilage procedures maybe 
not sufficient to protect the subchondral bone 
from mechanical forces, thus leading to progres-
sive abnormal subchondral bone stimulation. 
However, no correlation has been found between 
BML pre- and postoperative and clinical out-
comes [58], making its significance questionable 
and difficult to rate [54, 55, 57].

15.3  Conclusions

There is a growing interest in the study of sub-
chondral bone pathology and its pathogenesis. 
However, many aspects remain unsolved. BMLs 
are present in a wide range of conditions, includ-
ing traumatic and non-traumatic. A key factor to 
address when studying a patient with subchon-
dral BMLs is the distinction between reversible 
and irreversible lesions. MRI images play a sig-
nificant role for a correct diagnosis, together with 
the clinical presentation, patient demographics, 
and history of trauma. A fundamental step to pre-
dict the evolution of the lesion will be the com-
prehension of what determines the different kinds 
of BMLs, as well as what turns a reversible lesion 
into an irreversible one. A better understanding of 
BMLs will be mandatory in the future to enable 
accurate differential diagnoses and to develop 
appropriately targeted treatments.
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Osteochondral Pathologies 
as Effect of General Diseases

Mary A. Ambach, Christopher J. Rogers, 
and John G. Lane

16.1  Rheumatologic-Associated 
Arthropathies

Rheumatologic conditions create an inflamma-
tory type of arthritis through autoimmune and 
inflammatory processes that disrupt joint struc-
ture and function. T-lymphocytes induce mono-
cytes to produce pro-inflammatory cytokines, 
stimulate B-lymphocytes and plasma cells while 

neutrophils subsequently release proteases and 
elastase which degrade joint and periarticular 
components resulting in synovitis with cartilagi-
nous and osseous damage [1].

16.1.1  Rheumatoid Arthritis (RA)

Rheumatoid arthritis is a systemic autoimmune 
inflammatory disorder of unknown etiology 
affecting multiple organ systems. In the musculo-
skeletal system, it affects the synovial lining of 
the diarthrodial joints leading to chronic symmet-
ric erosive synovitis and articular destruction. 
Pannus formation, granulation tissue that covers 
the articular cartilage at joint margins, is the most 
destructive element of RA [2].

The American College of Rheumatology 
(ACR) guidelines for the diagnosis of RA 
requires 4 of the 7 criteria to be present: morning 
joint stiffness, arthritis of three or more joints, 
arthritis of hand joints, symmetric arthritis, rheu-
matoid nodules, rheumatoid factor positive and 
characteristic radiographic findings of erosions, 
bony decalcification, and symmetric joint space 
narrowing on hand and wrist X-rays [2]. 
Characteristic hand and wrist deformities include 
Boutonniere Deformity (MCP hyperextension, 
PIP flexion, DIP hyperextension), Swan neck 
Deformity (MCP flexion contracture, PIP hyper-
extension, DIP flexion), and ulnar deviation of 
the fingers [2]. Rheumatoid arthritis can also 
cause atlantoaxial joint subluxation which can 
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cause instability of the C1-C2 articulation caus-
ing pain and myelopathy.

16.1.2  Seronegative 
Spondyloarthropathies: 
Ankylosing Spondylitis (AS), 
Reiter’s Syndrome, Psoriatic 
Arthritis, Inflammatory Bowel 
Disease (IBD)

Seronegative spondyloarthropathies consist of a 
group of multisystem inflammatory disorders 
affecting various joints. Spine, peripheral joints, 
and periarticular structures are typically involved; 
however, the hallmark feature of spondyloar-
thropathies is sacroiliac involvement. Included in 
this group of disorders are ankylosing spondyli-
tis, psoriatic arthritis, Reiter’s disease, and arthri-
tis of inflammatory bowel disease. Features 
include mucocutaneous lesions, aortitis, sacroili-
itis, inflammation of tendon attachments (enthe-
sopathy), and HLA- B27 positivity [3].

Ankylosing spondylitis is a chronic inflamma-
tory disorder of the axial skeleton. It often has an 
insidious onset and often presents as morning 
stiffness in the low back. Clinical findings are 
succinctly described by Nucatolla et  al. [2]. 
Findings on physical examination include a posi-
tive Schober’s test, increased fingertip- to-floor 
distance on forward flexion, decreased chest 
expansion, pain on sacroiliac compression or 
stress, decreasing height, kyphosis. Symmetric 
SI joint narrowing, erosions and sclerosis can 
lead to fusion. There is subchondral bone resorp-
tion, erosion sclerosis, and calcification in the 
joints causing ankylosis. The characteristic 
“bamboo spine” on X-ray results from ossifica-
tion of the spinal ligaments, syndesmophyte for-
mation, and ankylosis of the facet joints.

Reiter’s disease is characterized by conjuncti-
vitis, arthritis, urethritis, and mucocutaneous 
lesions [3]. Hicks et al. describes the disease pro-
cess and symptomatology in the Archives of 
Physical Medicine and Rehab article [3]. The 
onset often follows sexually acquired urethritis or 
enteric infection with Salmonella, Shigella, or 
Yersinia. There is a l- to 3-week latent period 

between the inciting event and the development 
of arthritis. The arthritis is often asymmetric, ten-
donitis, and fasciitis are common, and interpha-
langeal joint dactylia is characteristic. Although 
complete recovery may occur in up to 80%, 
recurrent arthritis is common.

Psoriatic arthritis has several peripheral joint 
arthritic presentations as described by Hicks 
et al. [3]: (a) distal interphalangeal joint arthritis 
(b) arthritis mutilans with severe osteolysis of the 
phalanges, (c) symmetric small joint polyarthritis 
resembling rheumatoid arthritis, (d) monoarticu-
lar or asymmetric oligoarticular arthritis. In 16%, 
the arthritis can precede skin lesions. Arthritis is 
more common in patients with severe skin 
lesions.

Arthritis associated with inflammatory bowel 
disease occurs in conjunction with regional 
enteritis and chronic ulcerative colitis. The 
peripheral arthritis is often asymmetric, affects 
the large joints, and subside with remission of the 
bowel disease. Synovitis affects the peripheral 
joints in addition to sacroiliitis [2].

16.1.3  Connective Tissue Disease: 
Systemic Lupus 
Erythematosus (SLE), 
Scleroderma, Polymyositis/
Dermatomyositis, Mixed 
Connective Tissue Disease

Systemic lupus erythematosus (SLE) is a multi-
systemic autoimmune disease that affects every 
organ of the body. The Diagnosis of SLE by 
American College of Rheumatology requires 
positive findings for any four of the 11 ACR 
Classification criteria [2]. Included in the criteria 
is a non- erosive arthritis involving two or more 
peripheral joints with tenderness, swelling, and 
effusion. This non-erosive deforming arthritis, 
called Jaccoud’s arthritis, is symmetric, affects 
the small joints of the hands, wrist and knees, 
migratory and chronic.

Polymyositis and dermatomyositis are inflam-
matory myopathies hypothesized to be due to 
abnormal immunoregulating mechanisms and 
viral etiologies. Different types and clinical pre-
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sentations of this condition have been described 
[2, 3]. They clinically present with profound 
symmetric weakness of the proximal muscles 
and have five types. Type IV presents in  childhood 
and is associated with severe joint contractures. 
Type V is associated with collagen vascular dis-
eases (SLE, RA, Progressive systemic sclerosis). 
With this type, the arthritis can be severe and 
deforming, and the clinical picture of the indi-
vidual diseases predominates. Prognosis and 
functional problems depend on the type of PM/
DM.  Treatment involves corticosteroids, other 
immunosuppressant and other treatments to 
address problems associated with each type.

Mixed connective tissue disease combines 
clinical features of systemic sclerosis, SLE, and 
polymyositis, and has been found to be associ-
ated with high titers of an antinuclear antibody to 
ribonucleoprotein [3]. Clinically, patients with 
this disorder demonstrate Raynaud’s phenome-
non, swollen fingers, myositis, esophageal abnor-
malities, arthritis or arthralgia, and impairment of 
pulmonary diffusion capacity [3]. Many patients 
respond well to corticosteroids, and the prognosis 
is generally good.

16.2  Endocrine-Associated 
Arthropathies

16.2.1  Diabetes

Diabetes is a group of chronic diseases character-
ized by hyperglycemia. The injurious effects of 
hyperglycemia lead to macrovascular complica-
tions such as peripheral arterial disease and 
microvascular complications of peripheral neu-
ropathy [4]. Due to loss of protective sensation 
and impaired vascular supply, these can lead to 
serious foot complications including deformity, 
diabetic foot ulcerations, Charcot neuroarthropa-
thy (CN), and infection.

Charcot neuroarthropathy is a chronic pro-
gressively degenerative arthropathy that leads to 
joint instability and destruction. A review in 
Current Diabetes Reports describes the disease, 
its mechanisms and clinical presentations [4]. 
Incidence is estimated to be between 0.1% and 

0.9%. Historically, Jean Marie Charcot described 
the condition as having a neurovascular etiology 
causing an alteration of bone and joint nutrition. 
Later, German scientists described the condition 
as a result of neurotraumatic influences. It is now 
learned that these theories are entangled and 
influenced by other systemic states like inflam-
mation (pro-inflammatory state), bony regula-
tion, neuropeptides like nitric oxide (NO), and 
calcintonin gene-related peptide (CGRP). Early 
clinical features include painless swelling, effu-
sion, and joint destruction while late findings 
include destruction of cartilage and bones, intra- 
articular loose bodies and subtle fractures. 
Disorganization of the joint can lead to sublux-
ation and dislocation. Histologically, the bone in 
diabetes with CN displayed inflammatory and 
myxoid infiltrates with a disorganized trabecular 
pattern.

16.2.2  Hypothyroid

Hypothyroidism is a disorder of the endocrine sys-
tem where the thyroid gland does not produce 
enough thyroid hormones. Common causes of 
hypothyroidism include autoimmune (Hashimoto’s 
thyroiditis), iodine deficiency, and thyroid gland 
removal. Hypothyroid individuals with antithyroid 
antibodies have been associated with musculo-
skeletal diseases such as osteoarthritis (OA) and 
inflammatory arthritis [5, 6]. It is theorized to be 
related to a thyroid-stimulating hormone (TSH)-
dependent increase in hyaluronic acid and proteo-
glycan synthesis.

16.2.3  Hyperparathyroid

Hyperparathyroidism is the state of having excess 
parathyroid hormone (PTH) resulting in hyper-
calcemia. This disorder has been described by 
Pincus in the Rheumatology Advisor [7]. The pri-
mary disorder is most commonly due to an auton-
omously functioning solitary adenoma (80–85%), 
gland hyperplasia (10–15%) or multiple adeno-
mas (5%). Secondary hyperparathyroidism, seen 
most commonly in renal failure, occurs when 
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there is partial resistance to the metabolic actions 
of PTH, leading to excessive production of the 
hormone. Classically, the effects of excess para-
thyroid hormone affect the kidney and 
 musculoskeletal system giving rise to the well-
known moniker for the clinical manifestations 
“bones, stones, and groans.”

Specific rheumatic disorders in hyperparathy-
roidism have been studied by Helliwell in a retro-
spective survey [8]. They include erosive arthritis, 
periarticular calcification with inflammation and 
gouty arthritis. The association of an erosive arthri-
tis is recognized and may simulate rheumatoid 
arthritis. Furthermore, hyperparathyroidism and 
rheumatoid arthritis may coexist with an apparent 
worsening of the rheumatoid process suggesting a 
possible adverse effect of excessive PTH.

Osteitis fibrosa cystica and crystalline arthrop-
athies have also been associated with hyperpara-
thyridism and have been reported by Pincus [7]. 
Osteitis fibrosa cystica, also known as von 
Recklinghausen’s disease of bone, applies to the 
characteristic subperiosteal erosions that were 
initially identified in primary hyperparathyroid-
ism. Clinically, this is characterized by diffuse 
bone pain, bone tenderness, and skeletal deformi-
ties including bowing of the long bones and frac-
tures. Pathologically, there is an increase in the 
giant multinucleated osteoclasts on the surface of 
bone and a replacement of the normal bone ele-
ments with fibrous tissue. Brown tumors are 
severe manifestations of this turnover with areas 
of necrosis and focal hemorrhage with hemosid-
erin deposition. They are lytic lesions that 
become sclerotic as they heal, mimicking blastic 
metastasis on imaging. Crystalline arthropathies, 
namely gout and pseudogout, have been associ-
ated with hyperparathyroidism. In the setting of 
parathyroid hormone excess, the elevated cal-
cium is postulated to impair proteoglycans which 
act to inhibit crystallization in pseudogout. 
Additionally, an increase in enzymes which cata-
lyze the production of pyrophosphate has been 
shown and may promote the formation of cal-
cium pyrophosphate crystals leading to increased 
risk of a pseudogout flare. A higher incidence of 
gout attacks have been found in the setting of 
hyperuricemia, thus ultimately increasing the 

risk for clinically significant gout in the primary 
hyperparathyroidism population. Although the 
pathophysiology is not known, it is suggested 
that PTH or calcium deposition may inhibit uric 
acid excretion in the proximal renal tubule.

16.2.4  Hypercortisolism (Cushing’s 
Disease)

Hypercortisolism, also called Cushing Syndrome 
(CS) is an endocrine disorder characterized by 
increased levels of cortisol, a hormone produced 
by the adrenal gland. This occurs secondary to 
excessive exogenous glucocorticoids (like ingest-
ing oral prednisone) or endogenous increase 
from increased hypothalamic-pituitary ACTH 
secretion. CS is associated with various catabolic 
effects as described by Chang et al. [9]. Loss of 
collagen can cause fragile skin and poor wound 
healing. Decreased bone resorption can cause 
osteoporosis with susceptibility to fractures. It 
can cause severe growth failure in children due to 
bone alterations and can prevent bone repair by 
loss of cortical osteocytes [10].

16.2.5  Growth Hormone 
Overproduction (Acromegaly) 
and Insufficiency

Acromegaly is a disorder caused by excessive 
production of growth hormone from the anterior 
pituitary gland, resulting in excessive growth of 
body tissues and other metabolic dysfunctions. 
Articular involvement in acromegaly was well 
illustrated by Killinger et al. [11]. It was noted to 
be one of the most frequent clinical complica-
tions and could present as the earliest symptom in 
a significant proportion of patients. The patho-
genesis of arthropathy in acromegaly is described 
to be due to elevated growth hormone and IGF-I 
levels causing soft tissue and fibroblast prolifera-
tion promoting growth of the articular cartilage 
and thickening of periarticular ligaments and 
connective tissue. These changes cause limita-
tions in the range of movement and instability of 
the joint.
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Patients with Growth Hormone Deficiency 
(GHD) have decreased or absent growth hormone 
production as a result of hypothalamic or  pituitary 
disorders resulting in underactive pituitary gland 
function (i.e., hypopituitarism). The most salient 
features of GHD in adults as described by Owens 
et  al. [12] include decreased lean body mass, 
increased visceral fat and subcutaneous fat, 
hyperlipidemia and decreased bone mass. GHD 
has been linked to a higher risk of bone fractures. 
Reed et al. [13] also noted that cortical bone den-
sity and trabecular bone density measurements in 
GHD patients were below the mean for age- and 
sex-matched controls; and that GHD patients 
also have decreased muscle mass and strength.

16.3  Hematologic Illness 
Arthropathies

16.3.1  Hemophilia

Hemophilia is a hereditary disease associated 
with a defect on the X chromosome, leading to 
absence or deficiency of production of coagula-
tion factors VIII, IX, and XI [14]. The symptom-
atology is generally secondary to bleeding with 
the musculoskeletal system being the most fre-
quently involved.

Roosendaal characterized three stages of joint 
damage in hemophilia [15]: acute hemarthrosis, 
chronic proliferative synovitis, and chronic 
hemophilic arthropathy. When blood enters the 
joint space, the iron component of hemoglobin 
leads to the formation of destructive oxygen 
metabolites affecting the synovium and cartilage. 
An inflammatory reaction occurs, resulting in 
progressive hemosiderin deposition, synovial 
hypertrophy, and neovascularization, which 
causes fibrosis and joint destruction. Acute hem-
arthrosis results in a swollen, warm and painful 
joint, and mainly affects the large joints. Chronic 
hemophilic arthropathy is generally accompa-
nied by severe contractures, angular deformity, 
and loss of bone tissue.

The incidence of septic arthritis among 
patients with hemophilia is increased up to 40 
times higher than in the general population and 

affects the knee joint most commonly [14]. The 
diagnosis in these patients is frequently delayed 
because early symptoms are often misdiagnosed 
as hemarthrosis.

16.3.2  Sickle Cell Disease

Sickle cell diseases (SCD) are a group of genetic 
hemoglobin disorders causing crescent sickle- 
shaped RBC, causing obstruction of the micro-
vasculature. Clinical presentation is characterized 
by recurrent microvascular occlusion with subse-
quent tissue ischemia, leading to painful vaso- 
occlusive crises. Morais et  al. described SCD’s 
involvement of the musculoskeletal system [14]. 
Vaso-occlusive-related complications mainly 
included sickle cell dactylitis in children causing 
painful, non-pitting swelling of the hands and 
feet, avascular necrosis, or vertebral collapse. 
Non-inflammatory and secondary osteoarthritic 
change and synovial effusions were also 
described.

16.3.3  Hemochromatosis

Hereditary hemochromatosis (HH) comprises a 
group of inherited iron-storage diseases causing 
excessive iron stores and hemosiderin 
deposition.

Diagnosis is often delayed because early 
symptoms are nonspecific, notably fatigue, 
arthralgia, and abdominal pain. Disease progres-
sion leads to cirrhosis, hepatocellular carcinoma, 
diabetes mellitus, impotence, skin pigmentation, 
cardiomyopathy, and hypogonadism [16].

Morais et al. authored a comprehensive article 
in rheumatology as he discussed joint involve-
ment in patients with HH [14]. Up to 80% of HH 
patients were shown to develop a chronic pro-
gressive non- inflammatory arthropathy, usually 
affecting the second and third MCP joints, caus-
ing pain during handshake. Other joints including 
the PIP joints, the knees, wrists and distal radio-
ulnar joints, hips, shoulders, ankles, and elbows 
were also found to be often involved. 
Chondrocalcinosis is also reported commonly 
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involving the meniscal and articular cartilage in 
the knee, wrist, symphysis pubis, and spine.

16.4  Infectious Arthritis

Septic arthritis usually presents with rapid onset 
of joint pain, erythema, and decreased 
ROM.  Fever, chills, and leukocytosis may be 
present. Hicks and Sutin discussed this condition 
and its joint manifestations [3]. It generally fol-
lows hematogenous dissemination of the infect-
ing agent but can occur by local extension or 
penetration. Causative organisms are bacterial 
(Neisseria gonorrhea, Staph aureus), viruses 
(rubella, infectious hepatitis, lyme), mycobacte-
ria (tuberculosis), and fungal. Joint involvement 
is usually monoarticular; however, a major 
exception may be gonococcal arthritis, in which a 
migratory tenosynovitis and synovitis may pre-
cede monoarticular involvement. Lyme arthritis 
can also present with intermittent migratory epi-
sodes of polyarthritis. Mycobacterial infection 
can cause chronic indolent arthritis, tenosynovi-
tis, or vertebral involvement.

16.5  Crystal-Induced Joint 
Disease

16.5.1  Gout

Gout is a condition that is extensively discussed in 
multiple texts and journals [3, 17]. It is described 
as a disease of purine metabolism characterized 
by an increase in serum urate concentration and 
deposits of urate crystals in joints, tendons, and 
subcutaneous tissues resulting in an acute inflam-
matory response. Gout attacks usually occur with 
an acute onset of monoarticular synovitis in joints 
of the lower extremities, classically in the first 
MTP joint (podagra) causing severe pain, swell-
ing, redness, and tenderness. However, gout can 
occur in ankles, knees, hands, wrist, and elbows. 
Biundo et al. further describes these attacks and 
comorbidities [17]. An acute attack can be pre-

cipitated by an acute illness causing a relatively 
rapid rise in uric levels (e.g., myocardiac infarc-
tion, stroke), surgery, dehydration, and diuretics. 
Recurrent attacks can result to chronic tophaceous 
gout, where deposits of urate crystals or tophi 
form and cause structural damage to the articular 
cartilage and adjacent bone. Comorbidities that 
promote hyperuricemia include obesity, meta-
bolic syndrome, type 2- diatetes mellitus, hyper-
tension, and chronic kidney disease.

16.5.2  Pseudogout

Pseudogout or calcium pyrophosphate deposition 
(CPPD) disease is characterized by recurrent epi-
sodes of inflammation in large joints as a result of 
calcium pyrophosphate crystals. The disease may 
be familial, idiopathic, or associated with other 
diseases such as hyperparathyroidism, hemo-
chromatosis, and hypothyroidism [3]. CPPD 
crystals deposit in articular cartilage, fibrocarti-
lage, and sometimes in ligaments [17]. X-ray 
examination reveals deposits of calcium pyro-
phosphate in cartilage, known as “chondrocalci-
nosis.” Patients with chronic pseudogout may 
present as pseudorheumatoid arthritis, pseudoos-
teoarthritis or pseudoneuropathic arthritis with 
pronounced destructive changes similar to those 
seen with Charcot’s joints [3].

16.6  Deposition and Storage 
Disease

16.6.1  Alkaptonuria

Alkaptonuria is an autosomal recessive defi-
ciency in the enzyme homogentisic acid oxidase 
leading to oxidation and alkalinization of tissues 
called ochronosis [2]. The accumulation of 
homogentisic acid causes bluish discoloration of 
the urine, cartilage, skin, and sclera and can cause 
progressive degenerative arthropathy of the large 
joints, chondrocalcinosis, joint effusions, and 
osteochondral bodies [2].
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16.6.2  Wilson’s Disease

Wilson’s disease is an autosomal recessive genetic 
disorder characterized by excess copper stored in 
various body tissues, particularly the liver, brain, 
and corneas of the eyes [2]. Thirty- two patients 
hospitalized for Wilson’s disease were studied by 
Golding and Walshe and their findings were 
described [18]. Patients with this condition have 
been found to have osteoporosis or skeletal 
demineralization and premature osteoarthrosis. 
Changes in the spine were common and included 
osteochondritis, reduction of intervertebral joint 
spaces, osteoarthrosis, and a tendency to squaring 
of vertebral bodies. Other bony changes included 
irregularity of femoral trochanters, osteochondri-
tis dissecans, and osteophytes at joint margins. 
The symptoms associated with these findings 
include pain and stiffness in the spine and joints.

16.6.3  Gaucher Disease

Gaucher disease (GD) is the most common lyso-
somal storage disorder and is an autosomal reces-
sive disorder due to a deficiency of the enzyme 
glucocerebrosidase leading to accumulation of 
glucocerebroside within macrophages [19].

The bone and joint complications related to 
Gaucher disease were extensively studied by 
Gregory et al. [19]. The most common types of 
GD, the non-neuropathic variant, were described 
presenting predominantly with anemia, thrombo-
cytopenia, and hepatosplenomegaly. Skeletal 
involvement often coexists with these findings 
and bone complications were seen in up to 80% 
of patients with GD. There is a broad range of 
osseous GD manifestations described, and these 
were secondary to progressive marrow infiltra-
tion by Gaucher cells (lipid-engorged macro-
phage), pericellular fibrosis, increased deposition 
of reticulin, failure of bone remodeling, loss of 
trabecular bone, and osteonecrosis. Skeletal man-
ifestations ranged from asymptomatic osteopenia 
to episodic bone pain, osteonecrosis with loss of 
mechanical integrity, and secondary joint disease 
in major joints such as the femoral or humeral 

heads. These “bone crises” have been attributed 
to microcirculatory disease and signals an evolv-
ing bone infarction. MRI during the acute phase 
of the bone crises may show localized subchon-
dral edema, joint effusion, and periosteal eleva-
tion. Due to heterogeneity of bone involvement 
found, radiographic and imaging modalities were 
variable and included focal areas of bone radiolu-
cency, cortical thinning and radiographic signs of 
osteonecrosis (i.e., osteosclerosis, subchondral 
crescent sign, epi-physeal cortical flattening, 
fragmentation, deformity, and secondary 
osteoarthritis).

16.7  Vasculitis

Systemic vasculitis is a heterogeneous group of 
rare diseases characterized by inflammation and 
fibrinoid necrosis of blood vessel walls [20]. 
Vasculitis mechanisms and clinical manifesta-
tions were broadly discussed by Guillevin and 
Dörner [20]. It is defined as primary, with no iden-
tifiable cause or secondary to infection, malig-
nancy, or autoimmune disease. Various pathogenic 
mechanisms have been implicated in the induc-
tion of vasculitis, including cell- mediated inflam-
mation, immune complex- mediated inflammation 
and autoantibody-mediated inflammation. 
Vasculitis was shown to occur in many autoim-
mune diseases, including RA and SLE, Sjögren’s 
syndrome, scleroderma, and sarcoidosis. 
Vasculitis accelerating atherosclerosis was found 
to be a complicating feature of most, possibly all, 
autoimmune diseases. Rheumatoid vasculitis is 
characterized by the occurrence of mononeuritis 
multiplex, purpura, and visceral involvement, 
with the latter sometimes being severe. The pic-
ture in SLE is similar to that in RA, except that 
patients with SLE exhibited more severe systemic 
symptoms. Primary Sjögren’s syndrome is 
described to be associated with enhanced risk for 
B-cell lymphoma in which the presence of pur-
pura or vasculitis are clinical risk indicators for 
future non-Hodgkin’s lymphoma development. 
Vasculitis was shown to be rare in scleroderma 
and sarcoidosis.
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Vasculitis may also occur in association 
with other types of inflammatory arthritis, 
including spondyloarthropathies and psoriatic 
arthritis [21].

16.8  Other Systemic Illness

16.8.1  Sarcoidosis

Sarcoidosis is a systemic, clinically heteroge-
neous disease characterized by the development 
of granulomas. Any organ system can be involved, 
and patients may present with any number of 
rheumatologic symptoms. The underlying etiol-
ogy remains unclear though genetic, environ-
mental, and infectious etiologies have all been 
suggested with varying levels of supportive evi-
dence [22]. According to Sweis et al., up to 25% 
of patients with sarcoidosis have joint involve-
ment; and sarcoid arthritis can be acute or 
chronic, and oligoarthritic or poly-arthritic (i.e., 
involving three or more joints) [22]. Chronic sar-
coid arthritis typically occurs in the setting of 
systemic sarcoidosis and typically involves the 
knees, ankles, wrists, hands, and/or feet.

Joint effusions, synovitis, or even nodular pro-
liferation of the synovium presenting as an intra- 
articular knee mass may also be present [23]. 
Patients with sarcoid arthritis often have periartic-
ular inflammation but generally maintain normal 
range of motion [24]. Persistent inflammation can 
cause joint destruction or Jaccoud deformity [25].

16.8.2  Amyloidosis

Amyloidosis is a condition in which extracellular 
deposition of characteristic abnormal protein 
material occurs. This protein is predominantly in 
the form of fibrils which is relatively insoluble 
and resistant to proteolytic digestion accounting 
for their characteristic staining properties [26].

There are specific varieties of amyloidosis that 
present with osteoarticular manifestations as 
described by Rowe [26] and M’Bappé et al. [27]. 
Rheumatological manifestations of AL immuno-
globulin amyloidosis are numerous and often 

indicative of the disease. Deposits affect joint and 
periarticular structures. The most common pre-
sentation described is a progressively developing 
bilateral symmetric polyarthritis similar to 
RA.  Joint involvement includes swelling espe-
cially on the back of the hands and wrists, a result 
of infiltration of the soft tissues next to the joints 
corresponding to amyloid deposits and responsi-
ble for painful limitation of motion for the shoul-
ders, wrists, metacarpophalangeal and proximal 
interphalangeal joints and knees. This particular 
thickening is visible at the shoulders named the 
“shoulder pad” sign considered by some authors 
as pathognomonic of AL amyloidosis. There are 
associated cutaneous nodules consisting of amy-
loid deposits in about half of the cases which are 
firm, painless, and non-inflammatory, found 
mainly at the level of the olecranon, the wrists 
and the fingers. b 2-Microglobulin amyloidosis 
occurs in patients under chronic hemodialysis 
and can present with CTS, arthralgia, and a spe-
cific destructive spondyloarthropathy. Chronic 
inflammatory conditions like rheumatoid arthritis 
(RA) and ankylosing spondylitis have been asso-
ciated with the development of amyloid A amy-
loidosis where amyloid deposits in the joints can 
be seen. Amyloid deposits in the joints have also 
been described as a rare complication of various 
forms of arthritis (AA amyloid).

16.8.3  Sjogren’s Syndrome

Sjogren’s syndrome (SS) is an autoimmune- 
mediated disorder of the exocrine glands. Patients 
present with dry eyes, dry mouth, skin lesions, 
and parotid involvement. Primary Sjogren’s syn-
drome occurs in people with no other rheumato-
logic disorders. Secondary Sjogren’s occurs in 
patients with other rheumatologic disorders like 
RA and SLE [2]. Pease et al. studied the clinical 
course of 48 patients with primary SS and their 
articular manifestations [28]. Symptoms sugges-
tive of an arthralgia and/or arthritis have been 
reported as a presenting feature in up to 25% of 
patients. The arthropathy of SS had no single 
diagnostic feature. It presented as an intermittent 
polyarticular arthropathy affecting large and 
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small joints. Some cases were symmetric while 
some were asymmetric. Arthralgia, synovitis, 
erosive joint disease, and joint space narrowing 
have been reported. On occasion, the arthropathy 
was shown to be associated with a purpuric 
 vasculitis on the lower legs. Both et al. reviewed 
primary SS and found that arthritis is less com-
mon and occurs in about 16% of primary SS 
patients [29]. This predominantly consisted of 
symmetric, intermittent, non-erosive arthropathy 
mostly involving the proximal interphalangeal 
joints, metacarpal-phalangeal joints, and wrists.

16.9  Malignancy-Associated 
Arthropathies

16.9.1  Paraneoplastic Rheumatic 
Disease

Paraneoplastic rheumatic disorders are defined as 
rheumatic symptoms resulting from an underly-
ing malignant disease, which is not directly 
related to a tumor or metastasis. The clinical 
course of the disease is in parallel with the under-
lying malignancy and most improve with success-
ful treatment of the underlying malignancy [30].

These paraneoplastic symptoms are present at 
diagnosis in about 10% of patients with cancer, 
with up to 50% experiencing a paraneoplastic 
syndrome at some time during the course of their 
illness [31]. Fam extensively described this con-
dition in a review article [31]. One-third of those 
with paraneoplastic syndrome were found to be 
endocrine in nature, while the remainder were 
hematological, rheumatic, and neuromuscular 
disorders. Fam classified paraneoplastic rheu-
matic syndromes into articular, neuromuscular, 
cutaneous, vascular, and miscellaneous. The 
articular syndromes include hypertrophic osteo-
arthropathy, carcinoma polyarthritis, amyloid 
arthritis, and secondary gout.

Hypertrophic osteoarthropathy (HOA) is char-
acterized by Fam as the clinical triad of oligo- or 
polyarthritis, clubbing of fingers and toes, and 
periostitis of the distal ends of long bones [31]. 
The arthritis is described to be often symmetrical 

and painful and often affecting the knees, ankles, 
elbows, wrists, metacarpophalangeal and proxi-
mal interphalangeal joints. It is sometimes associ-
ated with tenderness of the adjacent bones and 
synovial effusions which are typically non-
inflammatory. The etiology of HOA in patients 
with cancer is unknown, but humoral, vascular, 
immunological, and a vagal neural reflex mecha-
nisms have been implicated [31].

Carcinoma polyarthritis is a seronegative 
inflammatory arthritis that may signal the onset 
of an occult malignancy [30]. Fam [31] and Faruk 
[30] had broad descriptions of this condition. The 
clinical presentation was found to be variable; 
however, certain features suggest the possibility 
of an underlying malignancy and serve to distin-
guish it from rheumatoid arthritis (RA). It differs 
from RA due to the initiation at advanced age, 
acute onset, predominantly asymmetrical lower 
extremity involvement, and sparing of wrist and 
hand joints. Also, unlike RA, the absence of ero-
sions, deformities, rheumatoid factor, rheumatoid 
nodules, and family history is observed and joint 
radiographs tend to be normal. The pathogenesis 
of carcinoma polyarthritis is poorly understood 
however several autoimmune mechanisms have 
been suggested.

Amyloid arthritis occurs most commonly in 
patients with multiple myeloma and secondary 
gout arthritis and may be associated with leu-
kemias, polycythemia rubra vera, essential 
thrombocythemia, lymphomas, myeloma, and 
rarely with carcinomas. These arthritides have 
been described in detail in the preceding 
 sections [31].
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17.1  Introduction

Articular cartilage is a highly specialized connec-
tive tissue. The most important components of 
this tissue are the extracellular matrix (ECM) 
with chondrocytes, collagen fibers (mainly type 
II and IX), small non-collagen proteins (aggre-
can, high molecular weight proteoglycan and car-
tilage oligomeric matrix protein (COMP)), water, 
and a small volume of non-collagenous proteins 
and glycoproteins such as fibronectin [1]. This 
composition is regulated by chondrocytes in 
response to the changes in their chemical and 
mechanical environment.

The main collagen of cartilage tissue is type 
II, which together with few other types form a 

network of fibers, where aggregating and small 
non-aggregating proteoglycans are located. 
Aggrecans form aggregates with hyaluronic acid 
which are responsible for the mechanical proper-
ties of cartilage. Small non-aggregating proteo-
glycans (decorin and fibromodulin) limit the 
formation of collagen fibers. Moreover, other 
proteins—chondronectin, fibronectin, vitronec-
tic, and thrombospondin are involved in the inter-
action between chondrocytes and the matrix 
[2–4]. The cell adhesion receptors—integrins 
play a major role in mediating the interactions 
between cells and the ECM. They create connec-
tions to a host of ECM proteins, most notably 
fibronectin and collagen types II and 
VI.  Moreover, they provide signals regulating 
cells proliferation, survival, differentiation, and 
matrix remodeling [5]. Cartilage oligometric 
matrix protein prevents cartilage vascularization 
and probably is responsible for repair processes. 
In addition to structural elements, chondrocytes 
produce substances that perform only physiologi-
cal functions—enzymes and cytokines. Those 
enzymes include metalloproteinases, adamaly-
sins (a disintegrin and metalloproteinase domain 
or ADAMs), serine and cistern prostheses and 
their inhibitors [6, 7]. They participate in the 
reconstruction of the cartilaginous matrix. 
Cytokines (IL-1β,TNFα, IL-6,IL-15, IL-17, and 
IL-18) stimulate chondrocytes to increase the 
production of enzymes, thus enhancing matrix 
degradation, while IL-4, IL-10, and IL-13 inhibit 
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this process [8, 9]. Human articular chondrocytes 
express constitutive complex of the major 
 histocompatibility system (MHC) class I, mole-
cules that regulate complement activation. After 
the activation, for example, under the influence of 
IFN-α, IL-1, TNF-α, or inflammatory joint dis-
eases, chondrocytes express also MHC class II 
and ICAM-1 intercellular adhesion molecules 
[10]. In numerous studies, it was showed that 
chondrocytes also have tissue-specific antigens 
that induce the production of antibodies in 
patients with cartilage transplants, as well as in 
patients with RA and OA. The role of the genes 
coding structural components of cartilage and 
regulatory enzymes in the pathogenesis of osteo-
chondral pathologies with respect to inter- and 
intracellular signaling pathways is still under 
investigation.

17.2  Genetic Basis 
of Osteochondral Pathology

Cartilage damages have a multifactorial nature, 
and genetic factors are their strong determinants. 
The molecular basis of degenerative changes in 
cartilage is at least partly understood, which is 
due to the results of numerous biochemical and 
genetic studies. The molecular markers associ-
ated with the development of cartilage pathology 
can be identified using molecular biology tech-
niques (single gene analysis by PCR or genome- 
wide testing, for example, NGS, microarrays) or 
bioinformatics methods (e.g., meta-analyzes, 
association studies). Genetic changes underlying 
the etiopathogenesis of osteochondral patholo-
gies include common DNA variants, mainly SNP 
type, differentiated gene expression, and epigen-
etic changes such as DNA methylation and 
microRNA regulation.

In the case of the characteristics of heritability 
of the disease, the most important data come 
from familial aggregation analyzes and studies of 
twins. Based on research on hereditary diseases 
(including familial cases of OA, chondrodyspla-
sia, spondyloepiphyseal dysplasia), the genes 
collagen II and IX mutations [11, 12] and genes 

for structural proteins [13, 14] were selected. 
Heritability estimates ranging from 30% to 65%, 
depending on the joint site [15, 16]. Understanding 
the complex genetic background is useful pri-
marily in the context of seeking new pathways 
leading to disease progression as well as in devel-
oping the new targeted therapies.

The potential biochemical and genetic mark-
ers in joint tissues which should be investigated 
are extracellular matrix components, such as pre-
cursor or degradation products of collagen and 
proteoglycans (Table  17.1), enzymes, cytokines 
(Tables 17.2 and 17.4), and transcription factors 
(Table  17.3). Metalloproteinases, inflammatory 
factors, signal molecules, and transcription fac-
tors are one of the best-described groups of genes 
involved in the pathogenesis of degenerative dis-
ease [17, 18]. Their expression level and concen-
tration are related to tissue metabolism and can 
be measured in the blood, urine, or synovial fluid 
(Table  17.1). In clinical practice, inflammatory 
markers are considered to be well correlated with 
synovitis (Tables 17.2 and 17.4). Markers of car-
tilage degeneration have a moderate or good cor-
relation with clinical and radiological findings in 
the course of degenerative joint diseases, espe-
cially osteoarthritis [19].

Changes in the structural components of carti-
lage, detected by biochemical and genetic meth-
ods in serum, synovial fluids, and urine, mainly 
include:

 1. ECM components:
 – Increased level of type II collagen in serum 

and urine and increased level of procolla-
gen type IIA N-terminal propeptide 
(PIIANP) in serum for cartilage synthesis

 – Increased level of C-telopeptide fragment of 
collagen type II (CTX-II) in urine, procolla-
gen type II N-terminal propeptide (PIINP), 
cartilage oligomeric matrix protein (COMP), 
and binding proteins in serum and synovial 
fluid for cartilage degradation

 2. matrix degrading enzymes:
 – proteolytic enzymes: metalloproteinases 

(MMPs), like: MMP-3, MMP-9, and 
MMP-13
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Table 17.1 Selected biomarkers of cartilage, bone, and synovium metabolism (based on Nguyen et al. [20])

Molecule type 
origination Markers of synthesis Markers of degradation Sample type
Tissue origination—cartilage
Type II collagen PIICP Synovial fluid

PIIANP Serum
CTX-II Urine, synovial fluid
HELIX-II Urine
C2C Urine, serum, synovial fluid
CIIM, Coll 2-1, NO2 Serum

Type X collagen C-Col10 Serum
Aggrecan Epitope 846 Synovial fluid

ARGS Synovial fluid
Non- collagenous and 
non- aggrecan proteins

COMP Serum
Pentosidine Serum, synovial fluid
FSTL1 Serum, synovial fluid
Fib3-1, Fib3-2 Serum

Proteolytic enzymes MMP-3, MMP-9 Serum
MMP-1, MMP-13 Synovial fluid
ADAMTS-4 Serum

Proteolytic enzyme 
inhibitors

TIMP-1, TIMP -2 Synovial fluid

Tissueorigination–bone
Type I collagen PINP Serum
Non- collagenous 
protein

OC Serum

MidOC, CTX-I, NTX-I,PYD, 
DPD

Urine

Tissue origination–synovium
Non- collagenous 
proteins

HA Serum
YKL-40 Serum, synovial fluid

Type III collagen Glc-Gal-PYD Urine

Table 17.2 Proinflammatory cytokines involved in OA (based on Mobasheri et al. [30])

Cytokine Expression Function
TNF-α Synoviocytes

Chondrocytes
Increase cartilage degradation and bone resorption
Inhibit glycoprotein and collagen synthesis
Upregulate MMP expression
Stimulate other cells to produce proinflammatory cytokines and 
growth factors
Stimulate proangiogenic factor release
Stimulate other cells to produce chemotactic cytokines
Stimulate nitric oxide production
Induce chondrocyte apoptosis

IL-1β Synoviocytes 
ChondrocytesMacrophages

Increase cartilage degradation and bone resorption
Inhibit proteoglycan synthesis
Upregulate MMP expression
Production of proteolytic enzymes
Stimulate other cells to produce proinflammatory cytokines
Stimulate other cells to produce chemotactic cytokines
Stimulate proangiogenic factor release
Stimulate NO production
Induce chondrocyte apoptosis

IL-6 Synoviocytes Chondrocytes 
Osteoblasts

Inhibit proteoglycan synthesis
Reduce chondrocyte proliferation
Increase MMP-2 activity
Increase aggrecanase-mediated proteoglycan catabolism
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 – aggrecanases such as disintegrin and metallo-
proteinase with thrombospondin-like motif 
(ADAMTS): ADAMTS-4 or ADAMTS-5 [20].

The homeostasis of cartilage is maintained by 
the balance of catabolic and anabolic processes, 
except for a pathological condition when degen-
eration exceeds regeneration and the loss of carti-
lage matrix occurs (Fig.  17.1). Changes in the 
genome and transcriptome levels lead to altera-
tions in the protein level. Several homeostasis 
abnormalities within cartilaginous tissue have 
been found, including various structural changes, 
differentiated gene expression, as well as epigen-
etic regulation.

Although every cartilage damage or disease 
probably have a significant genetic background, 

cellular pathways leading to OA and RA are 
best described. Changes at the genetic level 
determine the progression of the disease and 
are present at every stage of its progression. 
They start from progressive cartilage loss, 
osteophyte formation, subchondral bone thick-
ening to develop of synovial inflammation [21]. 
One of the most important families of enzymes 
are metalloproteinases, which are responsible 
for the irreversible proteolytic destruction of 
cartilage, especially of type II collagen. Seven 
matrix metalloproteinases have been shown to 
be expressed under varying circumstances in 
articular cartilage [22]. Only MMP-1, MMP-
2,MMP-13, and MMP-14 are constitutively 
expressed in adult cartilage. Their physiologi-
cal function is tissue turnover, and the level of 
their expression increases significantly in dis-
ease states. The presence of the MMP-3, MMP-
8, and MMP-9 in cartilage appears to be 
characteristic for pathologic circumstances 
only [22]. The soluble collagenases MMP-1, 
MMP-8, and MMP-13 play a key role in carti-
lage destruction. The collagenolytic activity of 
other MMPs (such as:MMP-2 and MMP-14) is 
likely minor. In addition, it was experimentally 
demonstrated that MMP-3, MMP-9, and MMP-
10 degrade other ECM components, but in vivo 
they are unable to cleave native type II collagen 
[21–23]. The proper regulation of expression of 
the metalloproteinase family depends on many 
factors and trigger several intracellular signal-
ing pathways. The expression patterns of MMPs 
in cartilage depend on proinflammatory and 
pleiotropic cytokines and growth factors [24, 
25]. Overexpression of MMPs is an important 
marker of progression of osteochondral dis-
eases regardless of etiology. It indicates this 
family of genes (especially MMP-13) as the 
main biomarkers of bone and cartilage damage 
as well as mediators of joint destruction. There 
is a relationship between the increase in MMPs 
expression and the rapid rate of joint destruc-
tion. The correlation of MMP-13 expression 
with cartilage damage makes this gene an inter-
esting candidate for pharmacological 
intervention.

Table 17.4 Inflammatory mediators and epigenetic 
modifications in an osteoarthritic joint (based on Raman 
et al. [44])

Protein category Mediator
Epigenetic 
effect

Cytokines TNF-α, IL-1β, 
IL-6

DNA 
methylation
Histone 
modification
miRNA 
regulation

Inducible nitric 
acid oxide 
synthetase

iNOS DNA 
methylation
Histone 
modification

Proteinase MMP-3, 9, 13, 
ADAMTS-4,5

DNA 
methylation
Histone 
modification
miRNA 
regulation

ECM proteins COL2A1, 
COL99A1, ACAN

DNA 
methylation
Histone 
modification
miRNA 
regulation

Chondrocyte 
growth gene

GDF-5 DNA 
methylation

Transcription 
factors

SOX9, NFAT1, 
RUNX2

DNA 
methylation
Histone 
modification
miRNA 
regulation
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Cartilage diseases are often accompanied by 
synovitis. Symptoms of the inflammatory state 
are proliferation of synoviocytes and tissue 
hypertrophy. Synoviocytes release inflammatory 
mediators and matrix degenerating enzymes into 
the joint. Their activation occurs due to the action 
of inflammatory mediators and cartilage matrix 
molecules, initiating a feedback cycle within the 
synovium, which results in progressive degenera-
tion of the joint. Based on biochemical and 
genetic findings [19, 26, 27], numerous markers 
of the inflammatory process have been selected. 
The strongest correlations with inflammation of 
the joints have:

 – inflammatory mediators: cyclooxygenase 
(COX), prostaglandin E2 (PGE2), PGD2, 
PGF2a, thromboxane, and PGI2

 – circulating or locally occurring cytokines 
(Table 17.2): interleukin-1 (IL-1), IL-6,IL-17, 
IL-18, TNF-α chemokines, such as C-C motif 
chemokine ligand 5 (CCL5) and IL-8

 – nitric oxide (NO)
 – synovial degradation products: hyaluronan or 

hyaluronic acid (HA)

Based on several studies it has been proved 
that proinflammatory cytokines and metallopro-
teinases are involved in matrix disruption. 

Table 17.3 Classes of gene products that aid cartilage repair (based on Steinert et al. [33])

Therapeutic mechanism Gene product
Stimulation of chondrogenic differentiation Anabolic growth factors TGF-β 1, 2, 3

BMP-2, -4, -7
CDMP-1, -2, -3 (GDF-5, -6, -7)
Wnts

Signal transduction molecules Smad-4, -5
Transcription factors SOX9, -5, -6

Brachyury
Stimulation of cartilage matrix synthesis 
and/or cell proliferation

Anabolic growth factors TGF-β 1, 2, 3
BMP-2, -4, -7
CDMP-1, -2, -3 (GDF-5, -6, -7)
IGF-1
PDGF, EGF, HGF

ECM component Type II collagen minigene
COMP

Enzymes for GAG synthesis GlcAT-1
Inhibition of osteogenesis/hypertrophy Inhibiting TGF-β/BMP action 

(growth factors)
Noggin, chordin

Inhibiting terminal differentiation 
(growth factors)

PTHrP
IHH, SHH, DHH

Signal transduction molecules Smad 6, 7
mLAP-1

Anti-inflammatory IL-1 blockage (cytokine antagonist) IL-1Ra, sIL-1R, ICE inhibitor
TNF-α inhibition (cytokine 
antagonist)

sTNFR, anti-TNF-antibodies, 
TACE inhibitor

MMP inhibition (proteinase 
inhibitor)

TIMP-1, -2, MMP inhibitors

Cytokines IL-4, -10, -11, -13
Enzymes for glucosamine derivates 
(IL-1 inhibition)

GFAT

Senescence inhibition Inhibition of telomere erosion hTERT
Free radical antagonist NO-(iNOS) antagonists, SOD

Apoptosis inhibition Caspase inhibition Bcl-2, Bcl-XL
Fas-L blockage Anti-FasL
NO-induced apoptosis Akt, PI-3-kinase
TNF-α, TRAIL inhibition NFκB
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Targeted action on chondrocytes results in differ-
entiated expression of catabolic and anabolic 
genes. In early and late OA the inflammation of 
the synovium, or synovitis is observed. It pro-
motes acceleration of cartilage destruction and 
ultimately disease progression [28]. Synovial 
biopsy tests show differentiated expression of 
genetic markers of the inflammatory process, 
such as: chemokine ligand-5 (CCL5), CCL7, 
CCL19, and interleukin-8 (IL-8) [29]. Synovial 
inflammation is also correlated with secretion of 
proinflammatory cytokines (Table 17.2), like vas-
cular endothelial growth factor (VEGF), blood 
vessel formation (factor VIII), intercellular adhe-
sion molecule-1, and the proinflammatory cyto-
kines (TNF-α, IL-6 and IL-1ß) [29].

Although there are many joint biomarkers that 
may be potential diagnostic or prognostic tools 
for inflammation, their use in clinical practice is 
still difficult, and most of them are only relevant 
in clinical trials.

The genetic changes in cartilage are regulated 
directly and indirectly by genes associated with 
tissue metabolism. For several signaling path-
ways (like signal transduction, NF-ĸB, JAK/
STAT, and mTOR) and transcription factors (e.g., 
Runx2, C/EBPβ, HIF2α, Sox4, and Sox11) impor-
tant implication in these diseases were deter-
mined [17]. Several genes related to OA have 
been determinate.

Based on numerous studies, a strong correla-
tion between OA and changes within chromo-
somes 2q, 9q, 11q, 16p, and 20q has been 
confirmed. Genes associated include VDR, 
AGC1, IGF-1, ER alpha, TGF beta, CRTM (carti-
lage matrix protein), CRTL (cartilage link pro-
tein), and collagen II, IX, and XI.  It is worth 
mentioning that genes may be expressed differ-
ently according to sex and body site [31]. A pow-
erful tool for identifying genes responsible for 
joint damage induction and progression is the 
combination of candidate gene approaches and 
quantitative trait loci (QTL). Such analysis with 
linkages to osteoarthritis were identified on chro-
mosomes 2q (nodal OA, DIP OA, THR), 9q 
(hand OA), 11q (hand OA), and 16p (hip OA). 
Susceptibility to osteoarthritis has been associ-
ated with variation in several genes, including:

 (a) variation in the FRZB gene on chromosome 
2q32 (OA, osteoarthrosis, osteoarthritis of 
hip, female specific)

 (b) variation in the MATN3 gene on chromo-
some 2p24 (osteoarthritis of distal interpha-
langeal joints, OADIP, DIPOA, hand 
osteoarthritis; HOA)

 (c) variation in the ASPN gene on chromosome 
9q22 (osteoarthritis of knee/hip)

 (d) variation in the GDF5 gene on chromosome 
20q11 (osteoarthritis of hip)

Images courtesy: Dr. Szczepanek

Imbalance of cellular pathways
(e.g. NF- B, JAK/STAT and mTOR)

Inflammation
Matrix
degradation

Cessation of Matrix
synthesis

Cartilage destruction

Changes in genes groups activity
(e.g. inflammatory and transcription

factors, cytokines)
SYNOVIUM

IL-1

IL-6

TNF

TNF

ECM
synthesis

ECM
degradation

ApoptosisCARTILAGE

NO

NO

MMP/TIMP synthesis

De-differentiation

Apoptosis

Fig. 17.1 Schematic summary of cartilage destruction

D. Szwedowski et al.



197

The identified chromosome fragments are also 
loci for such biomarkers as: fibronectin 9 (a gly-
coprotein present in the extracellular matrix of 
normal cartilage), collagen alpha-2(V) chain 
(alpha chain for one of the low abundance fibril-
lar collagens), interleukin 8 receptor (important 
in the regulation of neutrophil activation and che-
motaxis), and matrix metalloproteinase gene 
cluster [31, 32].

An interesting research direction is also 
searching for single nucleotide polymorphisms 
(SNP) within the candidate. SNP, as the most 
common genetic varieties in the population, have 
been successfully correlated with the pathogene-
sis of many diseases of articular cartilage. For 
example, for OA, more than 50 SNPs have been 
identified in many genes that have been linked to 
the hip (COL11A1, VEGF, etc.), knee (COL9A3, 
ASPN, GDF5, etc.), or both (IL-8, TGF-β1, etc.) 
OA [34]. Multiple SNPs play different roles in 
the pathogenesis of OA and its subtypes. Wang 
et al. identified 56 SNPs from different genes that 
have been shown to be associated with either hip 
[23], knee [20], or both [13] OA [34]. SNPs in 
various genes appear to be associated with osteo-
arthritis [34–39]:

 – COL11A1 (rs1241164, rs4907986, 
rs2615977), hip OA

 – DVWA (rs7639618, rs9864422, s11718863), 
knee OA

 – FRZB (rs7775, rs288326), OA of the hip, 
knee, and hand

 – GDF5 (rs143383 (risk allele T)), OA of the 
hip, knee, and hand

 – CALM1 (rs12885713), hip OA
 – IL1RN (rs9005, rs315952, rs419598), knee 

OA
 – MCF2L (rs11842874 (risk allele G)), knee OA
 – ADAM12 (rs1871054)—knee OA

The phenotype of mature chondrocytes is sta-
bilized by numerous epigenetic modifications), 
including DNA methylation (hypo- and hyper-
methylation mainly in promoter CpG sites of tar-
get genes, histone modification (methylation, 
ubiquitination, acetylation, and phosphoryla-
tion), and non-coding RNAs binding to the 

3′-untranslated region of target gene [40–46]. 
Epigenetic changes have been described for 
many groups (transcription factors, proteinases, 
cytokines, chemokines, growth factors, and ECM 
proteins (Table 17.4) of genes relevant for carti-
lage destruction, hypertrophic chondrocyte for-
mation, and synovitis. Modifications to the 
epigenetic pattern can lead to genetic disruptions 
that result in the overexpression of cartilage- 
degrading proteases and inflammatory process 
factors [44].

An interesting group of diagnostic markers are 
also microRNA molecules. Recent reports have 
demonstrated that microRNAs might play an 
important role in the development of joint disor-
ders. As post-transcriptional regulators of target 
genes, participate in the modulation of cell sig-
naling pathways. Differentiated miRNA expres-
sion has a significant effect on articular cartilage 
homeostasis (Table  17.5). The potential role of 
miRNAs in biological processes such as cartilage 
degeneration, chondrocyte proliferation, and dif-
ferentiation are discussed [47]. Among microR-
NAs involved in cartilage-protective mechanisms, 
attention should be paid to miR-140 involved in 
cartilage development [48], miR-9 increased type 
II collagen [49], miR-27a prevented synovial 
fibroblast migration and invasion [48, 50], miR- 
221- 3p prevented ECM degradation [51], anti- 
inflammatory miR-149 [52], or miR-125b 
prevented aggrecan loss [53]. Among microR-
NAs involved in cartilage-destructive mecha-
nisms are, for example, miR-381 responsible for 
chondrocyte hypertrophy and cartilage degenera-
tion [54], miR-216b inhibited chondrocyte pro-
liferation [55], miR-302b promoted inflammation 
[56], miR-365 mediated mechanical stress and 
inflammatory pathway [57], miR-146a activated 
early OA [58] or miR-483-5p stimulated chon-
drocyte hypertrophy, ECM degradation and carti-
lage angiogenesis [59]. MicroRNAs are important 
post-transcriptional regulators of cell pathways, 
such as TGF-β/Smads and BMPs, MAPK, and 
NF-KB signaling, that are involved in the physi-
ology of cartilage tissue [47]. As modulators of 
important miRNA genes, they are interesting 
candidates for targeted therapy.
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Epigenetic regulations of cytokine expres-
sion are well described in the literature. For 
example, Il-1β expression level is modulated by 
methylation and demethylation of CpG site of 
the promoter region [60], as well as the activi-
ties of miR-146a and miR-149 [46, 58]. In addi-

tion, it was found that use of histone deacetylase 
inhibitors in chondrocytes results in reduced 
secretion of inflammatory cytokines, like Il-1β, 
suppressing synovitis and preventing the re-dif-
ferentiation of dedifferentiated chondrocytes 
[44, 61].

Table 17.5 MicroRNAs involved in cartilage protection and degradation (based on [47])

miRNAs Target Gene(s) Function Specimens
miR- 
140

SMAD3 Suppressing the Smad 2/3 pathway Chondrocytes
MMP13 Inhibition of the matrix metalloprotease Cartilage C28/I2 cells
RALA Upregulates SOX9, ACAN, Col2a Mesenchymal stem cells
IL-1β
COLL3a1

Inhibits (IL-1β)-induced signaling Knee synovial fibroblasts

miR- 
145

SMAD3
SOX9

Downregulates type II collagen and glycosaminoglycans 
concentration while up-regulating of MMP-13 expression

Knee OA cartilage

miR-29 COL3a1 
osteonectin

Promotes osteogenesis, inhibits osteoblast differentiation hMSCs

miR- 
455

SMAD2 
ACVR2B

Promotes a degradative chondrocyte response Hip articular cartilage

miR- 
302

BMP 2R Shows pro-anabolic activities hADSCs

miR- 
155

MMP1
MMP3

Inhibits production of MMP1 and MMP13 Joint synovial tissue

miR- 
127

MMP13 Surpresses production of MMP1 and MMP13 Knee OA cartilage and 
chondrocytes

miR- 
148

MMP13
COL10A1 
ADAMTS5

Shows pro-anabolic and anti-catabolic activities OA articular cartilage 
and chondrocytes

miR- 
602

SHH
MMP13

Negatively regulates the expression of SHH and MMP-13 OA articular cartilage 
and chondrocytes

miR- 
608

SHH
MMP13

Negatively regulates the expression of SHH and MMP-13 OA articular cartilage 
and chondrocytes

miR- 
125

ADAMTS4
MMP13

Negatively regulates the expression of ADAMTS4 and 
MMP-13

OA articular cartilage 
and chondrocytes

miR-27 MMP13 Negatively regulates the expression of MMP-13 OA articular cartilage 
and chondrocytes

miR-22 PPARΑ
BMP7

Negatively regulates the expression of PPARA and BMP7, 
blocked inflammatory, and catabolic changes

Articular cartilage and 
chondrocytes

miR-9 MMP13 
(indirect)
PRTG

Negatively regulates the expression of MMP-13 Knee OA cartilage

miR- 
558

COX-2
MMP-1
MMP-13

Negatively regulates the expression of MMP-13, MMP-1, 
COX-2

Knee OA cartilage and 
chondrocytes

miR- 
488

ZIP8
MMP-13

Reduces cartilage degradation OA cartilage and 
chondrocytes

miR- 
320

ADAMTS5 Negatively regulates the expression of ADAMTS5 Knee OA cartilage and 
chondrocytes

miR- 
203

MMP-1
IL-6 (indirect)

Increases secretion of MMP-1 and IL-6 via the NF-kB 
pathway

Articular synovial tissue 
and cell

miR- 
181

MMP13 
(indirect)

Increases production of MMP13 Knee OA cartilage

miR- 
193

COL2
aggrecan
SOX9

Downregulates anabolic factors such as type 2 collagen, 
aggrecan, and SOX9

Knee OA cartilage
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Genes and their polymorphisms play a key 
role in development of the osteochondral pathol-
ogies in the general population. The complexed 
background of the genetic heterogeneity of the 
cartilage diseases consists of a plethora of genes 
and their epigenetic modifications. It results in 
changes in their activity, and thus explains the 
background of the pathological process. Analyzes 
of allelic expression imbalances, genetic expres-
sion signatures, epigenetic regulatory mecha-
nisms, and key cellular pathway disturbance 
provide comprehensive knowledge that brings us 
closer to understanding the normal tissue metab-
olism as well as induced by pathological pro-
cesses. Therefore, the challenge is to find 
sensitive and specific biomarkers that will help in 
early diagnosis and targeted therapy of cartilage.

17.3  Gene Therapy Approaches

Osteochondral lesions are common, they are 
most likely responsible for the initiation of osteo-
arthritis development. As biochemical and 
genetic studies have added substantial knowledge 
in the past decade, the molecular basis of osteo-
chondral pathologies has become clearer. Gene 
therapy is a technology utilizing the gene transfer 
to deliver therapeutic genes to the site of injury.

Bioactive proteins are difficult to administer 
effectively. However, gene transfer approaches 
are being developed to provide their sustained 
synthesis at sites of repair. The treatment of carti-
lage lesions is applied by transferring genes, 
encoding the specific growth factors, into chon-
drocytes or progenitor cells [62]. Gene delivery 
into the osteochondral unit is categorized as 
either in vivo (direct gene delivery into host tis-
sue within the lesion site) or ex  vivo (indirect 
gene delivery, for example, via stem cells or 
fibroblasts, following in  vitro transfection or 
transduction). Viral gene vectors (e.g., adenovi-
rus, retrovirus, adeno-associated virus (AAV), 
and herpes simplex virus) represent the efficient 
method for gene transfer [63]. Either the vectors 
can be injected directly into the host tissue (in 
vivo) or the cells from the injured tissue can be 
removed, genetically altered in  vitro, and rein-

jected in the injury site (ex vivo). The direct 
method is less technically demanding, but indi-
rect gene delivery is safer, because the gene 
manipulation takes place under controlled condi-
tions in vitro. Moreover, safety tests can be per-
formed in the genetically engineered cells before 
the implantation into the defects. Although the 
development of effective reagents for osteochon-
dral defects remains complicated, gene transfer 
might improve regeneration at the site of injury 
by enabling the local, sustained, and potentially 
regulated expression of morphogens, growth fac-
tors, and anti-inflammatory proteins [64]. 
Understanding the molecular basis of cartilage 
and joint diseases is important and useful for the 
establishment of effective therapies.

Large scientific progress have been made in 
the last 30 years toward understanding the biol-
ogy of articular cartilage healing and toward 
development of the new restoration techniques. 
Microfracture is one of several cartilage repair 
techniques that works by creating tiny fractures 
in the subchondral bone. It is a commonly used 
procedure to treat patients with small to moderate 
full-thickness chondral lesions [65]. Progenitor 
cells from the subchondral region enter the lesion 
site and become trapped in the fibrin clot, where 
some of them differentiate along a chondrogenic 
lineage to form repair tissue. Noteworthy is the 
fact that the newly formed tissue resulting from 
microfracture is a fibrocartilage, which is less 
durable compared to the articular cartilage. 
Additionally, there is a risk of an intralesional 
osteophyte formation after this procedure. For 
the larger lesions autologous chondrocyte 
implantation (ACI) is usually indicated [66]. The 
clinical trial design in emerging methods of 
 cartilage repair requires that new cartilage repair 
methods are superior to microfracture [64].

The effectiveness of microfracture may be 
improved by two simple gene-based techniques. 
Pascher et al. presented approach to enhance nat-
ural repair mechanisms within cartilage lesions 
by targeting bone marrow-derived cells for 
genetic modification [67]. As an alternative 
medium for gene delivery, they investigated the 
feasibility of using coagulated bone marrow aspi-
rates. Mixing an adenoviral suspension with the 
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fluid phase of freshly aspirated bone marrow 
resulted in uniform vector dispersion. The rate of 
transgenic expression is in direct proportion to 
the density of nucleated cells in the correspond-
ing clot. Sieker et al. presented good results with 
this method using cDNA that encodes bone mor-
phogenetic protein BMP-2 and Indian hedgehog 
protein. It was effective to improve cartilage 
repair in osteochondral defects in the trochlea of 
rabbit knees. However, the BMP-2 treatment, 
carried the risk intralesional bone formation [68]. 
Ivkovic et  al. used ovine autologous bone mar-
row transduced with adenoviral vectors contain-
ing cDNA for green fluorescent protein or 
transforming growth factor (TGF-β1). The mar-
row was allowed to clot forming a gene plug and 
then was implanted into partial-thickness defects, 
which were created on medial femoral condyle in 
sheep model [69]. This method improved the out-
come and TGF-treated defects showed signifi-
cantly higher amounts of collagen II in histologic 
examination. In the second approach, the recom-
binant adeno-associated virus is used directly to 
the exudate that is implanted into the osteochon-
dral lesion. In a rabbit osteochondral defect 
model, fibroblast growth factor 2 (FGF-2), 
insulin- like growth factor 1 (IGF-1), and the tran-
scription factor SOX9, have been delivered by 
transgene, with promising results [64, 70–72].

Over the years, ACI has been recognized as a 
good treatment option to deal with large full- 
thickness chondral lesions [73–75]. However, 
this approach requires two surgeries. Firstly, 
articular cartilage is harvested from a lesser- 
weight- bearing part of the joint. Then, autolo-
gous chondrocytes need to be expanded in culture 
and implanted into the defect. As the application 
of ACI has been limited by the high cost of autol-
ogous therapy and by the need for two surgeries, 
using genetically modified allografted chondro-
cytes could reduce complexity and improve cost- 
effectiveness. Kang et  al. showed for the first 
time, that genetically modified allografted chon-
drocytes could persist and express transgenes in 
rabbit’s osteochondral defects [76]. There is also 
a large body of evidence confirming that geneti-
cally modified allogenic or autogenous chondro-
cytes are effective in cartilage repair in animals 

[77, 78]. Ortved et al. presented that transferring 
IGF-1 by AAV to autologous chondrocytes 
improved repair outcomes of full-thickness chon-
dral defects in equines [79]. Such genetically 
enhanced allograft chondrocytes were used in 
human clinical trials [80]. The transduced cells 
were surgically introduced into cartilage lesions 
using a fibrin scaffold. A line of human chondro-
cytes was obtained from a newborn with poly-
dactyly. One cohort of cells was transduced with 
a retrovirus carrying TGF-β1 cDNA.

Evans et  al. demonstrated another therapy 
based on the remarkable potential of genetically 
modified, autologous skeletal muscle and fat 
grafts to heal large osseous and chondral defects. 
These tissues can be harvested, genetically modi-
fied, and then press-fit into the osteochondral 
lesions within the time frame of a single surgery. 
The theory behind the muscle-based tissue engi-
neering is related to the unique biology of skele-
tal muscle-derived cells. Skeletal muscle contains 
satellite cells, which are capable of fusing to 
form post-mitotic, multinucleated myotubes and 
myofibers. The post-mitotic myofibers are stable 
cells and theoretically capable of long-lasting 
gene expression. Their potency is likely to reflect 
the presence of endogenous progenitor cells, the 
secretion morphogenetic signals by the geneti-
cally modified cells, and the scaffolding proper-
ties of the tissues themselves. When compared to 
ACI, the complexity of the procedure is reduced, 
which should lower the costs. Moreover, skeletal 
muscle and fat are easily accessible and available 
for biopsies. The results from pilot experiments 
with rabbits showed that the implanted tissues 
formed bone in the subchondral region and carti-
lage above, indicating the impact of the  progenitor 
cell location on the process of the differentiation 
[81].

The main limitation of treatment of focal car-
tilage defects with non-scaffolds approach is that 
the genetically modified cells or gene vectors are 
diluted by the joint fluid and fail to maintain at 
the target lesion area. To avoid this obstacle, a 
promising approach is to deliver modified cells or 
gene vectors using different types of biomateri-
als. Scaffolds for cartilage repair present new 
options to structurally support cartilage repair 
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[82]. Gene therapy combined with scaffolds 
increases the efficiency and durability of trans-
fected genes, forming an efficient system to pro-
mote osteochondral regeneration. When the 
scaffold is degraded, the contents are slowly 
released to the target area. These biomaterials can 
be implanted into the articular cartilage defects to 
provide gene transfer that enables the controlled 
release of vector over time. The regulated trans-
mission of genetic material via biomaterials 
could enhance the properties of the gene products 
and protect these active agents against degrada-
tion [83]. Additionally, biomaterial-mediated 
gene delivery provides biomechanical environ-
ment in magnitudes similar to that of native artic-
ular cartilage, what is especially important for the 
repair of large defects. Scaffolds in gene therapy 
for osteochondral tissue repair can be applied 
using two methods: through the incorporation of 
the vector during scaffold preparation or by the 
connection of the vector to a formed scaffold. 
Among the numerous biologic and synthetic 
materials, biocompatible and biodegradable 
compounds matrices are thought to possess the 
most promising potential for repair of osteochon-
dral defects [84–86]. Different gene delivery 
approaches use solid scaffolds, hydrogels, and 
micelles (alginate, poloxamer PF68, and polox-
amine T908 polymeric micelles based on poly 
(ethyleneoxide)—PEO—and poly(propylene 
oxide)—PPO—triblock copolymers, self- 
assembling RAD16-I peptide hydrogels, polyp-
seudorotaxane gels) to create vector-loaded 
biomaterials [63, 87, 88]. These biomaterials pro-
vide the environment for the formation of carti-
lage tissue with adapted mechanical properties 
and affording protection against tissue degrada-
tion in conditions that enable joint resurfacing.

The use of controlled gene delivery approaches 
to facilitate clinical cartilage repair is still a 
developing field. Emerging approaches include 
the use of progenitor cells, rather than chondro-
cytes, as agents of gene transfer for cartilage 
repair. Mesenchymal stem cells (MSCs) are the 
most widely studied due to their high availability 
and proliferative/differentiation ability. 
Genetically modified MSCs can be considered as 
a fundament for one of the existing cell-based 

cartilage repair methods. Bone marrow delivered 
MSCs (BMCs) and adipose-delivered MSCs 
(ASCs) are commonly employed for osteochon-
dral therapy [88]. Leng et  al. used transfected 
BMSCs with hIGF-1 cDNA and mixed with cal-
cium alginate gels for transplantation into osteo-
chondral defects showing the improvement in the 
repair outcomes [89]. In another study, 
Venkatesan et al. designed 3D fibrin- polyurethane 
scaffolds in a hydrodynamic environment that 
provided a favorable growth environment for 
rAAV-infected SOX9- modified hBMCs and pro-
moted their differentiation into the chondrocytes 
[90]. Yang et al. also transfected BMCs with ade-
noviruses expressing C-type natriuretic peptides 
and seeded the cells onto silk/chitosan scaffolds 
to promote chondrogenesis in rats [91].

Controlled tissue growth and biomimetic car-
tilage properties were maintained upon seeding 
the ASCs into large PCL-scaffolds immobilized 
with Dox-inducible lentiviruses expressing 
IL-1Ra [92]. Although, these techniques have not 
yet been confirmed in the clinical studies, they 
hold a great scientific promise for treating carti-
lage injuries in the near future. In addition, inter-
est in improving the efficiency and targeting of 
non-viral vectors continues. For example, Pi 
et al. identified chondrocyte-affinity peptide that 
enhances cartilage-targeting transfection when 
attached to the polyethylenimine [93]. These data 
demonstrate that the potential for gene therapy of 
cartilage lesions is encouraging. However, this 
field is still developing. The assessments of pos-
sible associated toxicity are also lacking and it is 
essential for clinical translation.

17.4  Conclusion

Future research will continue to investigate the 
optimal combination of scaffolds, cells, peptides, 
and growth factors to repair articular cartilage 
defects. The combination of genetic engineering, 
gene transfer techniques, and tissue engineering 
is one of the potential new strategies for the treat-
ment of osteochondral injuries. The advantage of 
gene transfer into the chondrogenic cells relies 
on sustained levels of growth factors, which can 
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be reached through transgene expression in situ. 
Although, the field of genetic engineering is 
young, current research offers gene transfer 
approaches developed to provide sustained syn-
thesis of bioactive reagents at the cartilage repair 
sites. To augment regeneration of articular carti-
lage, therapeutic genes can be delivered to the 
synovium, or directly to the cartilage lesion.

Because cartilage injuries are not life- 
threatening, the safety of gene transfer approaches 
for repair is of particular importance. To harness 
the potential of this technology for clinical use, it 
is crucial to use safe and efficient vectors, trans-
genes, and delivery systems. The major consider-
ations for clinical translation are their biology, 
safety, ease of manufacture, and cost- effectiveness 
[64]. In this regard, combining gene therapy with 
tissue engineering concepts might overcome the 
various physiological barriers that impede the 
safe, effective, and long-term treatment of dam-
aged articular surface [94]. Cartilage repair could 
become the domain of gene therapy because 
osteochondral pathologies are very common, and 
application provides local treatment with a rela-
tively small amount of vector.
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Tissue Engineering: Scaffolds 
and Bio-Tissues

Livia Roseti and Brunella Grigolo

18.1  Introduction

Osteochondral lesions affect both articular carti-
lage and subchondral bone, i.e., the osteochon-
dral unit. In adolescents and young adults, 
particularly in athletes, they are mostly of trau-
matic origin, often in association with ligament 
and meniscal injuries. Osteochondral lesions 
typically occur at the knee, ankle, or elbow; 
severity ranges from a small crack to a piece of 
bone breaking off within the joint. The frag-
ments, differing in both size and depth, can stay 
attached (stable) to the injured area or become 
loose (unstable) inside the joint [1, 2]. The causes 
of osteochondral injuries are not yet completely 
understood, but current theories include the lack 
of blood supply to the affected area, genetic fac-
tors, direct compressive trauma, or repetitive 
strains [3]. The repair process is initiated by 
undifferentiated mesenchymal stem/stromal cells 
(MSCs) from the bone marrow tissue of the sub-
chondral bone. However, in general, it does not 
ensure neither the healing of the defect nor the 
symptom remission in the long-term period. 
Without proper treatments, Osteoarthritis may 
progress with aging, mostly leading to the 

need  for joint prosthetic replacement [4]. 
Osteochondral lesion’s symptoms vary according 
to type, size, and site of the damage, and to the 
involvement of the surrounding structures. Pain 
may appear during efforts or simple movements; 
acute pain can arise limiting or even blocking the 
joint. Diagnosis is made through magnetic reso-
nance imaging and arthroscopy. Proper treatment 
depends on the patient’s age, type, severity, loca-
tion, and size of the damage, as well as associated 
symptoms [1, 5].

The treatment of osteochondral lesions rep-
resents a challenge in the orthopedic field. The 
first approaches are usually conservative, 
based on drug administration (painkillers) or 
physical therapies. Hyaluronic acid infiltra-
tion in the joint may decrease symptoms due 
to its lubricating action [6]. If conservative 
treatment is not effective in reducing pain and/
or functional limitations, a surgical solution is 
needed. There are several surgical techniques 
that can be performed in arthroscopy (mini-
mally invasive surgery) or with the traditional 
open-air technique, depending on lesion type. 
Reparative approaches generally foresee sub-
chondral bone penetration, which induces 
bleeding. There is then migration of bone mar-
row MSCs to the site of injury along with 
blood clot formation. Although excellent 
short- term clinical outcomes have been dem-
onstrated [7], the resulting repair tissue is 
mainly composed of fibrocartilage. Restorative 
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techniques’ purpose is the reconstitution of 
joint structure and function: arthroplasty is a 
widely diffused technique recommended for 
elderly patients. Even if an invasive proce-
dure, it has been shown to relieve pain and 
improve mobility. Complications may be stiff-
ness, instability, aseptic loosening, infection, 
prosthesis failure, and mal-alignment [8].

Biological, regenerative approaches, includ-
ing osteochondral grafting and autologous 
chondrocyte implantation (ACI) aim to recon-
struct the native structure and function of the 
damaged tissue. Autologous osteochondral 
transplantation (mosaicplasty) has some draw-
backs like donor site morbidity and graft failure. 
Limitations of allograft transplantation include 
graft availability, possible disease transmission, 
and short cell viability [9]. ACI, in its first gen-
eration, consisted of a cartilage biopsy harvest-
ing from a non-load bearing area of the articular 
surface, an ex vivo expansion phase of the iso-
lated chondrocytes, and finally the implantation 
of a chondrocyte suspension in the damaged 
area [10]. This procedure has also been utilized 
in conjunction with bone grafting to repair 
osteochondral lesions of varying depths and 
sizes. Despite good outcomes [11], issues were 
related to chondrocyte phenotype loss during 
cell expansion, cell leakage in the joint space, 
the need of two interventions, and the prohibi-
tive costs [12]. Therefore, researches have been 
addresses toward the evaluation of cells alterna-
tive to chondrocytes and to the development of 
tissue engineering techniques.

Tissue engineering applies the principles and 
methods of engineering, biology, chemistry, and 
mechanics. The aim is to develop biological 
substitutes capable of restoring, maintaining, or 
improving tissue structure and function. In par-
ticular, tissue engineering combines cells, scaf-
folds, and growth factors to support and enhance 
regeneration [13]. The innovative feature of 
engineered tissues is that, if successful, they 
integrate within the patients and do not require 
expensive posttreatments drug therapies like 
traditional transplants (i.e., immunosuppres-
sors) [14].

18.2  Scaffolds

Scaffolds can be defined as artificial structures 
used to support three-dimensional (3D) tissue 
formation [15, 16]. An ideal scaffold should be 
biocompatible, nontoxic, and non-immunogenic 
and should resorb/degrade in vivo in tandem with 
tissue formation. Another key feature is bioactiv-
ity, i.e., its ability to interact with the surrounding 
living tissues or organs. Over the last years, many 
scaffolds have been developed and tested for car-
tilage or bone regeneration purposes [5]. 
Scaffolds for cartilage tissue engineering can be 
fabricated starting from gelatin, chitosan, hyal-
uronic acid, collagen, alginate, glycosaminogly-
can, starch, and bacteria. Biomimetic cartilage 
polymers of synthetic origin are poly (D, l- lactic- 
co-glycolic acid), poly (caprolactone), poly (eth-
yleneglycol), and poly (glycolic acid). 
Extracellular Matrix (ECM)-based materials are 
obtained after decellularization or devitalization 
of cartilage ECM.  Such scaffolds facilitate cell 
differentiation, but the reduced content of glycos-
aminoglycan and the effect of residual cell com-
ponents are still unknown. Cell-derived matrix 
(CDM) generated from cells grown in monolayer 
or 3D in vitro cultures may be an option. However, 
the clinical application is scarce due to complex, 
long-lasting, and expensive processes of produc-
tion [17]. Bioceramics have been utilized for car-
tilage regeneration but revealed poor elasticity 
and high stiffness. Therefore, mixtures of poly-
mers and bioceramics have been developed [18]. 
Scaffold for subchondral bone tissue engineering 
should guarantee compressive strength and are 
mostly metallic materials, bioglass, and bioc-
eramics alone or in combination with polymers 
[5]. Metallic materials possess excellent mechan-
ical properties but are inert. This drawback can 
be overcome by coating metallic materials with 
bioceramic nanoparticles. Bioceramics and bio-
glasses could promote biomineralization because 
of their excellent osteoconductivity. Bioglasses 
and glass-ceramics are bioactive ceramics able to 
interact with the surrounding tissues thus favor-
ing the osteogenic process. However, there are 
some drawbacks, such as low elasticity, heavy 
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brittleness, extremely high stiffness, and poor 
fracture toughness. The incorporation of ductile 
materials, such as gelatin, collagen, chondroitin 
sulfate, and polylactide acid, may enhance the 
mechanical properties of bioceramics [17].

Currently, scaffolds suitable for osteochondral 
tissue engineering can be divided into native bio-
logical and synthetic polymeric materials. 
Generally, natural polymers favor better cell pro-
liferation and differentiation but display weaker 
biomechanical properties. Diversely, synthetic 
polymers can be developed into different shapes, 
possess controlled degradation kinetics and regu-
lated biomechanical properties [19]. The devel-
opment of osteochondral scaffolds able to address 
both cartilage and bone reconstruction thus 
restoring the properties of the entire osteochon-
dral compartment is a challenge [20, 21]. An 
ideal scaffold suitable for osteochondral lesion 
treatment should possess specific structural and 
mechanical features to mimic all the components 
of the osteochondral unit: articular cartilage 
layer, tidemark, and subchondral bone. Single- 
phase scaffolds support cartilage and/or bone 
growth, but do not mimic the physical structure 
and composition of the osteochondral unit thus 
making regeneration and function restoration 
more difficult [14]. In this perspective, multilay-
ered, stratified, or gradient scaffolds can better 
mimic such a complex interface structure [5, 14]. 
Cell viability, attachment, proliferation and hom-
ing, zonal chondrogenic and osteogenic differen-
tiation, vascularization in the bony part, host 
integration, and load-bearing ability should be all 
guaranteed. Mechanical features should match 
with those found at the site of implantation [1]. In 
most of the biphasic and multilayered developed 
scaffolds, polymers such as gelatin, collagen, and 
polylactide acid serve as the cartilage layer, and 
bioceramics including hydroxyapatite and trical-
cium phosphate (TCP) serve as the subchondral 
bone layer [5]. The group of Levingstone utilized 
type I collagen and hydroxyapatite for the sub-
chondral bone layer, type I and II collagens and 
hydroxyapatite for the intermediate layer, and 
type I and II collagens and hyaluronic acid for the 
articular cartilage layer [22].

18.2.1  Nanostructured Scaffolds

Nanostructured scaffolds have recently emerged 
as promising biomimetic candidates since carti-
lage and bone are typical examples of nanomate-
rials [23, 24]. A Nanomaterial is defined as a 
natural, derived, or manufactured material con-
taining particles in the free, aggregate, or agglom-
erated state, and in which, at least 50% of the 
particles in the numerical size distribution, are 
characterized by one or more external dimen-
sions between 1 nm and 100 nm (Recommendation 
2011/696/EU) [25]. A nanostructured, 
magnesium- hydroxyapatite composite, biomi-
metic porous, three-layer gradient scaffold repro-
ducing cartilaginous layer, tidemark, and 
subchondral bone has been seeded with MSCs. 
Safranin O staining and collagen type II and pro-
teoglycans immunostaining confirmed that chon-
drogenic differentiation was specifically induced 
only in the cartilaginous layer; von Kossa stain-
ing, osteocalcin, and osteopontin immunostain-
ing positivity demonstrated that osteogenic 
differentiation occurred on both intermediate and 
lower layers [26].

18.2.2  Three-Dimensional Printed 
Scaffolds

Although multilayered scaffolds have good bio-
mimetic ability, it is difficult to biologically and 
mechanically reconstruct the osteochondral unit 
features with the traditional biotechnologies. 
Furthermore, the adhesive strength between 
adjacent layers is often insufficient, leading to 
delamination. Hence, a smart single-phase scaf-
fold that possesses bilineage functions for 
simultaneously regenerating both cartilage and 
subchondral may be the solution [17]. Additive 
manufacturing (AM) technologies (ISO/ASTM 
52900:2015 Standard Terminology for Additive 
Manufacturing) [27] may respond to such a 
need. They fabricate objects by layer or drop-
by-drop deposition, combining computer- 
assisted design (CAD) with computer-assisted 
manufacturing (CAM) [28]. Translated into the 
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clinical practice, it should be possible to fabri-
cate complex structures, “on-demand,” starting 
from patient’s medical images acquired with 
noninvasive techniques like Magnetic 
Resonance Imaging and Computerized 
Tomography. A more punctual control of poros-
ity, pore size, and mechanical and chemical 
properties is then possible, permitting better 
mimic abilities. These methods allow also for 
variation of the composition of two or more 
materials across the surface, interface, or bulk 
of the scaffold. Mellor et  al. printed scaffolds 
composed of polycaprolactone (PCL) with 
either β-TCP or dECM. The subsequent seeding 
of human ASCs allowed zonal cartilage- and 
bone-like ECM deposition [29] in both cases.

18.3  Bio-tissues

Cells and growth factors both act like adjuvant to 
the scaffolds in order to develop tissue-like struc-
tures able to enhance structure and function 
restoration.

An ideal cell component should be viable, 
easily available, non-immunogenic, non- 
tumorigenic, phenotypically stable, and respon-
sive to bioactive factors [1]. Recently, stem/
stromal cells have raised interest in osteochon-
dral regeneration due to their ability to differenti-
ate in culture into both chondrogenic and 
osteogenic phenotypes [30]. They can in fact be 
expanded ex vivo and then seeded onto a scaffold 
(eventually added with growth factors). The 
resulting construct is therefore ready to be 
implanted in the patient. MSCs from bone mar-
row were the first to be investigated for tissue 
engineering purposes. They have been demon-
strated to possess a multilineage differentiation 
potential [31]. This implies that, when seeded in 
gradient scaffolds, MSCs have the possibility to 
differentiate toward the chondrogenic or osteo-
genic phenotype, depending on the layer struc-
ture, composition, and orientation. Moreover, 
MSCs display immunomodulatory properties 
allowing an allogenic utilize to solve issues due 
to autologous procedures like donor site morbid-
ity and scarce availability. Finally, MSCs possess 

the ability to migrate to sites of tissue injury. This 
is important because recent discoveries high-
lighted that exogenously supplied MSCs secrete 
in the sites of injury soluble growth factors and 
cytokines that exert immunomodulatory, anti- 
inflammatory, and trophic effects on the patient’s 
own resident stem cells that form the new tissue 
[32, 33]. Recently, adipose-derived stem cells 
(ASCs) have garnered attention for their similari-
ties with bone marrow cells, in relation to mor-
phology and immunologic phenotype. With 
respect to bone marrow, adipose tissue is more 
abundant and easier to obtain; ASCs frequency 
and proliferation rate are higher. Moreover, ASCs 
possess a protective effect on MSCs [34]. Other 
sources of adult stem/stromal cells investigated 
include muscle, synovial membrane, trabecular 
bone, dermis, blood, and periosteum. Other types 
of stem cells enclose perinatal, embryonic, and 
induced pluripotent stem cells that have been 
demonstrated to be promising. Genetically modi-
fied stem cells are under investigation as well.

Despite several investigations, the cell expan-
sion phase is generally expensive and requires 
two interventions to treat patients. An alternative 
option is the use of “concentrates” which carry a 
much lesser amount of MSCs but contains the 
“stem cell niche” rich in other cell types and 
growth factors favoring tissue regeneration. The 
concentrate can be obtained by minimal manipu-
lation (centrifugation and/or enzymatic treat-
ment) of the source tissue in the operating room 
and loaded to the scaffold just before implanta-
tion. In the orthopedic clinical practice, an often- 
utilized concentrate is bone marrow concentrate 
(BMC) [35] which has been demonstrated 
in vitro to differentiate toward chondrogenic and 
osteogenic lineages [36]. Recently, stromal vas-
cular fraction (SVF) from adipose tissue has been 
characterized and applied [37]. Both concentrates 
can be utilized with adjuvants like Platelet-Rich 
Plasma (PRP), which was derived from the 
patient’s own blood throughout a centrifugation 
process. PRP contains a high concentration of 
platelets that, when activated, secrete growth fac-
tors and other proteins that regulate cell division, 
stimulate tissue regeneration, and promote heal-
ing [38]. A drawback is the difficulty to 
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 standardize concentrate and PRP preparations, 
due to patient variability.

Synthetic growth factors are recombinant 
molecules available on the market. Some of the 
mostly investigated for cartilage and bone heal-
ing are: Transforming Growth Factor-beta-1 
(TGF-®1), Bone Morphogenetic Proteins 
(BMPs), Insulin-like Growth Factor-1 (IGF-1), 
Platelet-derived Growth Factor (PDGF), and 
Vascular Endothelial Growth factor (VEGF) 
[39]. Administration can be performed directly 
by infiltration or mediated by a scaffold [1]. 
Scaffold loading may be direct, or indirect, by 
loading microspheres or microparticles, which 
are then incorporated into the scaffold. 
Alternatively, a growth factor’s gene can be 
transfected into the cells inducing them to 
express the corresponding protein in the envi-
ronment [39]. Differently from concentrates, 
synthetic growth factors can be standardized but 
may present important drawbacks like bone 
ectopic formation [40].

18.3.1  Bioprinted Tissues

Scaffold-based 3D bioprinting is a further inno-
vative development of AM techniques. It con-
sists of the fabrication of living tissue/organ-like 
structures throughout the bottom-up deposition 
of either cell-laden droplets or cells embedding 
in a hydrogel, in both cases termed as “bioink” 
[41]. Such technology makes it possible to over-
come issues present in more conventional meth-
ods like static (manual) seeding onto scaffold or 
dynamic seeding using bioreactors [5]. In these 
cases, problems are due to cell accumulation at 
the surface of the scaffold and to the low density 
in the inner part where cells tend to die because 
of the scarcity of nutrients. This may lead to 
inaccurate experimental results and consequent 
speculations. Differently, 3D bioprinting offers 
the advantage of fine control of cell spatial dis-
tribution in terms of homogeneity. Gao and col-
leagues bioprinted a construct composed of 
poly(ethylene glycol) dimethacrylate, gelatin 
methacrylate (PEG-GelMA), and bone marrow-
derived human MSCs. The printing process 

resulted in 80% cell survival. The resulting con-
struct was mechanically stable, with a uniform 
cell distribution. When the scaffold was cultured 
with chondrogenic or osteogenic medium, carti-
lage and bone tissues were produced, respec-
tively, as determined by specific gene and 
protein expression [42].

Further benefits from 3D bioprinting tech-
nique include the reduced production times, an 
increased versatility, and the possibility to work 
under room temperature and “solvent-free” con-
ditions, taking advantage of the features of water- 
based gels such as bioinks [5]. Even 3D 
bioprinting allows the fabrication of custom- 
made products based on patient’s medical images. 
Such options improve the match between implant 
and defect size thus shortening the time required 
for surgery and for patient recovery, and posi-
tively affecting the success of treatment. To date, 
the most used scaffold-based 3D bioprinting 
technologies are based on jetting, extrusion, and 
laser technology, each with advantages and dis-
advantages. To overcome existing issues and to 
obtain improved performance, hybrid cell- 
printing techniques have been developed [5].

18.4  Preclinical Investigation

In the literature, there are many preclinical stud-
ies aimed at investigating the feasibility of 
scaffold- based procedures for the treatment of 
osteochondral defects. In vitro testing is per-
formed to characterize cell activity, material tox-
icity and immunogenicity, growth factor dose 
and release, and to evaluate the interaction 
between cells and biomaterials and ECM produc-
tion. Animal models are required to better reflect 
the complexity of the osteochondral unit. The 
most common anatomical site for osteochondral 
lesion creation is the stifle joints (both medial and 
lateral condyles and trochlea). Histological, his-
tochemical, immunohistochemical, histomor-
phometric, and mechanical investigations are 
generally performed to evaluate clinical out-
comes [43].

Some studies investigated the scaffold alone, 
as the above described nanostructured three-layer 
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gradient one based on magnesium- hydroxyapatite 
[26]. Results of the study in sheep highlighted 
that the composite is safe and easy to use and 
may represent a suitable matrix to direct the pro-
cess of osteochondral regeneration [44, 45]. A 
further horse study evaluated the mechanical 
behavior of the scaffold when tested at the maxi-
mum challenge of weight loading and motion. 
Results obtained 2 months after surgery demon-
strated good defect filling without any inflamma-
tory reactions [44, 45]. A study in rabbit 
investigated a 3D bioprinted single-phase 
Mn-TCP-based scaffold with bilineage func-
tions. After implantation, both cartilage and sub-
chondral bone were reconstructed in a rabbit 
osteochondral defect model [17].

Other researches evaluated cell-seeded scaf-
folds. For example, a biphasic composite sponge 
scaffold based on collagen and poly(dl-lactic- 
co-glycolic acid) (PLGA) was seeded with 
canine bone marrow MSCs and implanted in the 
knee osteochondral defect of a 1-year-old bea-
gle. An osteochondral-like tissue was regener-
ated 4  months after implantation. An 
alginate-based hydrogel bioprinted by a distinct 
encapsulation first with human osteogenic pro-
genitors and then with chondrocytes was 
implanted in mice. Results evidenced that the 
cells stayed in their compartment remaining 
viable and separately producing cartilage or 
bone [46].

Other investigations concerned the effect of 
growth factors. In a study, critical size osteo-
chondral defects (10 × 6 mm) were created in 
medial femoral condyles of Goettingen mini-
pigs. Animals were randomized into four 
groups: the first, control group, treated with the 
scaffold (a blend of poly dl-lactide-co-gly-
colide, calcium sulfate, polyglycolide fibers) 
alone, the second with the scaffold added with 
PRP, the third with scaffold with BMC, and the 
fourth with scaffold in combination with BMC 
and PRP. After 26 weeks the authors found that 
the addiction of BMC or PRP led to a significant 
improvement of the histological score compared 
to the control group, but the combination of 
BMC and PRP did not further enhance the histo-
logical score [47].

The diversity of tested protocols (scaffold 
alone, cells, concentrates, etc.), animal models, 
experimental times, and evaluation methods 
makes a comparison between studies difficult. 
The progress of histological and image analysis 
techniques has increased the level of investiga-
tions, but, at the same time, has increased the 
number of evaluation types. In general, it can be 
assessed that the use of comparable methods and 
protocols for biomechanical tests will be essen-
tial to make the obtained results more compara-
ble and reliable. Importantly, the peculiarity of 
the osteochondral unit makes evaluations quite 
complex. In particular, post-explant biomechani-
cal tests are generally conducted on one tissue 
rather than another, instead of on both [43].

18.5  Clinical Applications

Among the many different scaffolds developed to 
reproduce the osteochondral unit, only a few 
have been investigated in clinical studies [48].

The clinical trials utilizing cell-free scaffolds 
highlighted, in general, good outcomes, but fur-
ther confirmation is needed. In a multicenter 
randomized controlled clinical trial, patients 
affected by symptomatic chondral and osteo-
chondral knee lesions were treated with a nano-
structured multilayer scaffold constituted by 
collagen and magnesium-enriched hydroxyapa-
tite and evaluated for up to 2 years. Bone mar-
row stimulation was used as a reference 
intervention. A statistically significant improve-
ment of all clinical scores was obtained in both 
groups, although no overall statistically signifi-
cant differences were detected between the two 
treatments [49]. The same scaffold was utilized 
in a population affected by early OA of the knee. 
Clinical outcomes improved; MRI analysis 
showed integration of the scaffold only in 47% 
of the patients, with partial regeneration of the 
subchondral bone. No correlation between clin-
ics and radiological images was found [50]. In 
another study, two different shapes (cylindrical 
and tapered) of a crystalline aragonite biphasic 
scaffold were tested in patients affected by focal 
chondral- osteochondral knee lesions of the con-
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dyle and trochlea. A statistically significant 
improvement in all clinical scores was docu-
mented in both groups, without any differences, 
except for revision rate, which was lower in the 
tapered implant group [51]. A three-layered 
scaffold mimicking the entire osteochondral 
unit was tested in patients affected by isolated 
large osteochondral knee lesions. An improve-
ment was observed in all the assessed scores 
[52]. A retrospective therapeutic study was con-
ducted in order to assess the effectiveness of the 
combination of microfracture and cell-free 
hyaluronic acid-based scaffold in the treatment 
of talus osteochondral defects smaller than 
1.5  cm2 and deeper than 7  mm. Score results 
were positive highlighting that the investigated 
combination appears to be a safe and efficient 
technique [53]. Another retrospective study 
was conducted to evaluate the long-term out-
comes of a biphasic scaffold for the treatment 
of osteochondral lesions of the talus. The 
authors concluded that postoperative scores 
were good, but randomized controlled clinical 
trials comparing established treatment meth-
ods were needed [54].

Other clinical trials utilized stem cells and 
growth factors. Hyaluronic acid and bone mar-
row aspirate concentrate was administered to 
treat full-thickness cartilage lesions of the knee 
associated with significant subchondral bone 
loss. The technique, a novel one-step procedure 
[55] gave good results. Another population of 
patients who had osteochondral lesions of the 
knee was treated with a hyaluronic acid-based 
scaffold filled with bone marrow concentrate and 
covered by a layer of platelet-rich fibrin. The 
clinical imaging and the histological results were 
satisfactory in terms of tissue healing. Giannini 
et  al. applied a similar treatment to repair talar 
osteochondral lesions, obtaining comparable 
results [56, 57]. Young, active patients with knee 
full-thickness cartilage or osteochondral defect, 
including traumatic or atraumatic full-thickness 
knee cartilage defects or osteochondritis disse-
cans, were treated with a novel autologous-made 
matrix consisting of hyaline cartilage chips com-
bined with mixed plasma poor rich in platelets 
clot and plasma rich in growth factors. Excellent 

clinical, functional, and MRI-based outcomes 
were observed.

Recently, an international consensus group 
composed of a panel of expert orthopedic clini-
cians and researchers met to identify a series of 
indications on the use of scaffold-based proce-
dures for the treatment of chondral and osteo-
chondral knee defects. As a conclusion of their 
work, they considered the use of scaffold-based 
procedures as appropriate in almost all cases of 
chondral or osteochondral lesions in non-OA 
knees. All experts agreed on the contraindication 
for the use of scaffolds in advanced OA, and on 
the importance to define potential and limitations 
within its earlier phases [58]. The consensus 
group highlighted that the difficulty to find evi-
dence on the superiority of one scaffold-based 
procedure over the others and they did not pro-
vide indications regarding the best product or 
process. The use of osteochondral scaffold was 
considered uncertain in case of small lesions and 
appropriate for bigger lesions, especially in 
younger patients.

18.6  Future Perspectives

Advancements in the complex and multidisci-
plinary strategies of tissue engineering and the 
development of 3D tailored tissue-like substitutes 
have proved to be particularly interesting and 
promising for the progress and exploitation of 
therapies specialized in the treatment of osteo-
chondral defects. Personalized tissue engineering 
strategies are envisioned to evolve into more 
effective and successful 3D templates with regen-
erative action. Advances in 3D bioprinting tech-
nologies will allow moving from time- and 
labor-intensive fabrication technologies into 
mass production of patient-tailored tissue and 
organ substitutes, which will lead to a cost reduc-
tion and easier access to these technologies in 
medical institutions. It is also expected that 3D 
bioprinting advances will influence the progress 
of imaging technologies. This will result in 
improved equipment and software to translate tis-
sue scans with a higher level of detail and infor-
mation into a virtual 3D model.
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The possibility to combine multiple biomate-
rials, cells, or growth factors within the same 3D 
template will allow the regeneration of complex 
biological systems such as the osteochondral unit 
that requires specific structures that fuse with the 
nearby tissue with complementary functionality. 
The combination of all these developments with 
the possibility to cryobank cells and more com-
plex systems as tissue-engineered constructs 
assists in the translation of effective off-the-shelf 
strategies involving custom-made products avail-
able upon request. Thus, the advances described 
are paving the way for enhanced personalized 
treatments searching for innovative and effective 
solutions to promote real tissue regeneration 
meeting individual patient requirements and 
needs.

Within the next years, it is expected that ortho-
pedics will evolve toward the use of products cus-
tomized to the individual characteristics of each 
patient. Ongoing technological advances will 
exponentially increase the level of detail and 
information, bringing new knowledge and the 
need to provide more precise diagnosis and 
pathology management. Scientific developments 
and clinical trials will help to understand and 
guide personalized strategies toward a successful 
clinical scenario. It is envisioned that, in a rela-
tively short period, this kind of technology may 
become available in clean rooms close to the sur-
gical theater of some leading-edge hospitals to 
assist grafting or replacement surgeries with cus-
tomized 3D scaffolds. Undoubtedly, in the next 
years, several hurdles will remain, but surely, 
several of these approaches and technologies will 
be one step closer to meeting the enthusiastic 
challenges of personalized medicine and revolu-
tionize the therapeutic field with custom-made 
therapies and effective tailored treatments for a 
wide range of pathologies.

18.7  Conclusions

This chapter focuses on the developments of 
osteochondral tissue engineering, scaffolds, and 
bio-tissues and their application in orthopedics. It 
outlines the essence of preclinical and clinical 

research conducted to find new solutions, create, 
and establish new specific treatments. Scaffolds, 
cell sources, and growth factors have extensively 
grown in the last two decades, having a positive 
effect on the expansion of truly functional engi-
neered tissue.

The importance of personalized medicine in 
tissue engineering has been recognized for lead-
ing to the customization of scaffold architec-
tures that should perfectly fit individual tissue 
defects. Tailoring the treatment to the patient 
improves outcome and recovery time and 
decreases the health care and social co-lateral 
costs associated with ineffective or inadequate 
approaches.

The combination of various scientific disci-
plines is necessary to further develop appropriate 
new materials or blending the properties of syn-
thetic and biologic matrices in an ideal way.

References

 1. Roseti L, Grigolo B.  Chapter 7: Host environment: 
scaffolds and signaling (tissue engineering) articular 
cartilage regeneration: cells, scaffolds, and growth 
factors. In: Gobbi A, Espregueira-Mendes J, Lane 
J, Karahan M, editors. Bio-orthopaedics. Berlin: 
Springer; 2017. p. 87–103. ISBN 978-3-662-54180-7.

 2. Seo SG, Kim JS, Seo DK, et al. Osteochondral lesions 
of the talus. Acta Orthop. 2018;89:462–7.

 3. Durur-Subasi I, Durur-Karakaya A, Yildirim 
OS. Osteochondral lesions of major joints. Eurasian 
J Med. 2015;47:138–44.

 4. Lane NE, Shidara K, Wise BL.  Osteoarthritis 
year in review 2016: clinical. Osteoarthr Cartil. 
2017;25:209–15.

 5. Roseti L, Parisi V, Petretta M, et al. Scaffolds for bone 
tissue engineering: state of the art and new perspec-
tives. Mater Sci Eng C. 2017;78:1246–62.

 6. Ahmed TA, Hincke MT. Strategies for articular car-
tilage lesion repair and functional restoration. Tissue 
Eng Part B Rev. 2010;16:305–29.

 7. Gobbi A, Karnatzikos G, Kumar A.  Long-term 
results after microfracture treatment for full-thickness 
knee chondral lesions in athletes. Knee Surg Sports 
Traumatol Arthrosc. 2014;22(9):1986–96.

 8. Harris JD, Siston RA, Pan X, et al. Autologous chon-
drocyte implantation: a systematic review. J Bone 
Joint Surg Am. 2010;92:2220–33.

 9. Giannini S, Buda R, Ruffilli A, et al. Failures in bipo-
lar fresh osteochondral allograft for the treatment 
of end-stage knee osteoarthritis. Knee Surg Sports 
Traumatol Arthrosc. 2015;23:2081–9.

L. Roseti and B. Grigolo



215

 10. Brittberg M, Lindahl A, Nilsson A, et  al. Treatment 
of deep cartilage defects in the knee with autolo-
gous chondrocyte transplantation. N Engl J Med. 
1994;331:889–95.

 11. Krill M, Early N, Everhart J, et al. Autologous chon-
drocyte implantation (ACI) for knee cartilage defects: 
a review of indications, technique, and outcomes. 
JBJS Rev. 2018;6:e5.

 12. Andriolo L, Merli G, Filardo G, et  al. Failure of 
autologous chondrocyte implantation. Sports Med 
Arthrosc Rev. 2017;25:10–8.

 13. Atala A, Kasper FK, Mikos AG. Engineering complex 
tissues. Sci Transl Med. 2012;4:160rv12.

 14. Nukavarapu SP, Dorcemus DL.  Osteochondral tis-
sue engineering: current strategies and challenges. 
Biotechnol Adv. 2013;31:706–21.

 15. Bouet G, Marchat D, Cruel M, et  al. In vitro three- 
dimensional bone tissue models: from cells to con-
trolled and dynamic environment. Tissue Eng B Rev. 
2015;21:133–56.

 16. Navarro M, Michiardi A, Castaño O, et al. Biomaterials 
in orthopaedics. J R Soc Interface. 2008;5:1137–58.

 17. Deng C, Yao Q, Feng C, Li J, et  al. 3D printing 
of bilineage constructive biomaterials for bone 
and cartilage regeneration. Adv Funct Mater. 
2017;27:1703117.

 18. Xue D, Zheng Q, Zong C, et al. Osteochondral repair 
using porous poly(lactide-co-glycolide)/nanohy-
droxyapatite hybrid scaffolds with undifferentiated 
mesenchymal stem cells in a rat model. J Biomed 
Mater Res. 2010;94A:259e70.

 19. Deng C, Chang J, Wu C.  Bioactive scaffolds for 
osteochondral regeneration. J Orthop Transl. 
2019;17:15e25.

 20. Madry H, van Dijk CN, Mueller-Gerbl M. The basic 
science of the subchondral bone. Knee Surg Sports 
Traumatol Arthrosc. 2010;18:419–33.

 21. Schinhan M, Gruber M, Vavken P, et al. Critical-size 
defect induces unicompartmental osteoarthritis in a 
stable ovine knee. J Orthop Res. 2012;30:214–20.

 22. Levingstone TJ, Matsiko A, Dickson GR, et  al. 
A biomimetic multi-layered collagen-based scaf-
fold for osteochondral repair. Acta Biomater. 
2014;10:1996–2004.

 23. Florencio-Silva R, Rodrigues da Silva Sasso G, 
Sasso-Cerri E, et  al. Biology of bone tissue: struc-
ture, function, and factors that influence bone cells. 
Biomed Res Int. 2015;2015:421746.

 24. Moran CJ, Pascual-Garrido C, Chubinskaya S, et al. 
Restoration of articular cartilage. J Bone Joint Surg. 
2014;96:336–44.

 25. European commission. Recommendation on the defi-
nition of a nanomaterial (2011/696/EU); 2011

 26. Manferdini C, Cavallo C, Grigolo B, et  al. Specific 
inductive potential of a novel nanocomposite biomi-
metic biomaterial for osteochondral tissue regenera-
tion. J Tissue Eng Regen Med. 2013;10:374–91.

 27. ISO/ASTM 52900:2015 Standard Terminology 
for Additive Manufacturing -General Principles- 
Terminology- Section 2.2 Process categories.

 28. Ventola CL.  Medical applications for 3D print-
ing: current and projected uses. Pharmacol Ther. 
2014;39:704–11.

 29. Mellor F, Nordberg RC, Huebner P, et al. Investigation 
of multiphasic 3D-bioplotted scaffolds for site- 
specific chondrogenic and osteogenic differentiation 
of human adipose-derived stem cells for osteochon-
dral tissue engineering. J Biomed Mater Res B Appl 
Biomater. 2019; https://doi.org/10.1002/jbm.b.34542.

 30. Li X, Wang M, Jing X, et  al. Bone marrow- and 
adipose tissue-derived mesenchymal stem cells: 
characterization, differentiation, and applications in 
cartilage tissue engineering. Crit Rev Eukaryot Gene 
Expr. 2018;28:285–310.

 31. Caplan AI.  Mesenchymal stem cells. J Orthop Res. 
1991;9:641–50.

 32. Caplan AI. Mesenchymal stem cells: time to change 
the name! Stem Cells Transl Med. 2017;6:1445–51.

 33. Caplan AI. There is no “stem cell mess”. Tissue Eng 
B Rev. 2019;25:291–3.

 34. Rehman J, Traktuev D, Li J, et al. Secretion of angio-
genic and antiapoptotic factors by human adipose 
stromal cells. Circulation. 2004;109:1292–8.

 35. Grigolo B, Cavallo C, Desando G, et al. Novel nano- 
composite biomimetic biomaterial allows chondro-
genic and osteogenic differentiation of bone marrow 
concentrate derived cells. J Mater Sci Mater Med. 
2015;26:173.

 36. Cavallo C, Desando G, Cattini L, et al. Bone marrow 
concentrated cell transplantation: rationale for its use 
in the treatment of human osteochondral lesions. J 
Biol Regul Homeost Agents. 2013;27:165–75.

 37. Bianchi F, Maioli M, Leonardi E, et al. A new non-
enzymatic method and device to obtain a fat tissue 
derivative highly enriched in Pericyte-like elements 
by mild mechanical forces from human Lipoaspirates. 
Cell Transplant. 2013;22:2063–77.

 38. Shahid M, Kundra R. Platelet-rich plasma (PRP) for 
knee disorders. EFORT Open Rev. 2017;2:28–34.

 39. Fortier LA, Barker JU, Strauss EJ, et al. The role of 
growth factors in cartilage repair. Clin Orthop Relat 
Res. 2011;469:2706–15.

 40. Tachi K, Takami M, Sato H, et  al. Enhancement of 
bone morphogenetic protein-2-induced ectopic bone 
formation by transforming growth factor-β1. Tissue 
Eng Part A. 2011;17:597–606.

 41. Schubert C, van Langeveld MC, Donoso 
LA. Innovations in 3D printing: a 3D overview from 
optics to organs. Br J Ophthalmol. 2014;98:159–61.

 42. Gao G, Schilling AF, Hubbell K, et  al. Improved 
properties of bone and cartilage tissue from 3D 
inkjet- bioprinted human mesenchymal stem cells by 
simultaneous deposition and photocrosslinking in 
PEG-GelMA. Biotechnol Lett. 2015;37:2349–55.

 43. Maglio M, Brogini S, Pagani S, et al. Current trends in 
the evaluation of osteochondral lesion treatments: his-
tology, histomorphometry, and biomechanics in pre-
clinical models. BioMed Res Int. 2019;4040236:27.

 44. Kon E, Delcogliano M, Filardo G, et  al. Orderly 
osteochondral regeneration in a sheep model using 

18 Tissue Engineering: Scaffolds and Bio-Tissues

https://doi.org/10.1002/jbm.b.34542


216

a novel nano-composite multilayered biomaterial. 
Orthop Res. 2010a;28:116–24.

 45. Kon E, Mutini A, Arcangeli E, et  al. Novel nano-
structured scaffold for osteochondral regeneration: 
pilot study in horses. J Tissue Eng Regen Med. 
2010b;4:300–8.

 46. Fedorovich NE, Schuurman W, Wijnberg HM, et al. 
Biofabrication of osteochondral tissue equivalents by 
printing topologically defined, cell-laden hydrogel 
scaffolds. Tissue Eng C Methods. 2012;18:33–44.

 47. Betsch M, Schneppendahl J, Thuns S, et al. Bone mar-
row aspiration concentrate and platelet rich plasma 
for osteochondral repair in a porcine osteochondral 
defect model. PLoS One. 2013;8:e71602.

 48. Kon E, Filardo G, Perdisa F, et al. Clinical results of 
multilayered biomaterials for osteochondral regenera-
tion. J Exp Orthop. 2014;1:10.

 49. Kon E,·Filardo G, Brittberg M et  al (2018) A mul-
tilayer biomaterial for osteochondral regeneration 
shows superiority vs microfractures for the treatment 
of osteochondral lesions in a multicentre randomized 
trial at 2 years. Knee Surg Sports Traumatol Arthrosc 
26:2704–2715.

 50. Condello V, Filardo G, Madonna V, et  al. Use of a 
biomimetic scaffold for the treatment of osteochon-
dral lesions in Early osteoarthritis. BioMed Res Int. 
2018;2018:7937089.

 51. Kon E, Robinson D, Verdonk P, et  al. A novel 
aragonite- based scaffold for osteochondral regenera-
tion: early experience on human implants and techni-
cal developments. Injury. 2016;47:S27–32.

 52. Berruto M, Delcogliano M, de Caro F, et al. Treatment 
of large knee osteochondral lesions with a biomi-
metic scaffold: results of a multicenter study of 
49 patients at 2-year follow-up. Am J Sports Med. 
2014;42:1607–17.

 53. Yontar NS, Aslan L, Can A, et al. One step treatment 
of talus osteochondral lesions with microfracture and 
cell free hyaluronic acid based scaffold combination. 
Acta Orthop Traumatol Turc. 2019;53:372e375.

 54. Di Cavea E, Versaria P, Sciarretta F, et  al. Biphasic 
bioresorbable scaffold (TruFit plug®) for the treat-
ment of osteochondral lesions of talus: 6- to 8-year 
follow-up. Foot. 2017;33:48–52.

 55. Sadlik B, Gobbi A, Puszkarz M, et al. Biologic inlay 
osteochondral reconstruction: arthroscopic one- 
step osteochondral lesion repair in the knee using 
Morselized bone grafting and hyaluronic acid-based 
scaffold embedded with bone marrow aspirate con-
centrate. Arthrosc Tech. 2017;6(2):e383–9.

 56. Buda R, Vannini F, Cavallo M, et al. Osteochondral 
lesions of the knee: a new one-step repair technique 
with bone-marrow-derived cells. J Bone Joint Surg 
Am. 2010;92:2–11.

 57. Giannini S, Buda R, Vannini F, et  al. One-step 
bone marrow-derived cell transplantation in talar 
osteochondral lesions. Clin Orthop Relat Res. 
2009;467(12):3307–20.

 58. Filardo G, Andriolo L, Angele P, et al. Scaffolds for 
knee chondral and osteochondral defects: indica-
tions for different clinical scenarios. A Consensus 
Statement. Cartilage I-II; 2020.

L. Roseti and B. Grigolo



217© ISAKOS 2022 
A. Gobbi et al. (eds.), Joint Function Preservation, https://doi.org/10.1007/978-3-030-82958-2_19

3D Bioprinting 
of the Osteochondral Unit

Shanmugasundaram Saseendar 
and Saseendar Samundeeswari

“What is now proved was once only imagined”
–William Blake, Poet and Painter

19.1  Introduction

A large osteochondral defect in a young patient 
represents one of the difficult and frustrating 
clinical scenarios for both the patient and the 
orthopedic surgeon. Articular cartilage carries 
poor healing potential and hence damages fail to 
heal spontaneously and lead to progressive 
impairment of joint structure and function [1].

Treatment options for cartilage injury have 
included palliative care with analgesics and anti- 
inflammatory drugs, lifestyle modifications, and 
reparative strategies that aim to fill the defect. But 
the newly formed repair tissue has mostly exhib-
ited features of fibrous tissue that does not possess 
the unique characteristics of hyaline cartilage, 
namely resistance to shear, compression, and load.

Regenerative techniques including autologous 
or allogeneic osteochondral grafting and autolo-
gous chondrocyte implantation (ACI) aim at 
regenerating cartilage tissue with structural and 
functional features equivalent to the native carti-

lage [1, 2]. However, these procedures have cer-
tain limitations: donor site morbidity, graft 
failure, risk of disease transmission for allografts, 
limitations due to size/ volume of cartilage defect, 
need for two interventions, prolonged recovery, 
and increased costs.

Of late, tissue engineering has emerged as a 
promising strategy for cartilage regeneration [2]. 
The idea of tissue engineering emerged just over 
30 years ago with the development of elastic car-
tilage in the shape of the human ear by seeding 
cow cartilage cells into a biodegradable ear- 
shaped mold [3]. Though tissue engineering has 
advanced since its introduction, this technology 
involves the use of uniform biomaterial scaffolds 
in order to replicate the parent tissue. Hence, this 
concept could never get close to replicating the 
vast heterogeneity and anisotropy in the anatomi-
cal structure and biomechanical properties of any 
known human tissue.

19.2  The Osteochondral Unit

Synovial joints are complex structures that per-
mit near frictionless motion between bones. The 
bone ends are lined by hyaline cartilage, which 
has the unique ability to withstand high compres-
sive load and shear forces. The compressive load 
is also shared by the subchondral bone—both 
functioning together to form the osteochondral 
unit. This dynamic relationship between carti-
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lage and bone helps to maintain a good joint 
function and integrity [4].

19.2.1  The Cartilage

Without blood vessels, nerves, and lymphatics 
and with only one cell-type, hyaline cartilage 
appears to be the easiest tissue to print in the lab-
oratory. However, despite its simple appearance, 
cartilage is a tissue that exhibits great heteroge-
neity. Articular cartilage can be subdivided into 
three zones [5] (Fig. 19.1): the superficial zone, 
with the highest cell density, the lowest amount 
of glycosaminoglycans (GAGs), and the lowest 
biosynthetic activity; and the middle and the deep 
zones that show a progressive decrease in cell 
density and increase in the amount of GAGs with 
increasing depth, the greatest amount of GAGs, 
and the lowest cell density being in the deep 
zone. A high concentration of GAGs means a 
higher compressive modulus of the tissue, which 
is therefore highest in the deep zone. The cell 
morphology also varies in the different zones: the 
chondrocytes are smaller and flattened in the 
superficial zone, while they are larger and round 
in the deep zone.

Furthermore, the collagen fibers have a typical 
arcade-like alignment—originating vertically 
from the deep zone in a direction perpendicular 
to the articular surface and arching in the middle 
zone to become parallel to the articular surface in 
the superficial layer. The microstructural arrange-
ment of the cells, GAGs, and the collagen fibrils 
in addition to proteoglycan aggregates between 
the fibrils contribute to the unique characteristics 
of the hyaline cartilage that include increased 
compressive stiffness, resilience, and shear resis-
tance. There are also different types of proteins 
present in the articular cartilage (Fig. 19.1)—e.g., 
clusterin, proteoglycan-4 (PRG4), Lubricin, 
Del-1 in the superficial zone; cartilage intermedi-
ate layer protein (CILP) in the middle zone and 
cartilage oligomeric matrix protein (COMP) in 
the middle and deep zones. Thus, cartilage is a 
tissue that is much more complex than was ini-
tially thought.

19.2.2  The Subchondral Bone

The osteochondral unit is composed of hyaline 
cartilage connected through a zone of calcified 
cartilage to the subchondral cortical bone known 
as the subchondral plate, which gives way to 
metaphyseal trabecular bone [4, 6] (Fig.  19.1). 
The distinct histological boundary between hya-
line and calcified cartilage is known as the tide-
mark. Duncan et al. [7] define the subchondral 
plate as a zone which separates the articular car-
tilage from the marrow cavity. It normally con-
sists of two layers: the calcified region of the 
articular cartilage and a layer of lamellar bone, 
whereas the term subchondral bone plate or sub-
chondral zone is used to refer to the layer of 
lamellar bone.

The line separating the calcified zone from 
the subchondral bone plate is the cement line. 
The subchondral bone plate varies in thickness 
and density depending on the joint and the 
region in the joint. The trabeculae beneath this 
layer is the supporting trabeculae and together 
with the subarticular spongiosa forms the sub-
chondral bone.

The subchondral plate serves as an important 
support to the overlying articular cartilage [7]. It 
also absorbs most of the mechanical stress that is 
transmitted [8, 9]. Cartilage and bone act in con-
cert, the former as the bearing and the latter as the 
structural girder and shock absorber [10]. Thus, 
each of these anatomically closely related tissues 
is affected by any alteration in the mechanical 
properties of the other.

Osteochondral defects arise in adults as a 
result of acute trauma to the cartilage and 
underlying bone or in association with menis-
cal/ligament tears or can be a result of osteo-
chondritis dissecans in young, active children 
and adults [4].

The focal damage to the osteochondral unit 
initiates a cascade of repair and remodeling that 
turns out to be detrimental than protective to the 
health and function of the joints, leading to pro-
gressive osteoarthritis [11]. Thus, osteoarthritis is 
not a disease of just the cartilage but also the sub-
chondral bone [7].
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19.3  Understanding 
the Principles of 3D 
Bioprinting

There are three types of manufacturing in indus-
trial jargon (Fig. 19.2). An understanding of these 
is essential to understand 3D bioprinting.

 1. Formative manufacturing is a process where 
a liquid material is injected or poured into a 
mold and allowed to cool. This method is 
mostly used in the creation of dental implants. 
The liquid material solidifies into the shape 
provided by the mold.

 2. Subtractive manufacturing involves remov-
ing parts of a solid material in order to create 
an object of a particular size and shape and 
generally depend on a top-to-bottom approach. 
In tissue engineering (TE), this technique is 
used in creating scaffolds of a predetermined 
size and shape, following which particular 
cell types could be instilled for culture. The 
problem with this technique is the random cell 
distribution within the scaffold with lower 
density in the inner parts [12]. So also, it is not 

possible to replicate the heterogeneity and 
cells and extracellular substances in the cre-
ated tissue, e.g., cartilage.

 3. Additive manufacturing, on the other hand, 
involves creation of the final product from 
the bottom-up through layer-by-layer addi-
tion of material and offers the potential to 
fabricate tissue constructs with large 
heterogeneity.

3D bioprinting can be defined as a procedure 
of synchronous printing of biomaterials and liv-
ing cells for biological applications. It works by 
additive manufacturing. The technique over-
comes the limitations of scaffold-based tissue 
engineering technologies, such as restriction of 
structural complexity and spatial heterogeneities, 
by printing bioink, with or without cells, layer- 
by- layer, in a scaffold-free fashion to mimic the 
natural structure of the target tissue.

The time required to create the biological 
product is dramatically reduced by this tech-
nique, in comparison to scaffold-based bioengi-
neering techniques. Hence, it is also called rapid 
prototyping [13].
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Fig. 19.1 Schematic illustration of the different zones of the osteochondral unit along with the matrix constituents in 
the different zones of the cartilage
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19.4  Steps of 3D Bioprinting

Although bioprinting appears to be a subfield of 
3D printing, the printing mechanisms are sub-
stantially different as cells cannot survive the rig-
orous processes of most 3D-printing procedures. 
(Advancements in digital control and highly pre-
cise positioning of cells and scaffold materials 
have made it feasible to fabricate engineered liv-
ing organs and tissues through high throughput 
bioprinting technology.) It happens in three dis-
tinct phases [14]:

 1. The pre-processing phase is the planning 
phase. 3D images are obtained through one of 
many ways—a 3D scanner, computed tomog-
raphy, magnetic resonance, 3D ultrasound, or 
video system. The resolution is highest with a 
3D MRI. These 3D images are then converted 
to 2D patterns using computer-aided design-
ing (CAD) softwares to enable bioprinting 
through a layer-by-layer bottom-up fashion 
with precise deposition of biomaterials and 
cells.

 2. The processing phase involves actual con-
struction and manufacturing of the bioprinted 
tissue. This phase is influenced by the specific 
printing method used and the combination of 
materials—bioink, scaffold, additives used 
for printing.

 3. The post-processing phase converts the bio-
printed tissue into a fully mature tissue ready 
for in vivo usage, mostly with the help of a 
bioreactor.

Thus, bioprinting enables organ and tissue 
fabrication by precise deposition of specific cells 
and biomaterial to deliver customized living 
objects with complex structure.

19.5  Approaches to Bioprinting

There are three central approaches to bioprint-
ing—biomimicry, autonomous self-assembly, 
and microtissue-based method. Their usage 
depends on the type of target tissue, user experi-
ence, and the printing technique used. The strate-

Formative

Subtractive

Additive

Fig. 19.2 Schematic illustration of the types of manufacturing—formative, subtractive, and additive
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gies may be used in combination for complex 
tissue types.

 1. Biomimicry follows the principle of “func-
tion follows form” to engineer each individ-
ual component of the native tissue [14]. 
However, even the simplest of tissues has the 
most staggering complexity with numerous 
cell types, signaling molecules, and structural 
elements and external environmental factors 
including pressure, temperature, and electri-
cal forces associated with the tissue. Choosing 
an appropriate scaffold material and the use of 
bioreactors minimizes the complexities by 
recreating the structural and mechanical prop-
erties of the target tissue.

 2. Autonomous self-assembly makes use of 
embryonic elements that will self-organize 
and interact to develop into a normal tissue 
[15]. Hence, this method does not rely on the 
usage of a scaffold. This method can produce 
tissues of high cellular density, improved cel-
lular interactions, accelerated growth, and 
improved long-term function.

 3. Microtissue-based method relies on the fact 
that a typical complex tissue is composed of 
many simpler units. Tissue engineering tech-
niques are used to form the smallest structural 
and functional units (minitissues) which are 
incorporated into the bioink and printed. 
Further consolidation to the final target tissue 
(macrotissue) occurs by the biomimetic or 
self-assembly strategies [15].

19.6  Techniques of 3D Bioprinting

The most commonly used scaffold-based 3D bio-
printing technologies are inkjet bioprinting, 
extrusion bioprinting, and laser-assisted bioprint-
ing [14, 16] (Fig. 19.4).

Inkjet bioprinting (Fig. 19.3), one of the old-
est methods, uses a noncontact technique that 
uses thermal, piezoelectric, or electromagnetic 
forces to expel discrete droplets of bioink layer- 
by- layer onto a substrate to create a 3D struc-
ture. Advantages include high speed and low 
costs due to similarity with commercial printers. 

Inkjet

Bubble Heater

Cells

with

Bioink

Bioink

Droplets

Piezo- electric

crystal

Collection

Plate

Fig. 19.3 Schematic illustration of Inkjet bioprinting technique—bubbles of bioink created and expelled through ther-
mal heaters or piezoelectric crystals onto a collection plate
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However, it lacks precision in droplet size and 
placement compared to other methods. Inkjet 
bioprinting is also limited to low viscosity bio-
materials and low cell densities due to the risk 
of nozzle clogging and cellular distortion at 
higher densities [14, 16].

Microextrusion bioprinting (Fig.  19.4), the 
most commonly used method, has been utilized 
to fabricate heterogeneous scaffolds for osteo-
chondral regeneration. It produces a continuous 
stream of bioink through a nozzle onto a stage 
through a pneumatic or mechanical extrusion 
system. It is suitable for most bioink of higher 
viscosities (e.g., complex polymers and cell 
spheroids) and for high cell densities. Limitations 
include low resolution and loss of cellular viabil-
ity due to the deformation of cells due to the pres-
sure of mechanical extrusion [16, 17].

Laser-assisted bioprinting (Fig.  19.5) is an 
expensive and complex, noncontact, nozzle-free 
printing technique where high-energy laser 
pulses are directed through a ribbon containing 
bioink to transfer materials to a receiving 
substrate.

Although this technique can produce tissues 
with higher resolution, the printing speed is slow, 
risking dehydration and lowering cellular viabil-
ity [17].

19.7  Scaffolds, Hydrogels, 
and Bioinks

Scaffolds are materials that have been engineered 
to cause desirable cellular interactions to 
 contribute to the formation of new functional tis-
sues. Scaffolds mimic the ECM of the native tis-
sue and create an in vivo-like microenvironment 
mimicking biological entities and stimulating 
cell- specific responses to lead to tissue regenera-
tion and repair [18, 19]. Cells are often “seeded” 
into these structures in order to result in three- 
dimensional tissue formation.

Hydrogels, a type of scaffold, are moldable 
polymers that can absorb water thousands of 
times their dry weight.

Bioink is a material that is printed in layer-by- 
layer fashion. It consists of a particular combina-

Extrusion
Pneumatic Extrusion

Air Pressure

Mechanical Extrusion

Mechanical Force via piston

Piston

Ink reserviourBioink

with cells

Orifice

Fig. 19.4 Schematic illustration of Microextrusion bioprinting technique—pneumatic or mechanical force dispense 
bioink through a nozzle onto a collection plate
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tion of cells or tissue spheroids, additives (e.g., 
growth factors, signaling molecules), and scaf-
fold. The specific property of the bioink however 
depends on the printed tissue and the bioprinting 
approach or technique. There are two main bio-
ink types:

Scaffold-based bioink is composed of cells 
and scaffold biomaterials which are released 
together in order to produce a construct. The 
scaffold creates an environment suitable for cell 
growth and differentiation [2, 16]. This is the 
older and most common method.

Scaffold-free bioink is characterized by 
aggregates such as cell pellets, tissue strands, or 
spheroids which secrete extracellular matrix 
(ECM)-like structures holding together the cell 
component [20].

Autonomous self-assembly and microtissue- 
based approaches can use bioink without scaf-
fold. Inkjet bioprinting requires a bioink with low 
viscosity and low thermal conductivity to avoid 
nozzle clogging and heat damage, respectively. 
Microextrusion bioprinting can tolerate higher 
viscosities.

Both methods have advantages and limitations 
and at best complement each other to help cover 

the broad spectrum of tissue engineering/regen-
erative medicine applications [21].

19.8  3D Bioprinting 
the Osteochondral Unit

Initial attempts to create bilayered grafts for 
osteochondral tissue regeneration started with 
3D printing with conventional scaffold fabrica-
tion techniques, rather than with 3D bioprint-
ing. Polymeric scaffolds like polylactide (PLA) 
and polyethylene glycol have been used to 
mimic the cartilage tissue, whereas ceramic 
materials like hydroxyapatite and beta 
(β)-tricalcium phosphate were chosen to repre-
sent the subchondral bone. Culturing MSCs and 
chondrocytes on such scaffolds resulted in dif-
ferent tissue morphologies. Though 3D printing 
can recreate different mechanical and porosity 
properties, inferior cell- cell interactions and 
inhomogeneous cell growth and differentiation 
meant poor clinical outcomes [22].

One of the earliest attempts at 3D bioprint-
ing the osteochondral unit was performed by 
microextrusion of two different cell types: mes-

Laser

Laser pulse

Donor Plate

Energy Absorbing
Layer

Biomaterial Layer

High - Pressure
bubble

Bioink Droplets

Collector Slide

Fig. 19.5 Schematic illustration of Laser-assisted bioprinting technique—bioink with cells suspended on a ribbon get 
propelled to a collection plate when vaporized by a laser pulse
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enchymal stem cells with osteoinductive cal-
cium phosphate particles and chondrocytes on 
two sides of an alginate mesh scaffold [23]. 
Culture as well as in vivo experimentation dem-
onstrated both osteogenic and chondrogenic 
differentiation.

Subsequently, bioprinting of cells with an 
appropriate hydrogel has been used to guide dif-
ferentiation into the desired tissue. Collagen 
type-I and polycaprolactone (PCL) have been 
identified as suitable for bone tissue formation, 
and hyaluronic acid or alginate for cartilage tis-
sue formation [24]. Another study has combined 
the use of bone morphogenetic protein-2 (BMP- 
2) with human mesenchymal stem cells (hMSCs) 
to commit towards osteoblast formation, and 
TGF-β1 with hMSCs to commit towards chon-
drocyte differentiation [25].

Articular cartilage is responsible for resisting 
compressive stress and enables proper distribu-
tion of mechanical loading on the subchondral 
bone. Deeper zones help articular cartilage to 
resist further compression force. The subchon-
dral bone, on the part, is composed of concentric 
lamellar layers around the osteons and flat layers 
representing new bone formation. The peripheral 
bone is largely avascular, while the endosteal 
bone abuts directly on calcified cartilage [26].

The unique anisotropic arrangement is formed 
due to the external loads over time, which is 
transmitted through the matrix of the tissue and 
converted into a biochemical signal, alerting cells 
to either produce more or catabolize existing 
ECM [27].

Scaffold-based tissue engineering approaches 
interrupt this transmission as the scaffold mate-
rial confines the cells and shields cells from this 
mechanotransductive signaling cascade [28]. 
This calls for novel scaffold-free tissue engineer-
ing approaches that can preserve the natural bal-
ance between external mechanical loading and 
the maintaining of zonal microenvironments for 
chondrocytes to develop into the heterogenic lay-
ers of cartilage.

Moreover, at the osteochondral interface, 
there is a transition between chondrocytes from 
the calcified cartilage zone and cells from sub-
chondral bone differ in their differentiation sta-

tus and metabolic activities. This makes it 
challenging to recapitulate this interface. The 
subchondral bone has a suddenly higher com-
pressive modulus and tensile modulus, demand-
ing a more robust material like PCL, unlike 
hydrogels that are commonly used for cartilage 
bioprinting.

Multilayered osteochondral tissue constructs 
have been created by bioprinting mesenchymal 
stem cells (MSCs) and recombinant human bone 
morphogenetic protein (rhBMPs) on a PCL 
frame to mimic the subchondral bone [29, 30] 
and MSCs with hyaluronic acid and TGF-β on 
the subchondral bone structure to mimic cartilage 
tissue. The constructs showed promising results 
in rabbits [30].

19.9  Challenges in Clinical 
Application of 3D Bioprinted 
Osteochondral Tissues

Challenges to clinical application include both 
clinical and administrative [13, 31].

1. Clinical challenges:

• The bioprinted tissue will need to incorporate 
with the surrounding host chondral surfaces 
and host subchondral bone.

• Allogeneic tissues will have a similar poten-
tial incorporation challenges as viable allograft 
osteoarticular allografts.

• Autograft osteochondral composites will need 
tissue harvest, cell expansion, printing, and the 
maturation of the fabricated construct, making 
one-stage printing in situ challenging.

• The bilayered printed grafts will need suffi-
cient biomechanical strength at implantation 
to sustain joint motion and immediate reha-
bilitation to avoid iatrogenic stiffness and 
pain.

• Expensive bioreactors will need to be designed 
and installed for cultivating bioprinted grafts 
to enhance biological and mechanical proper-
ties of the printed tissues.

• Postoperative rehabilitation will need to con-
sider limited weight-bearing for a period of 
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time to offset time for incorporation and 
strengthening of the graft.

• Inflammatory conditions of the joint should be 
addressed earlier in order to avoid detrimental 
effects on the bioprinted graft.

• Bioprinting with cells/material from nonhu-
man sources can pose ethical problems.

• It is as yet unknown if the use of using plu-
ripotent stem cells poses risks to the patient, 
e.g., formation of teratoma.

• There is a possibility of contracting zoonosis 
with the use of nonhuman materials for 3D 
bioprinting.

• It is possible that implantation of 3D bio-
printed material can cause irreversible damage 
or loss of opportunity for future treatment.

2. Administrative challenges:

• Bioprinting of composite osteochondral tis-
sues will need to demonstrate cost-efficacy. 
Like all new technologies, 3D Bioprinting can 
become more cost-effective over time, with 
more efficiency in production and equipment 
manufacturing.

• The technology has to go through daunting 
regulatory hurdles for clinical application. 
This can be a costly and time-consuming 
process.

• Certain religions or faiths do not allow the use 
of grafts/cellular material while others do not 
allow the use of animal products or human 
embryonic tissues. Such prohibitions can be at 
individual, institutional, or national levels. 
Such nonavailability can lead to 3D 
bioprinting- related medical tourism to access 
these materials and cell lines thereby running 
a shadow economy of hope.

19.10  Future Perspectives

Each tissue of the human body harbors a variety 
of highly specialized cells surrounded by a het-
erogeneous extracellular matrix that resulted 
from billions of years of evolution. While any 
amount of advancement in science cannot match 

natural evolution, an interdisciplinary effort com-
bining the best international expertise in biology, 
engineering, chemistry, robotics, material sci-
ence, medicine, noninvasive diagnostic imaging 
as well as computer-aided design is needed to 
take us ahead one step at a time towards the goal 
of bioprinting a completely viable and functional 
osteochondral unit with near normal biochemi-
cal, biomechanical, and heterogenic properties 
and good healing capabilities with adjacent par-
ent tissue in vivo.

Future research should take into consideration:

 1. development of advanced 3D imaging sys-
tems that better picture the structural and 
functional variations in different zones of var-
ious tissues,

 2. harvest and storage of potential cell lineage 
for usage in bioprinting,

 3. development of techniques for vascularization 
especially of the subchondral portion of the 
bilayered bioprinted tissues,

 4. development of faster bioprinting systems 
that would not lose on the viability of cell- 
biomaterial suspensions as with the present 
slower systems,

 5. development of automated robotic systems 
that could interact and work together to print 
different cell-biomaterial suspensions in order 
to recreate, with more accuracy, the anisotro-
pic complex tissue structures,

 6. further advancement of the scaffold-free bio-
printing technique, which has shown promis-
ing results in manipulating both soft- as well 
as hard-matrix materials, is in order,

 7. advances in designing constructs with gradient 
porosity, that are also capable of delivering 
growth factors/genes with precise spatiotempo-
ral control, will further our attempts to repro-
duce the tissue heterogeneity,

 8. devising smaller, less cumbersome bioprint-
ing systems for intraoperative use.

“There is no innovation and creativity without 
failure. Period.”

–Brene Brown, Researcher, Author, and 
Professor.
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Biphasic Osteochondral 
Restoration Techniques Using 
Synovial Stem Cells and Artificial 
Bone

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

20.1  Introduction

Osteochondral lesions (OL) pose a complex clin-
ical scenario to manage, and effective solutions 
for osteochondral restoration remain elusive. 
OLs are commonly a result of trauma, where 
shear forces create a stress fracture in the chon-
dral matrix extending into the subchondral bone 
[1]. They are also noted in association with osteo-
necrosis (ON), osteochondritis dissecans (OD), 
subchondral insufficiency fractures, and osteoar-
thritis (OA) [2]. Subchondral bone stiffening can 
lead to inefficient shock absorbance and chondral 
breakdown [3]. These lesions can increase in size 
over time and lead to overall joint degeneration, 

with progression to advanced OA. When viewing 
the chondral and subchondral components of the 
joint together, it can be termed as an osteochon-
dral unit where each layer possesses different 
biologic and biomechanical characteristics. This 
is the main reason why regenerative techniques 
have focused on biphasic constructs which emu-
late both the characteristics of cartilage and bone. 
It has been an especially difficult task to develop 
an implant that can be mechanically strong, bio-
active, biomimetic, and maintain a stable inter-
face between the two biphasic material surfaces. 
Various preclinical and clinical studies have 
employed scaffolds seeded with cells, as well as 
acellular implants to address the problem. In this 
chapter, we focus on a synovial mesenchymal 
stem cell-derived tissue-engineered construct 
(TEC) combined with hydroxyapatite for the 
repair of osteochondral lesions.

20.2  Synovium-Derived 
Mesenchymal Stem Cells

Synovium-derived mesenchymal stem cells 
(SDMSCs) have been of particular interest in car-
tilage regeneration following the publication of 
literature demonstrating them to have superior 
chondrogenic and osteogenic differentiation 
capacity [4–7], along with a higher proliferation 

G. Jacob · K. Shimomura · W. Ando 
Department of Orthopaedic Surgery, Osaka 
University Graduate School of Medicine,  
Osaka, Japan
e-mail: kazunori-shimomura@umin.net; w-ando@
umin.ac.jp 

D. A. Hart 
McCaig Institute for Bone and Joint Health, 
University of Calgary, Calgary, AB, Canada
e-mail: hartd@ucalgary.ca 

N. Nakamura (*) 
Institute for Medical Science in Sports, Osaka Health 
Science University, Osaka, Japan 

Global Centre for Medical Engineering and 
Informatics, Osaka University, Osaka, Japan
e-mail: norimasa.nakamura@ohsu.ac.jp

20

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-82958-2_20&domain=pdf
https://doi.org/10.1007/978-3-030-82958-2_20#DOI
mailto:kazunori-shimomura@umin.net
mailto:w-ando@umin.ac.jp
mailto:w-ando@umin.ac.jp
mailto:hartd@ucalgary.ca
mailto:norimasa.nakamura@ohsu.ac.jp


230

potential [8]. SDMSCs are also readily obtained 
during arthroscopy harvest of synovial tissue. 
This procedure is relatively painless and has the 
advantage of minimal donor site morbidity. Also, 
SDMSCs have displayed less senescence and 
minimal variability in multi-potency when com-
paring subjects of different ages [4, 9]. 
Interestingly, it has also been noted that SDMSCs 
from OA and rheumatoid patients exhibited a 
similar capacity for regeneration and chondral 
repair as did normal donors [10]. Along with 
these advantages, SDMSCs also overcome the 
problems of limited cell numbers associated with 
bone marrow aspiration and cartilage harvest. 
There is, however, when used in an autologous 
manner, a need for staged surgeries as harvested 
synovial tissue requires in vitro expansion with 
this approach (synovial explant surgery and then 
subsequent surgical implantation into the defect).

20.3  Tissue-Engineered Construct

Tissue-engineered constructs (TEC) have been 
developed for the repair of chondral defects using 
autologous or allogeneic SDMSCs in three- 
dimensional culture. TEC is a scaffold-free con-
struct generated as a result of the extracellular 
matrices (ECM) produced by the SDMSCs them-
selves [11]. TECs are manufactured using a high 
density culture (4.0 × 105 cells/cm2) of SDMSCs 
in growth medium containing 0.2  mM of 
ascorbate- 2-phosphate [11, 12]. Ascorbic acid 
aids in collagen synthesis and secretion, and thus 
improves the production of the collagen matrices 
[13]. With regular media changes, a complex 
ECM is synthesized by the SDMSCs after 
~14 days which can be detached from the culture 
dish by applying shear stress along the borders of 
the dish. This results in a detached monolayer 
complex which when left suspended spontane-
ously forms a three-dimensional tissue-like struc-
ture by active contraction. Being a three- 
dimensional culture, the cells can effectively 
maintain their cellular phenotype and not undergo 
dedifferentiation commonly encountered in 
chondrocyte and bone marrow-derived mesen-
chymal stem cell two-dimensional cultures [14–
18]. With the addition of a chondrogenic medium 

to such TEC, the cells express increased GAG 
synthesis and expression of type II collagen, 
aggrecan, and SOX9 [12] proving it to be an 
appropriate 3D microenvironment for chondro-
genic culture. TEC has also proven to have excel-
lent adhesive properties for fixation to a chondral 
surface due to the presence of fibronectin and 
vitronectin throughout the whole tissue [12]. 
Therefore, no fixation methods employing 
sutures or fibrin glues are required for the deliv-
ery of a TEC to a chondral defect. TEC has 
proven to be a valuable scaffold-free tissue con-
struct that can be easily handled surgically and 
implanted into chondral defects [12]. The use of 
TEC for chondral repair has been reported in pre-
clinical studies, as well as one in a human pilot 
study with five subjects [12, 19, 20]. In the clini-
cal pilot study, at 24 months follow-up, magnetic 
resonance imaging, and second look arthroscopy 
confirmed the presence of defect fill, and biopsy 
indicated development of a tissue resembling 
hyaline cartilage [19]. The TEC protocol is cur-
rently in further transition from bench to bedside 
as larger clinical trials are currently underway.

20.4  Biphasic Osteochondral 
Implants

As an osteochondral solution has many functions 
to satisfy, the research to date has been focused on 
combining different materials to fulfill all the nec-
essary criteria. Zonal restoration of the chondral 
and subchondral layer in a layer-by-layer fashion 
is the goal of these biphasic implants and several 
exist to date [1, 21, 22]. Current concerns when 
employing polymers and synthetics for osteochon-
dral restoration are the biocompatibility of the 
materials and their long-term safety implications. 
Effective cell delivery and integration of the 
implants have also been challenging with selected 
implants showing some promise [23–25]. Of note, 
only a few biphasic scaffolds have been utilized in 
clinical trials using materials such as collagen, 
hydroxyapatite (HA), various synthetics, and a 
novel material aragonite [26]. The most studied 
implant has been Maioregen™ (Fin-Ceramica, 
Faenza, Italy) which is composed of collagen and 
HA organized in three layers. Clinical trials have 
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shown good integration and filling of the chondral 
defect and demonstrated the implant to be an effi-
cacious option with a low complication rate [27–
31]. A recent systematic review also reported 
similar findings but did highlight that the available 
literature was not of high-level evidence and thus 
this implant at present cannot be deemed superior 
to any other techniques. Another reported implant 
has been a synthetic biphasic scaffold consisting 
of poly-lactic, poly-glycolic acid, and calcium 
phosphate marketed as TruFit™ (Smith and 
Nephew, Andover. MA). A few studies reported 
good results [32, 33]; however, literature has 
reported delayed integration [32–34] and longer 
follow-up noted subchondral cysts and bone 
edema [35–38]. A more recent bilayer scaffold 
under study has been a crystalline coral aragonite- 
hyaluronic acid implant (Agili-C™, Cartiheal 
(2009) Ltd., Israel) which showed good integra-
tion and clinical improvement in a study up to 
12 months follow-up [39] and at further 24 months 
in a doctoral dissertation by Di Matteo [40]. At 
present, there is not enough evidence to deem any 
of these implants superior or more efficient than 
the other except for Trufit™ being less favorable 
due to adverse reactions.

20.5  Biphasic TEC Osteochondral 
Implants

With the encouraging potential that TEC has dem-
onstrated for in  vivo chondral repair [12, 20], it 
was then decided to focus on the development of a 
biphasic osteochondral solution utilizing TEC for 
lesions that extend beyond the chondral compo-
nent into the subchondral region of the joint. It was 
postulated that TEC had some notable advantages 
over other currently available constructs in that it 
is bioactive, leading to the production of a high-
quality ECM for the chondral component of the 
defect. In addition, the strong presence of SDMSCs 
within the TEC allows for the continued regenera-
tion of the chondral layers [41]. With the TEC 
being entirely natural and lacking any artificial 
components, it mitigates many of the safety con-
cerns regarding synthetic polymers. The adhesive 
properties of TEC also allow for it to be easily 
combined with a subchondral material component 

towards developing a biphasic implant to address 
the complexity of osteochondral lesions.

For the initial combined biphasic implant, a 
porous synthetic HA plug was prepared with 
dimensions 5 mm in diameter and 4 mm in height 
with 75% porosity (NEOBONE®; MMT 
Co.LTD., Osaka, Japan). HA displays adequate 
mechanical strength and high porosity, allowing 
for the cell penetration required for integration 
with the neighboring bone tissues. HA has proven 
to be both osteoinductive and allows for bony 
ingrowth [42–44], making it a reasonable choice 
for use as the subchondral component of the 
biphasic implant with a TEC (Fig. 20.1).

Another studied option for the subchondral 
component was beta-tricalcium phosphate 
(β-TCP) with same size and porosity (OSferion®; 
Olympus Terumo Biomaterials, Tokyo, Japan) as 
the previously described HA component. Beta- 
TCP is a suitable candidate as it is equally bio-
compatible to HA, but undergoes resorption 
faster than HA in vivo [45], a feature that theo-
retically may make it more efficient regarding 
integration after implantation. TEC was created 
using the standard protocol, and then without any 
additional adhesive measures, placed onto the 
artificial bone plug which immediately bonded to 
form a stable biphasic implant (Fig. 20.1).

20.5.1  Results of TEC Biphasic 
Osteochondral Implantation

To date, only two preclinical studies have been 
conducted employing TEC as part of a biphasic 
osteochondral implant, with both studies con-
ducted in rabbit models. The first was conducted 
using TEC  +  HA in artificially created knee 
osteochondral defects, with biological and bio-
mechanical comparison to a control group of HA 
implanted defects, as well as a group of normal 
knees [41]. The TEC + HA group demonstrated 
superior repair in all objective outcome measures 
when compared to the control and normal groups. 
There was an earlier restoration of both the chon-
dral and subchondral bone components, with 
excellent integration. The quality of the chondral 
tissue was superior to that of the control group 
where the repair tissue was cracked and fissuring. 

20 Biphasic Osteochondral Restoration Techniques Using Synovial Stem Cells and Artificial Bone



232

Biomechanical testing revealed the TEC  +  HA 
repaired defects displayed similar stiffness to 
normal osteochondral joint surfaces.

The second study compared two different 
combinations of the biphasic implant, one being 
TEC + HA and the second TEC + β-TCP [46]. 
When comparing these two combinations, 
TEC  +  HA demonstrated better and more effi-
cient healing at 6  months (Fig.  20.2). The 
TEC + β-TCP group showed earlier degradation 
of the β-TCP when compared to the HA of the 
TEC + HA, although the subchondral bone repair 
was inferior with higher porosity at 6  months. 
Biomechanical testing also revealed the stiffness 
of the TEC  +  β-TCP group was significantly 
lower than that of normal tissue (Fig. 20.3). Thus, 

TEC

Artificial bone

2mm

4mmAdjacent cartilage 

5mm

Fig. 20.1 Biphasic Osteochondral TEC Implant (this figure was quoted and modified from Shimomura et al. Tissue 
Engineering Part A. 2014 Sep 1;20(17–18):2291–304.)

TEC/βTCPTEC/HA

Fig. 20.2 High magnification positive Toluidine blue 
(TB) staining of cartilage repair tissue exhibiting hyaline 
cartilage-like repair with chondrocytes arranged in longi-
tudinal columns in the TEC/HA group. The TEC/β-TCP 

group resembled a more fibrocartilage repair, demonstrat-
ing a more disorganized structure. (this figure was quoted 
and modified from Shimomura et  al. The American 
Journal of Sports Medicine, 45(3), 666–675)
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Fig. 20.3 The stiffness of biphasic implants at 6 months 
postimplantation. The TEC/HA implant restored stiffness 
to a mean of 73% that of healthy osteochondral tissue. 
TEC/β-TCP implants exhibited a significantly lower stiff-
ness than that of normal tissue (P < 0.05) (this figure was 
quoted and modified from Shimomura et al. The American 
Journal of Sports Medicine, 45(3), 666–675)
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Table 20.1 Summary of preclinical studies employing TEC as an osteochondral implant

Author/year Shimomura et al. 2014 Shimomura et al. 2016
Study design/animal Controlled laboratory study/rabbit Controlled laboratory study/rabbit
Implant material TEC + HA TEC+ HA vs TEC + β-TCP
Defect
Details

HA + TEC: 23
HA alone:18
Control: 5

TEC + HA: 35
TEC + β-TCP:16
Control: 5

Follow-up 6 months 6 months
Evaluation Macro, Histo, Biomech Macro, Histo, Biomech
Results Macro: TEC group had better fill at all 

time points, control had less fill and 
cracking of the repair tissue over time.
Histo: 6 months osteochondral repair 
noted in both groups, but TEC 
demonstrated better integration and 
hyaline-like cartilage compared to 
control. Histo score: Significantly 
higher in TEC group for chondral and 
subchondral tissue
Biomech testing: TEC group: 
Restoration of stiffness values close to 
normal tissue

Macro: No OA changes noted, good defect fill, and 
no significant difference b/w groups.
Histo: 6 months complete osteochondral repair in 
both groups.
Histo score: Chondral region TEC + HA showed 
better scores. Subchondral region by 2 months 
both groups had identical scores.
Biomech testing: TEC + β-TCP were sig weaker 
while TEC + HA resorted stiffness to 73% of 
healthy tissue.

Abbreviations: TEC Tissue-engineered construct; HA Hydroxyapatite; Macro Macroscopy; Histo Histology; Biomech 
Biomechanical; β-TCP Beta-Tricalcium phosphate

from these studies, it was concluded that HA was 
a better material than β-TCP for combination 
with a TEC.  However, further investigation is 
warranted as to which material is the best choice 
in the long term. Table 20.1 summarizes the stud-
ies with TEC biphasic osteochondral implants.

20.6  Conclusion

TEC has proven to be an effective repair strategy 
for chondral injuries, showing superior results in 
both preclinical and human trials. In preclinical 
studies, a biphasic TEC/HA construct has dem-
onstrated good potential to also repair osteochon-
dral defects. HA has shown to be superior to 
β-TCP when combined with a TEC in currently 
available preclinical studies in rabbits, but further 
long-term testing is required to strengthen this 
conclusion. The addition of other materials and/
or addition of growth factors may further improve 
the efficacy of these biphasic implants and future 
research may determine a more optimal con-
struct. However, combining a TEC with a HA 
component appears to be an attractive choice for 

a biphasic osteochondral repair strategy, owing in 
part to its ease of manufacture and the positive 
results to date. Larger animal model studies will 
help confirm the positive results of TEC and arti-
ficial bone as a biphasic osteochondral implant 
obtained thus far, as well as offer the ability to 
assess the biological and biomechanical func-
tionality of the implant.
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Proximal Tibial Subchondral Cystic 
Lesion Treatment 
with Osteo-Core-Plasty

Alberto Gobbi, Arvin Jonathan Arbas, 
and Ignacio Dallo

21.1  Subchondral Cyst

Subchondral bone cysts are widely observed but 
poorly understood [1]. Patients with proximal 
tibial subchondral cyst had lower tibial cartilage 
volume and have more changes structurally com-
pared to patients without subchondral cyst [2]. 
Subchondral cyst commonly coexists with bone 
marrow lesion (BML) especially those with 
Grade 3 BML or higher [3].

21.2  Epidemiology

Almost 50% of knee osteoarthritis (OA) patients 
have subchondral bone cysts [2, 4, 5] while only 
13.6% of healthy individuals have subchondral 
bone cyst [2, 6]. Females had more and larger 
subchondral cysts in the lateral compartment 
than males. This finding is perhaps due to the 
loading effect as females also showed more val-
gus loading knee [7–9].

21.3  Formation

Subchondral cyst formation often occurs in 
osteoarthritis of the knee, more commonly in the 
advanced stage of osteoarthritis [2, 10, 11]. Two 
theories are proposed as the mechanism of cyst 
formation. One is the synovial breach theory [2, 
12, 13] and the other one is the bony contusion 
theory [2, 10, 14]. Bony contusion theory explains 
that excessive loading or trauma can lead to tra-
becular microfractures, bone necrosis, and focal 
bone resorption, eventually resulting in cyst for-
mation [1, 10, 15]. Synovial breach theory states 
that the calcified barrier between cartilage and 
subchondral bone is injured, allowing for fluid to 
seep into the subchondral bone. This eventually 
creates a fluid-filled cyst lesion [1, 16, 17].

The relationship between subchondral cyst 
and structural change of the knee is examined by 
one study that shows there is a correlation 
between alteration of the subchondral cyst size 
and the cartilage loss in the medial femoral con-
dyle for a period of 2 years [2, 4].

The relationship of the BML and subchondral 
cyst is unclear but some studies show that it was 
the bone marrow lesion that was directly involved 
in developing subchondral cyst [2, 18–20]. 
Repetitive compressive load-bearing or shear 
loading leads to bone marrow lesion due to sub-
chondral damage [11, 21, 22]. Some studies show 
that subchondral bone cysts are related to higher 
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localized stress which could stimulate bone alter-
ations or bone remodeling [1, 23].

Most likely, subchondral cyst formation is a 
response to altered loading distribution through 
the proximal tibia and also possible through joint 
space narrowing with disease progression [1, 24].

Subchondral cysts are usually ellipsoidal or 
spherical within the subchondral bone cavity and 
are associated with subchondral bone and carti-
lage degeneration of osteoarthritic knees [1, 19, 
25, 26].

21.4  Location

The ratio of cyst volume to tibial volume range 
may be as high as 14.8% over the total proximal 
tibia, and up to 24.5% in the medial compartment 
but only up to 5.3% in the lateral compartments 
[1] Fig. 21.1.

The subchondral cyst volume and number 
were associated with the bone mineral density of 
medial and lateral compartments of the knee [1]. 
Lateral compartment subchondral cyst volume 
and number were associated with osteoarthritis 
severity, joint alignment, joint space narrowing, 
and gender [1]. On the other hand, in the medial 

region, higher medial bone mineral density 
(BMD) was associated with greater cyst inci-
dence and volume [1].

Over the total tibial region, there was a strong 
association that was observed between subchon-
dral cyst incidence and alignment. This study 
suggests that cartilage degeneration can be asso-
ciated with proportionally larger and more 
numerous cysts [1, 26].

21.5  Classification

There are different ways of classifying subchon-
dral bone cysts. They can be classified according 
to the following parameters, number of cysts, 
cyst number per total volume, cyst volume per 
total volume, total cyst volume, maximum cyst 
volume, and average cyst volume [1].

Subchondral cysts are assessed as Grade 0, 
without lesion; Grade 1, mild to moderate lesion; 
and Grade 2, severe (large) lesion [2].

Twenty-three percent to 35.7% of the patients 
with subchondral cysts could progress and 13% 
of those that have progression develop at least 
one or more subchondral cysts. On the other 
hand, subchondral cyst regression was observed 
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Fig. 21.1 Comparison 
of Healthy and 
Osteoarthritic 
Subchondral Bone; 
14.8% can be seen over 
the proximal tibia. 
Courtesy of Aspire- 
Medical [27]
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in 23.8% of the patients, of which, 14.3% experi-
enced complete regression resolution [2].

Those with subchondral cysts had a cartilage 
loss rate of 9.3%. Lateral compartment regres-
sion typically has a significant lateral tibial carti-
lage reduction. However, greater loss of medial 
cartilage was noted with patients that have sub-
chondral cyst progression [2].

21.6  Presentation

Knee Osteoarthritis is a debilitating disease, 
which is painful and illustrates cartilage deterio-
ration and altered subchondral bone [1]. Recent 
studies show that subchondral bone has its role in 
progression of osteoarthritis, how it influences 
knee pain, and how it influences mechanical 
behavior of subchondral bone [1, 7, 28, 29].

Pain severity can be measured at the affected 
knee joint using the pain subsection of the 
Western Ontario McMasters Osteoarthritis Index 
(WOMAC) [1, 30–32], Visual Analog Scale 
(VAS) Scores, and Knee Injury and Arthritis 
Outcome Scores (KOOS) [11]. There is no cor-
relation between cyst parameters and total 
WOMAC pain or nocturnal pain [1].

Osteoarthritis knee pain severity was associ-
ated with bone marrow lesions, subchondral bone 
attrition, effusion or synovitis, and meniscal 
tears, but not with subchondral bone cysts [33]. 
Although rare, the ganglion of the underlying 
subchondral bone cyst may exert pressure on the 

soft tissue causing it to swell and increase pain 
development [34, 35].

Patients with valgus alignment may be 
inclined to higher cyst numbers before clinical 
signs of osteoarthritis, such as pain [1].

21.7  Imaging

Magnetic Resonance Imaging (MRI) can be used 
to distinguish a cyst from BMLs [1, 36, 37]. 
However, MRI cannot quantify the BMD of the 
patient [1]. MRI slice that yielded the greatest 
lesion were the cuts used to measure the sub-
chondral cysts [2]. The extent of the subchondral 
cyst must be assessed on the medial and lateral 
tibiofemoral compartments [1].

It is unclear which specific cyst parameters, 
such as the number or the size, are associated 
with clinical symptoms, and which parameters 
are associated with BMD [1]. However, both 
medial and lateral region, cyst number, and 
volume were related to BMD. High cyst num-
ber per volume was also associated with high 
bone volume per total volume (BV/TV) [1, 25] 
and high trabecular thickness [1, 26]. High 
BMD is likely a response to higher stress, 
whereby local bone remodeling is affected and 
bone structure near the subchondral surface is 
changed [1, 26, 38].

A subchondral cyst was defined as a well- 
demarcated hypersignal, Fig.  21.2 whereas a 
BML could be seen as an ill-defined hypersignal. 

Fig. 21.2 MRI of proximal tibial subchondral cyst, left knee. Courtesy of Gobbi A
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BMLs were present in 91.2% of the subregions 
where subchondral cysts were found [2]. Patient 
with a subchondral cyst had less lateral tibial car-
tilage volume but with greater tibial plateau bone 
area compared to those without subchondral 
bone cyst. A subchondral cyst was more likely to 
have large BMLs (Grade 3). On the other hand, 
those with BML without cyst tend to be small 
BML (Grade 1) [2].

Clinical quantitative computed tomography 
(QCT) can characterize the cyst but it is still 
unclear if the QCT findings are correlational with 
the severity of the knee pain [1]. It is reported that 
there are changes in bone mineral density to 
regions adjacent to subchondral bone cyst [1, 26]. 
Both MRI and QCT can offer a three-dimensional 
character of the cyst [1]. Kellgren-Lawrence 
scoring can be used to classify the osteoarthritis 
[1, 39].

Medial and lateral joint space widths were 
assessed at equal distances from the tibial 
spine allowing an estimation of alignment 
between the femoral and tibial axes. Neutral 
alignment was defined as 178°  ±  2° [1, 29]. 
Total subchondral bone cyst number and lateral 
cysts were associated with valgus alignment 
[1]. Lateral compartment is subjected to higher 
tibial loads in patient with valgus alignment [1, 
40, 41].

21.8  Treatment Options

Treating subchondral bone defects and carti-
lage comprises both the biological as well as 
the structural component. Biological aspects of 
treatment include marrow stimulation tech-
niques like K-wire drilling, microfracturing, 
nanofracturing, and core decompression. This 
treatment also includes additive therapies like 
autologous Platelet Rich Plasma (PRP) injec-
tions, adipose derivatives treatment, and bone 
marrow cell injections [27]. Structural compo-
nent includes the subchondroplasty aspects 
such as cement injections, ACI procedures, 
allograft transplantation, bone marrow cell 
graft injections, and iliac crest bone grafting 
options [27]. Fig. 21.3.

Bone marrow stimulation technique such as 
microfracture led to the formation of subchondral 
cyst (63% of cases). Drilling prompted signifi-
cant changes in almost all parameters of the 
architecture of the subchondral bone. It weakens 
the micro-architecture of the subchondral bone 
plate and the subarticular spongiosa. Entire 
osteochondral unit is altered after drilling [42].

There are a lot of treatment options in the mar-
ket depending on the patient’s condition. This 
chapter will focus on Osteo-Core-Plasty as a via-
ble option in treating subchondral bone cyst.

Micro FX

Manual Drive

Nano FX

Manual Drive

K-Wire

Pressure Drilling

Osteo Core Grafting (OCG)

K-Wire & Cannulated Drilling

0 - 2,5mm

Average 3 mm depth

Pleuri-potential cells Pleuri-potential cells

Average 9 mm depth

0 - 1mm 0 - 1mm or 0 - 2mm 1 - 3mm

Fig. 21.3 Comparison of Different Subchondral Bone Treatment with their corresponding hole size in drilling and 
instruments used. Courtesy by Aspire-Medical [27]
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21.9  Osteo-Core-Plasty

Osteo-Core-Plasty (Marrow Cellution™) is a 
minimally invasive subchondral bone augmen-
tation procedure that provides both biologic and 
structural components to provide an optimized 
environment for regeneration. It is a fluoro-
scopic guided, minimally invasive, autologous, 
biologic procedure that allows necrotic bone 
segment resection and transplant living, live, 
intact bone segments that have the capabilities 
to reincorporate naturally without foreign body 
implantation [27].

It is an approach that could potentially over-
come the issue of centrifugation techniques 
wherein there is an increased level of peripheral 
blood nucleated cells which contain very few 
stem or progenitor cells [43]. It uses multiple 
small volume draws (1 mL) from a single punc-
ture that utilizes lateral flow from multiple sites 
near the inner cortical bone space in bone mar-
row (SSLM method) [43]. It is identified that this 
anatomical location contains a high number of 
bone marrow stem or progenitor cells [43–46].

Osteo-Core-Plasty starts with bone marrow 
aspiration process. Figure 21.4 All the materials 

and instruments are prepared. Aseptic technique 
is applied over the iliac crest and operative site. 
First is to heparinize all kit components using 
2.000 units/mL heparin. Then, Introducer Needle 
with sharp stylet is inserted just past cortex into 
the medullary space. Sharp stylet is then removed. 
Syringe is attached and 1 mL marrow is aspirated 
to ensure proper positioning of the needle tip. 
Then, the syringe is removed. Blunt Stylet is 
inserted and locked. Introducer Needle may now 
be advanced to the desired depth. Then, Guide 
Grip is now rotated to skin level. Blunt Stylet is 
then removed. Next, the Aspiration Cannula is 
inserted and secured. Then, syringe is attached 
and 1 ml marrow is aspirated. Then, Guide Grip 
is held at the handle and rotated 360° counter-
clockwise then another 1 mL is aspirated. Guide 
Grip could be rotated as needed and could be 
reassembled for additional puncture sites [27].

Application could be done arthroscopically or 
open access method. Arthroscopic method is 
done with fluoroscopic guidance. Necrotic Tissue 
Zone is identified. K-wire is then inserted to the 
target zone and cannulated drill is inserted over 
the K-Wire. K-Wire and necrotic bone core are 
then removed. Extraction/Delivery Tool contain-

Heparin Flush: rinse all kit compo-

nents with heparin (2.000 Units/ml)

1 2 3 4 5

6 7 8 9 10

Insert Introducer Needle with

Sharp Stylet just past cortex into

medulary space

Ensure longitudinal orientation

Rotate Guide Grip to skin levelRemove Syringe

Insert & lock Blunt Stylet

Continue to advance Introducer

Needle to desired depth

Remove Sharp Stylet

Attach Syringe

Aspirate 1ml marrow to ensure

proper positioning of needle tip

Remove Blunt Stylet

Insert and secure Aspiration

Cannula

Remove steps 8 & 9 as needed

Reassembe for additional

punkture (if required)

Hold Guide Grip and rotate Handle

360° counter-clockwise

Aspirate 1ml marrowAttach Syringe

Aspirate 1ml marrow

Fig. 21.4 Steps in Marrow CellutionTM Bone Marrow Aspiration Process. Courtesy by Aspire-Medical [27]
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ing Marrow Cellution Bone Core Graft. Next, 
Probe is inserted to push bone core graft to target 
zone position. Lastly, Marrow Cellution™ is 
injected as liquid bone graft [27] Fig. 21.5.

Open technique is also done with fluoro-
scopic guidance wherein the necrotic tissue 
zone is identified. Then, cartilage bed is now 
debrided. After debridement, cannulated drill is 
inserted to required depth. Necrotic core is 

removed. Extraction/Delivery Tool containing 
Marrow Cellution™ Bone Core Graft is then 
inserted. Then Probe is used to push Bone Core 
Graft to Distal Position. Then, Marrow 
Cellution™ Liquid Bone Graft is injected. Then 
the Marrow Cellution™ Saturated Matrix 
Scaffold Membrane is applied. Finally, Fibrin 
Glue is applied to seal the membrane [27] 
Fig. 21.6.

Intact Cartilage

Marrow CellutionTM

Bone Core Graft

- Vascularized Intact

  Bone

Marrow CellutionTM

Liquid Bone Graft

- High Quality BMA

Fig. 21.5 Osteo-Core-Plasty for Intact Cartilage: Arthroscopic Application Steps. Courtesy by Aspire-Medical [27]

Marrow CellutionTM

Bone Core Graft

- Vascularized Intact Bone

Marrow CellutionTM

Liquid Bone Graft

- High Quality BMA

Fig. 21.6 Osteo-Core-Plasty: Open Access Surgical Procedure Steps. Courtesy by Aspire-Medical [27]
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Studies show that bone marrow samples con-
taining a relatively high CFU-fs/mL and CD34+/
mL can be attained without the need for centrifu-
gation using the Marrow Cellution™ system. The 
level of CFU-fs/mL was significantly higher in 
the Osteo-Core-Plasty compared to BMACs in 
side-by-side comparison from the same patients 
using the contralateral iliac crest [43]. Another 
study showed that the Osteo-Core-Plasty had 
over twice as many fibroblast-like colony form-
ing units (CFU-f) and only half as many nucle-
ated cells compared to centrifugation techniques 
[47] Fig. 21.7. Moreover, the Osteo-Core-Plasty 
showed the same numbers of CD34+ and 
CD117+ cells compared to centrifugation tech-
niques [43].

There are several benefits of Osteo-Core- 
Plasty. It allows the clinician to retain the product 
entirely on the sterile area rather than necessitat-
ing the product to leave the sterile area for cen-
trifugation and reenter the sterile area for 
administration to the patient, decreases proce-
dural expenses, and maintains all the cells and 
growth factors obtained during aspiration [48]. 
Users of this technique reported that another 

advantage is the ability to advance into and retreat 
from the marrow area in both precise and con-
trolled manner [48]. This technique produced a 
higher quality aspirate with the necessity to aspi-
rate only the volume needed for regeneration 
treatment [48].

21.10  Take Home Message

There is still no gold standard treatment protocol 
in treating subchondral bone cysts. Different 
treatment modalities have been tested in the hope 
that they might reduce pain and stop the progres-
sion of the disease.

Subchondral cysts may not directly cause the 
pain [33] but they are associated with subchon-
dral bone and cartilage degeneration which fur-
therly causes painful osteoarthritic knees [1, 19, 
25, 26].

Advancement in MRI and early diagnosis of 
osteoarthritis has opened a broader knowledge 
about the significance of subchondral bone. 
Long-term results using bone marrow aspirate 
concentrate showed promising clinical outcomes 

Aspiration Volume

Final Volume

Aspiration Sites

Aspiration Time

Manipulated off Sterile
Field

Processing Time

CFU-f/million TNC

Avg. CFU-f
Concentration

Marrow CellutionTM

 7-10 mL

 7-10 mL (No change)

1

1-2 Minutes

NO

0 Minutes

51.89

1697.8 per mL

 60 mL

 7 mL

3

3-5 Minutes

YES

17 Minutes

12.37

835 per mL

Harvest BMAC®

Fig. 21.7 Table of Comparison of Osteo-Core-Plasty using Marrow CellutionTM Technique versus Centrifugation 
Technique using Harvest BMAC®. Courtesy by Aspire-Medical [47]
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in repair of cartilage lesions [49, 50]. Similar bio-
logic treatment for subchondral cyst can aid in 
the healing response of such lesions.

Osteo-Core-Plasty is a viable option in treat-
ing proximal tibia subchondral cyst by reducing 
pain over the affected area, returning to activity 
early [11, 51] and improved MRI imaging show-
ing increased hypointensity over the subchondral 
cyst [52, 53]. Fig. 21.8

There is still a need for high-quality RCTs 
studies and systematic reviews in the future to 
further improve treatment strategy in preventing 
or treating subchondral bone cyst manifested as a 
late stage of osteoarthritis.
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Inflammatory Environment 
and Cartilage Repair

Fabio Valerio Sciarretta

Articular cartilage is the highly specialized con-
nective tissue that covers and protects the joints 
surfaces of diarthrodial joints. It normally appears 
as a rubber-like, smooth tissue that offers an elas-
tic resistance and rebounces when probed during 
arthroscopic procedures and its principal func-
tion is to provide a smooth, lubricated surface for 
articulation and to facilitate the transmission of 
loads with a low frictional coefficient.

The historical identification and comprehen-
sion of cartilage as an isolated tissue represents a 
very particular and fascinating attractive story, 
[1] starting from the description of the joint envi-
ronment made from Galen of Pergamon 
(Pergamon, 129 A.D.—Rome, 210 A.D.) in his 
treatise “On the usefulness of various parts of the 
body,” written between A.D. 165 and 175 and 
known for centuries just in Greek, Latin, or 
Arabic, when referring to joint protection, the 
famous Greek physician and surgeon affirms 
“Nature has again searched out a double remedy, 
first covering each member of the joint with car-
tilage and then pouring over the cartilages them-
selves a sort of oily substance, a greasy, glutinous 
fluid, which gives every joint an easy movement 
and protection against wear” so that cartilage 
serves as grease for the joints” [2]. Also one of 
the most significant physicians, astronomers, and 
writers of the Islamic Golden Age, considered the 

father of modern medicine, the Persian Avicenna 
(Bukhara, 980–Hamadan, 1037), after eight cen-
turies, was confirming the particular shock- 
absorbing ability of cartilage “it was made for the 
purpose of providing a cushion between hard 
bone and the soft members, so that the latter 
should not be injured when exposed to a blow or 
fall, or compression” [3].

Passed five centuries, the Flemish anatomist 
and physician Andreas Vesalius (Brussels, 1514–
1564 Zante), father of the modern human anat-
omy, following Galen, stated that cartilage “has 
no sensation and no marrow,” but deepened the 
description of cartilage evolution during life 
decades “In younger people cartilages are soft, 
but with age they harden and resemble the fragil-
ity and friability of bone… In older people epiph-
ysis are no longer joined to their bones by the 
intervention of cartilage which plays the part of 
glue, but have lost the cartilage and are joined in 
such a way… it is difficult to see the point of 
union” [4].

The first scientific description of the articular 
cartilage structure dates to the eighteenth century, 
exactly in 1743, in “Of the structure and diseases 
of articulating cartilages” treatise written by the 
famous London surgeon and anatomist William 
Hunter (East Kilbride, 1718–London, 1783), 
where, in the wonderful incipit of the book He 
states “The Fabric of the Joints in the human 
body is a subject as much the more entertaining, 
as it must strike everyone that considers it F. V. Sciarretta (*) 
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 attentively with an idea of fine mechanical com-
position. Wherever the motion of one bone upon 
another is requisite, there we find an excellent 
apparatus for rendering that motion safe and 
free.” Following He refers that “An articulating 
Cartilage is an elastic Substance uniformly com-
pact, of a white Colour, and somewhat diapha-
nous, having a smooth polished Surface covered 
with a Membrane; harder and more brittle than a 
Ligament, softer and more pliable than a Bone… 
When an articulating Cartilage is well prepared, 
it feels soft, yields to the touch, but restores itself 
to its former Equality of Surface when the pres-
sure is taken off. This Surface, when viewed 
through a Glass, appears like a Piece of Velvet… 
a mass of short and nearly parallel Fibres rising 
up from the Bone as the silky Threads of that rise 
from the woven Cloth or Basis… Now these per-
pendicular Fibres make the greatest Part of the 
cartilaginous Substance; but without Doubt there 
are likewise transverse Fibrils which connect 
them, and make the Whole a solid Body, though 
these last are not easily seen, because being very 
tender, they are destroyed in preparing the 
Cartilage” [5].

In the same Century, the famous Italian anat-
omist Giovanni Battista Morgagni (Forli, 1682–
Padua 1771) gave us the first description of the 
possible damage to the cartilaginous coating of 
bones describing the osteoarthritic cartilage 
changes in the report of an autopsy performed in 
1741 of a woman who was “frequently afflicted 
with ischiadic pains”… “The head of the right 
os femoris was not rounded into a globular 
form: and was depressed, and not covered by a 
smooth and white cartilage, but by one of a pale 
ash- colour: and, indeed, this cartilage was 
totally deficient in the posterior part of the head; 
so that the bone appeared naked in that part, and 
formed into many roundish and protuberant par-
ticles” [6].

We had to wait almost another century before 
the rudimentary chemistry determined that carti-
lage had two principal components: collagen 
fibers and chondrin and that chondrin was shown 
to be the “chondroitin sulphuric acid”; but still in 
1944 Comroe in “Arthritis and Allied Conditions” 
stated that “Articular cartilage contains glycogen, 

collagen, chondroitin sulfuric acid, lactic acid, 
and calcium salts; but its exact chemical compo-
sition is not accurately known” [7].

In 1925, light microscope analysis revealed 
three layers in the articular cartilage according to 
the distribution of chondrocytes and collagen 
fibers orientation. In 1969, Mankin [8] showed 
that chondrocytes have metabolic activity and in 
1971 Strawich [9] that type II is the main collag-
enous component of articular cartilage, com-
pleted in 1978 by Rhodes [10] who identified the 
physicochemical composition of articular colla-
gen. Finally, in the following years, electronic 
microscopy made it possible to reach modern 
informations and opened the way to the modern 
era of cartilage repair.

Osteoarthritis (OA) is a chronic, long-term 
debilitating disease characterized by the deterio-
ration of articular cartilage covering bone sur-
faces of the joints and most of the surrounding 
tissues, which creates various discomforting 
symptoms as pain, scrosci articolari, swelling, 
stiffness, and limited range of motion and ambu-
lation. The burden of OA is physical, psychologi-
cal, and socioeconomic. OA can be associated 
with significant disability, such as a reduction in 
mobility and activities of daily living. 
Psychological sequelae include distress, deval-
ued self-worth, and loneliness. Given the high 
frequency of OA in the population, its economic 
burden is large [11]. OA most commonly affects 
the joints in the knees, hands, feet, and spine and 
is also relatively common in shoulder and hip 
joints. Everybody knows it is a very common dis-
ease, in fact, OA has a global impact that repre-
sents one of the major challenges for national 
health systems all over the world in the twenty- 
first century. In 2005, it was estimated that 26.9 
million US adults have clinical OA defined on the 
basis of symptoms and physical findings and that 
up to 8.5 million people in the UK are affected by 
joint pain that can be attributed to osteoarthritis 
[12–14]. Prevalence of OA increases with age: 
13.9% of adults age 25 and older have clinical 
OA of at least one joint, while 33.6% of adults 
age 65 and older have OA. The global prevalence 
of hip and knee OA is approaching 5%, as already 
confirmed in 1998 when the highest prevalence 
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of knee pain was found in women over 75 years 
(35%) and is projected to increase as the popula-
tion ages [15]. The most recent update of the 
Global Burden of Disease figures (GBD 2013) 
estimated that 242 million people were living in 
the world with symptomatic and activity limiting 
OA of the hip and/or knee, accounting for 13 mil-
lion years lived with disability. These figures are 
likely to be an underestimate of the true global 
burden of OA, as these rates only consider hip 
and knee OA and not OA at other sites.

Apart from the incredible epidemiological 
importance for our society, for the goal of this 
chapter, OA has to be understood and focused in 
relation to its origin. OA is a heterogeneous, 
common, very complex disorder, which presents 
in its background not just one but many and many 
risk factors and causes. Various specific risk fac-
tors have been identified including obesity, meta-
bolic diseases, age, sex, ethnicity and race, 
occupation, smoking, bone density, and muscle 
function. The identified risk factors can mainly 
be distinguished in genetic, constitutional, envi-
ronmental, and local factors, each one of them 
being more or less determinant in the different 
joints [16]. The most studied and well-known OA 
risk factor is obesity, whose association with hip 
OA is weaker than with knee OA [17].Among the 
genetic predisposition, it is certainly to be empha-
sized that hand, hip, and knee OA are hereditary 
in 40–60% of cases.

Obese constitution represents a risk factor, 
that, as some local factors as recreational trauma 
or joint hypermobility or muscle weakness, can 
be reversed. Some constitutional risk factors may 
differ for developing OA, as high bone density, or 
for OA progression and poor clinical results, as 
low bone density represents a risk factor both in 
knee and hip osteoarthritis.

The precise recognition and identification of 
the various osteoarthritic features have been stud-
ied in order to determine a radiographic classifi-
cation in different stages of OA.  The 
Kellgren-Lawrence classification is the most 
widely used, especially in clinical researches. 
This classification evaluates the appearance of 
osteophytes and cysts, joint space loss, and scle-
rosis, and it grades the severity from 0 to 5 points. 

The radiological features found in OA joints have 
been graded as follows: (1) formation of osteo-
phytes on joint margins or on tibia spines for 
knee OA; (2) periarticular ossicles in relation to 
distal and proximal interphalangeal joints; (3) 
narrowing of joint cartilage and sclerosis of sub-
chondral bone; (4) pseudocystic areas with scle-
rotic walls in the subchondral bone; and (5) 
altered shape of the bone ends [18]. Some of 
these criteria were adopted by the World Health 
Organization (WHO) as the standard for studies 
on OA.

At present time there is no medical treatment 
that can prevent, limit, or stop the progression of 
OA [19]. Pain is the main symptom that renders 
OA a functionally devastating condition, being 
able to determine important joint loss of function 
and disability. OA-derived disability has a higher 
incidence in women, especially in those with 
lower educational levels and the socially disad-
vantaged and in people relying on manual labor, 
weight-bearing, or positions that require knee 
bending, long-time standing, and walking during 
their daily activities.

Current medical modalities to reduce pain in 
the treatment of OA are nonsteroidal anti- 
inflammatory drugs (NSAIDs) and joint visco-
supplementation by intra-articular injections of 
hyaluronic acid. Main downsides of these treat-
ments are the short-term effect and risks con-
nected to the chronic use of NSAIDs, mainly 
toxicity and risk of thromboembolism [20, 21]. 
In the severity progression of the cases, surgical 
procedures, from biological repair and partial 
resurfacing procedures to mostly joint replace-
ment surgeries, as total hips or total knees, 
become suggested [11]. During the last years, 
orthobiology has emerged looking to anticipate 
tissue degradation and promote tissue regenera-
tion. Clinical trials using orthobiologics, such as 
platelet-rich plasma (PRP), bone marrow aspirate 
concentrate (BMAC), fat graft, and mesenchymal 
stem cells, have shown promising results for the 
treatments of OA.

One of the possible revolutions in the treat-
ment of OA may be derived from the use of 
Mesenchymal Stem Cells (MSCs). MSCs are 
perivascular cells and are known to be able to 
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accumulate in damaged tissues where they 
develop their function of promoting tissue regen-
eration by replacing cells or by empowering the 
regenerative capacity of in situ quiescent cells 
and through their immunomodulatory activities 
in order to reduce inflammation in cartilage 
breakdown and OA.  In fact, MSCs answer to 
inflammation by producing and releasing several 
growth factors that promote angiogenesis, 
remodel the extracellular matrix, and differentiate 
the progenitor cells thus promoting tissue repair, 
but at the same time are able to modulate the 
immune cells in the inflamed tissue microenvi-
ronment, basing their action on the type and 
intensity of inflammation [22]. All innate immune 
cells precedently described (macrophages, mast 
cells, natural killer, and others) present in the site 
of inflammation can be regulated by MSCs. This 
MSCs action on the innate immune system will 
provoke indirect effects also on adaptive immune 
system cells, including T cells. For these cells, it 
has been proven that MSCs are able to inhibit 
their proliferation through the expression of che-
mokines and inducible NO synthase (iNOS; in 
the case of rodent MSCs) or IDO (in the case of 
human and other mammalian MSCs) [23, 24]. 
MSCs secrete contains, in fact, multiple growth 
factors, cytokines, anti-inflammatory mediators 
(PGE2, TSG6, HO1, and galectins), and exo-
somes, all contributing to the immunomodulatory 
and immunosuppressive action of MSCs, proper-
ties that have been used and proven to be effective 
in resolving inflammation in systemic lupus ery-
thematosus, multiple sclerosis, kidney injury, 
fibrosis, and arthritis [25]. MSCs may be isolated 
by various sources, mainly bone marrow and adi-
pose tissue, have been demonstrated to possess 
chondrogenic differentiation capacity and their 
use relies on their capacity to increase the popula-
tion and the function of the pluripotent cells pres-
ent in cartilage defects. For this reason, articular 
cartilage damage and OA have been considered 
primary areas of MSCs-based therapies [26]. 
Since OA may be the result of dysfunction in the 
MSCs population, giving rise to degenerative 
changes in the absence of repair [27], MSCs may 
represent and effective cartilage and OA degraded 
tissues repair. Recently, MSCs action and effects 

have been greatly correlated to MSCs paracrine 
effects, that can be distinguished into various 
separate actions, mainly trophic  
(antiapoptosis, angiogenesis, and support of 
growth and differentiation of stem and progenitor 
cells) immunomodulation, antiscarring, and che-
moattraction through the secretion of a myriad of 
bioactive molecules, including bFGF (basic fibro-
blast growth factor), CCL (chemokine ligand), 
CXCL = chemokine (C-X-C ligand), GM-CSF 
(granulocyte–macrophage colony- stimulating 
factor), HGF (hepatocyte growth factor), IGF-1 
(insulin growth factor-1), LIF (leukemia inhibi-
tory factor), M-CSF (macrophage colony-stimu-
lating factor), mDC (macrophage- derived 
chemokine), NK (natural killer), PGE2 (prosta-
glandin E2), SCF (stem cell factor), SDF-1 (stro-
mal cell-derived factor 1), TGF-β (transforming 
growth factor-β), and VEGF (vascular endothelial 
growth factor) that represent the agents of MSCs 
revolution. Preclinical animal works have con-
firmed MSCs’ success in repairing cartilage and 
preventing OA by intra-articular injections of 
bone marrow- derived MSCs (BM-MSCs) or adi-
pose tissue- derived MSCs (AD-MSCs). In the 
literature, we can actually find also several stud-
ies reporting the effects and results of intra-artic-
ular injection of autologous MSCs in humans for 
the treatment of knee OA [28–33]. Centeno et al. 
[28] reported significant cartilage and meniscus 
growth, and reduced pain and increased joint 
mobility in patients with degenerative joint dis-
ease at 24 weeks after autologous bone marrow-
derived MSC injection [35]. Emadedin et al. [29]
observed satisfactory effects, in terms of pain, 
functional status, and walking ability, of just one 
intra- articular injection of bone marrow-derived 
MSCs in patients with knee, ankle, or hip OA, at 
30 months after injection of MSCs. They observed 
no severe adverse events such as pulmonary 
embolism, death, or systemic complications and 
no tumor growth. A limited number of patients 
had very minor localized adverse effects such as 
rash and erythema. Positive clinical scores results 
were confirmed by MRI. The authors concluded 
that injection of MSCs in different OA-affected 
joints is safe and  therapeutically beneficial. The 
same group, in 2019, [30] conducted a triple-
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blind, randomized controlled trial (RCT) with a 
placebo control in knee OA patients. Forty-three 
patients (Kellgren-Lawrence grades 2, 3, and 4) 
were assigned to either the MSCs (n  = 19) or pla-
cebo (n = 24) group. The study demonstrated the 
safety and efficacy of single intra-articular 
implantation of 40  ×  106 autologous MSCs in 
patients with knee OA. Regarding adipose tissue-
derived MSCs, Jo et al. [31] evaluated the poten-
tial of intra- articular injection of adipose 
tissue-derived MSCs for the treatment of knee 
OA at low (1.0 × 107 cells), mid-dose (5.0 × 107), 
and high-dose (1.0 × 108). “The WOMAC score 
improved at 6 months after injection in the high-
dose group. The size of cartilage defect decreased 
while the volume of cartilage increased in the 
medial femoral and tibial condyles of the high-
dose group. Arthroscopy showed that the size of 
cartilage defect decreased in the medial femoral 
and medial tibial condyles of the high-dose group. 
Histology demonstrated thick, hyaline-like carti-
lage regeneration. These results showed that 
intra-articular injection of 1.0 × 10(8) AD-MSCs 
into the osteoarthritic knee improved function 
and pain of the knee joint without causing adverse 
events, and reduced cartilage defects by regenera-
tion of hyaline-like articular cartilage,” authors 
concluded. Hong et  al. [32] in 2019 evaluated 
intra-articular injection of autologous stromal 
vascular cells in a double blind randomized study 
with HA injection in opposite knees of same 
patients and concluded that autologous adipose-
derived SVF cells treatment is safe and can effec-
tively relieve pain, improve function, and repair 
cartilage defects in patients with knee osteoarthri-
tis at 12 months follow-up and on MRI controls 
WORMS and MOCART measurements revealed 
a significant improvement of articular cartilage 
repair in SVF-treated knees compared with 
HA-treated knees. Another group of authors some 
months ago conducted a prospective double- 
blinded, randomized controlled, phase IIb clini-
cal trial [33]. Where a group of 12 patients who 
underwent injection with autologous adipose-
derived mesenchymal stem cells (AD-MSCs) 
was compared with 12 knees with injection of 
normal saline up to 6 months. The Authors found 
statistical improvement of VAS, WOMAC, and 

KOOS scores in AD-MSCs patients treated 
group. At MRIs follow-ups, WORMS and 
MOCART measurements revealed a significant 
improvement of articular cartilage repair in SVF- 
treated knees compared with saline-treated knees 
[33].

But, while no definite treatment has been 
demonstrated able to cure the disease, great 
efforts have been done in trying to better under-
stand the etiopathogenesis of OA with the goal 
that better understanding would have forwarded 
the development of new cartilage and OA repair 
treatments. Until the end of the last century, OA 
was still retained due to a mechanical derange-
ment of the joint environment, that, in conse-
quence of the overloading and the modifications 
of the joint pressures inside the joint envelope, or 
the chronic damage from prior mechanical 
derangements such as a meniscal tear, hypermo-
bility, or anatomic malalignment would have 
brought to the progressive degeneration of the 
cartilage sheet that covers the bony surfaces of 
the joints, damaging, in particular, its extracellu-
lar matrix of the cartilage, especially if associated 
to a genetic alteration of its components [34]. 
This “wear and tear paradigm” was deeply con-
nected to the fact that cartilage, without blood 
vessels and nerves terminations was unable, 
when damaged, to react, as it should normally, by 
an inflammatory answer and was not able to 
repair itself due to the low metabolic capacity of 
its cells, the chondrocytes. In fact, under a load-
ing that exceeds the capacity of the tissue, degra-
dation of matrix macromolecules exceeds their 
synthesis, causing joint tissue degeneration, pos-
sibly leading to OA [35]. Over the last 20 years, 
molecular biology found that some mediators, as 
the cytokines, could increase the production of 
matrix metalloproteinases (MMPs) by chondro-
cytes, and this brought, during the following 
years, to develop a new “inflammatory” theory at 
the basis of OA pathogenesis, retaining synovitis 
one of most important features of OA, considered 
now as an inflammation-associated multifactorial 
disorder.

The Osteoarthritis Research Society 
International (OARSI) having emphasized the 
highly heterogenous phenotypical origin of OA, 
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in 2015, has led to create a new shared and 
updated definition of OA: “Osteoarthritis is a dis-
order involving movable joints characterized by 
cell stress and extracellular matrix degradation 
initiated by micro- and macro-injury that acti-
vates maladaptive repair responses including pro-
inflammatory pathways of innate immunity. The 
disease manifests first as a molecular derange-
ment (abnormal joint tissue metabolism) fol-
lowed by anatomic, and/or physiologic 
derangements (characterized by cartilage degra-
dation, bone remodeling, osteophyte formation, 
joint inflammation and loss of normal joint func-
tion), that can culminate in illness.” As per the 
definition, OA-specific manifestations of illness 
will likely differ according to OA phenotype. OA 
may be manifested by a prolonged period of mus-
culoskeletal tissue abnormalities at a molecular 
but clinically silent level that can precede the 
anatomic organ system disease and illness mani-
festations by years or even decades [36].

Scientists have concluded that inflammation 
in OA is different from that encountered in rheu-
matoid arthritis and other autoimmune diseases: 
it is chronic, comparatively low-grade, and medi-
ated primarily by the innate immune system and 
in lower size by the adaptive immune system 
[37]. So the actual frame of OA development is 
retained to be:

 1. Modification of joint loading due to a single 
important trauma or repeated microtrauma or 
aging and genetic abnormalities that cause 
damage to joint tissues and initiate cartilage 
breakdown [38].

 2. Chondrocytes release more catabolic enzymes 
as MMPs, which in turn fourthly cause carti-
lage damage [39].

 3. Release of matrix components which elicits 
inflammation [40].

 4. Activation of immune, innate, and adaptive 
response. This is the most important step that 
has modified the interpretation of OA etio-
pathogenesis based on the results of many 
studies that have confirmed a relationship 
between synovitis and cartilage deterioration 
and pain, [41, 42] infiltrate of T cells, B cells, 
and macrophages in OA patients synovial 

membrane, [43–45] retrieval of immunoglob-
ulins in OA patients cartilage, [39] synovium 
and plasma, and the confirmation of the fact 
that the complement results importantly acti-
vated in OA synovitis [46].

In fact, inflammation is encountered in the 
early stages of OA and has several specific char-
acteristics that make this form different from the 
one, high-grade, encountered during rheumatoid 
arthritis. Specifically, OA inflammation is caused 
by joint damage occurring more often in patients 
with the various risk factors identified as obesity, 
advanced age, prior trauma, joint overuse, disrup-
tion of circadian rhythms, or genetic abnormali-
ties. The body reacts to the initial damage by the 
activation of several molecular, immune and 
mechanical pathways, transducing joint trauma, 
chronic injury, or overuse damage into inflamma-
tory processes [47]. The innate immune system 
recognizes the endogenous damage-associated 
molecular patterns (DAMPs), that are molecules 
produced during tissue damage, through its 
innate immune cells like mast cells (regulators of 
vascular permeability that seem to play a crucial 
role in OA joint inflammation since they facili-
tate leukocyte infiltration) and macrophages and 
initiates a protective or reparative immune 
response normally guided by various inflamma-
tory mediators. In OA there is a prolonged or 
dysregulated activation of DAMPs, through an 
exacerbated cytokine release, that causes a 
destructive inflammation [48]. DAMPs have 
been identified in several sources: in cartilage 
ECM components (Biglycan, Fibronectin, 
Tenascin C, and LMW hyaluronic acid), in 
plasma proteins (α1 microglobulin, α2 micro-
globulin, fibrinogen), in crystals (basic calcium 
phosphate, calcium pyrophosphate dehydrate, 
uric acid) and in other sources, all of them con-
tributing to the chronic OA inflammation. Also, 
the complement system malfunction has been 
involved in OA etiology. Normally, the comple-
ment system enhances the ability of antibodies 
and phagocytic cells to clear pathogens from an 
organism through chemotaxis, exudation of 
plasma proteins at inflammatory sites, and opso-
nization of damaged cells. Interestingly, several 
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products of tissue breakdown, and especially 
ECM components, in the joint are capable of acti-
vating both DAMPs and complement, as carti-
lage oligomeric matrix protein, osteoadherin, and 
chondroadherin [49, 50].

Also, different soluble mediators of inflamma-
tion have been demonstrated to be implicated in 
OA etiopathogenesis, contributing to cartilage 
degradation and synovial cell activation. Among 
these need to emphasized several cytokines, che-
mokines, growth factors, adipokines, prostaglan-
dins, and leukotrienes that are produced by 
different cell types within the joint, including 
fibroblast-like synoviocytes and chondrocytes. 
Among the cytokines, IL-6, IL-8, and IL-15, 
have been detected in elevated levels in OA joints 
and are retained to have a catabolic role inside the 
joints (In OA joints, IL-1β and TNF amplify the 
arthritic condition by inducing the production of 
proinflammatory cytokines, such as IL-6, IL-8, 
and monocyte chemoattractant protein 1); many 
cytokines can also promote OA progression by 
inhibiting anabolic processes critical to cartilage 
homeostasis [51, 52]. Many chemokines (IL-8, 
CCL5, CCL19, CCR1, CCR2, CCR3, and 
CCR5), that represent a subset of cytokines that 
induce the recruitment and trafficking of inflam-
matory cells and mesenchymal progenitors, pro-
duced in the joint affected by OA, might facilitate 
the onset and progression of the disease [53], 
while others (stromal cell-derived factor-1—
CXCL12 ) seem to promote tissue repair [54]. 
TGF-β growth factors that work to maintain car-
tilage homeostasis have been associated with the 
development of osteophytosis and synovial fibro-
sis in OA joints [55]. The vascular endothelial 
growth factor (VEGF) generated by the inflamed 
synovium can promote angiogenesis and thereby 
facilitate infiltration of the joint by immune cells 
[56]. Also, the family of cytokines mainly derived 
from adipose tissue, namely adipokines, have 
been associated with OA [57], because part of 
them, including leptin, adiponectin, visfatin, and 
resistin, have been demonstrated to be able to 
induce the production of inflammatory mediators 
and cartilage-degrading factors, leading to chon-
drocyte degradation and the development of OA 
[57, 58]. Interesting and to be emphasized is also 

the relationship between the behavior of the 
infrapatellar fat pad as a local mediator of pain 
and inflammation in OA. Clockaerts et al. in 2010 
concluded that the infrapatellar fat pads, derived 
from the knees of patients with OA, contain an 
increased number of macrophages, lymphocytes, 
and granulocytes [59]. Studies from fat pad 
explants have demonstrated the ability of this tis-
sue to produce and secrete large amounts of 
leptin and adiponectin and various inflammatory 
mediators such as VEGF, TNFα, and IL-6 [60, 
61]. Additionally, the OA fat pad is highly inner-
vated by small C-fiber neurons containing the 
neuroinflammatory mediator and vasodilator 
Substance P that mediates not only pain sensa-
tion, but also directly acts on a variety of immune 
cells and the vascular system to induce proin-
flammatory cytokine (IL-1β and TNFα) produc-
tion and vascular leak, respectively [62]. In 
conclusion, fat pads can represent another source 
of inflammatory mediators, such as adipokines 
and neuropeptides, and of soluble mediators of 
inflammation such as IL-1β, TNFα, and IL-6.

Prostaglandins and leukotrienes are generated 
from arachidonic acid via distinct enzymatic cas-
cades that can be induced by inflammation or 
trauma. The cyclooxygenase-2 (COX-2) enzyme 
is upregulated in inflamed joint tissues and is 
responsible for elevated production of lipid medi-
ators including prostaglandins, such as PGE2, 
which promotes inflammation, apoptosis, and 
angiogenesis in the OA joint. Leukotriene B4 
(LTB4) and its metabolite LTC4, are produced by 
OA synovium and to a lesser extent OA bone and 
cartilage and acts as leukocyte chemoattractant, 
possibly stimulating the production of IL-1β and 
TNF by synovial tissues [63, 64].

As stated earlier, OA is a greatly complex dis-
ease in which the inflammatory mediators are 
released not only by cartilage, but also by bone 
and synovium and their source may differ by OA 
phenotype [65]. The OA symptom joint swelling 
is clearly related to synovitis and some studies 
have evidenced that the presence of synovitis 
observed during arthroscopies and on MRIs may 
be a surrogate marker of severity and associated 
with increased risk of radiographic evidence of 
disease progression [41, 66]. In fact, the paper by 
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Ayral et al. [41] showed, by serial arthroscopies 
performed on knees with symptomatic but prera-
diographic OA stages, the association between 
the presence of synovitis and the future develop-
ment of medial cartilage loss. Other papers have 
confirmed the onset of synovitis in the early 
stages of OA. In the study by Haywood et al. [66] 
synovial inflammation was present in many 
patients with minimal OA radiographic signs and 
in the study by Scanzello et  al. [67] in patients 
who underwent arthroscopic meniscectomy 
without evidence of radiographic OA, synovial 
inflammation was noted in 43% of cases.

In the literature, no clear explication of syno-
vitis origin is found [68]. It is thought that the 
detached cartilage fragments get in contact with 
the synovium membrane which reacts by inflam-
matory mediators production retaining the for-
eign bodies. These mediators can activate the 
chondrocytes to synthesize metalloproteinase 
enzymes and, eventually, increase cartilage deg-
radation. The same mediators can also increase 
the synthesis of inflammatory cytokines and 
MMPs by synovial cells themselves and OA 
synovitis perpetuates the cartilage degradation.

Another theory retains, instead, that synovial 
Inflammation may drive synovial angiogenesis, 
linked to OA pain, through macrophage activa-
tion [56].

As stated by Sellam and Berembaum [69], 
although synovium is not the only tissue involved 
in OA inflammation it represents a major site of 
gross and microscopic inflammatory change, 
with a hyperplasia of the tissue layers and pres-
ence of various inflammatory cells, including 
macrophages, T and B cells, and natural killer 
cells, normally absent. But we now know that OA 
disease affects the entire joint structure, because 
it really is a whole-organ disease of the joint [47, 
65]. Cartilage is involved and undergoes fibrilla-
tion and degradation, single or multiple cartilage 
defects with a possible detachment of fragments 
that cause synovium activation, bone reacts by 
subchondral bone thickening and formation of 
osteophytes; menisci present damage with tears; 
the capsule undergoes process of inflammation, 
thicknening, and hypertrophy and also ligaments 
and tendons degenerate. All these OA changes 

follow several cellular and molecular processes: 
an increase in cartilage catabolism and a con-
comitant decrease in cartilage anabolism and 
repair; hypertrophy and death of chondrocytes; 
impairment or dysregulation of autophagy; 
osteoclast-mediated remodeling of bone; and 
infiltration and activation of immune cells [65].

Imaging is greatly improving our revelation 
and identification of all tissues modifications 
involved in OA, especially in the early stages of 
OA and particularly in weight-bearing joints as 
knees and hips. In particular, MRI represents the 
main synovium examining the instrument, but 
enables also to identify the main bone early 
involvement and sign in OA as the bone marrow 
edema, that can be supposed to be the sign of 
excessive stresses delivered at the bone-cartilage 
interface [70].

Specifically looking at the knee, in 2012, 
Luyten et al. [71] have proposed a classification 
of early OA that can be defined based on clinical 
and imaging findings, and should meet three cri-
teria: (I) knee pain, (II) Kellgren-Lawrence (KL) 
(6) grade 0, I, or II (osteophytes only) using plain 
radiographs, and (III) cartilage lesion confirmed 
by arthroscopy and/or OA-related MRI findings 
such as degenerations of cartilage and meniscus, 
and/or subchondral bone marrow lesions (BMLs).

MRI features of degenerative changes of the 
cartilage, BMLs, and/or meniscus are based on 
the Boston Leeds Osteoarthritis Knee Score 
(BLOKS), the Whole Organ Magnetic Resonance 
Imaging Score (WORMS), and their compari-
sons. Specifically, to confirm an early OA at least 
two of the four following items need to be 
fulfilled:

• Cartilage morphology scores: at least grade 3 
(WORMS grade 3–6); Cartilage Score 1: at 
least grade 2 (BLOKS grade 2 and 3); 
Meniscal tears: at least grade 3 (BLOKS grade 
3 and 4);

• BML: at least WORMS grade 2.

After this classification, interest has grown in 
diagnosing early OA in order to prevent or slow 
the progression of this pathology and improve 
cartilage defects and osteochondral degenerative 
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changes treatments. This improved interest has 
brought to develop and evaluate cartilage compo-
sitional MRI techniques such as T1rho (T1ρ), T2 
and delayed gadolinium-enhanced MRI of carti-
lage (dGEMRIC) that have proven to be sensitive 
to the alteration in cartilage extracellular matrix 
(ECM) composition therefore possibly allowing 
to detect molecular changes before appearance of 
gross morphological changes.

MRI is more sensitive to identify bone struc-
ture changes than radiographic findings. Schiphof 
et  al. compared the findings between MRI and 
plain radiograph in a population-based study and 
concluded the definition of knee OA based on 
MRI more sensitively detected structural knee 
OA than the definition based on plain radiograph 
[72]. Zhu et al. [73] have performed a prospective 
cohort study of 895 participants, showing that 
85% had MRI-detected osteophytes at baseline 
while only 10% were detected by radiographs. 
This has led Nagai et al. in their review to con-
clude that “MRI is a tool that provides useful 
information for early OA diagnosis. Although 
MRI is not recommended for now to diagnose 
early knee OA in daily clinical practice, because 
of lack of validated consensus criteria and the 
frequent prevalence of structural knee joint 
changes with MRI, the literature suggests that 
such MRI-detected lesions may represent early 
knee OA, and add support for the investigation of 
intervention effectiveness at the early stage of 
OA, including several advantages, including the 
absence of radiation exposure” [74].

As seen, many are the pathways by which 
inflammation intervenes and represents one of 
the major determining causes of cartilage break-
down and OA.  The inflammatory mediators 
change the normal rules of cellular biology and 
through these processes, chondrocytes modify 
their function and their differentiation rates, 
catabolism prevails on anabolism: time passes, 
OA inflammation and process progress and end 
in the increase of oxidative stresses and in the 
entire joint degeneration. Additional studies have 
also shown that it is not just a matter of local 
inflammation, but also of systemic inflammation, 
as may be in obesity and certain chronic diseases, 
may contribute to OA pathogenesis.

Nowadays, have these new informations and 
theories been able to change our therapeutical 
approach to cartilage repair? The present autho-
rized treatment protocols rely only on symptom- 
modifying agents, such as analgesics, NSAIDs, 
steroids, and hyaluronic acid until the OA pro-
gression requires surgical procedures, from 
orthobiologics, biological repair, and partial 
resurfacing procedures to total joint arthroplas-
ties. Several promising findings showing disease- 
modifying effects of inhibitors of low-grade 
inflammation, such as growth factors, cytokines, 
MMP inhibitors, strontium ranelate, infliximab, 
pralacasan, FGF18, etoricoxib, flavocoxid and 
licofelone, and many others, in animal models of 
OA warrant follow-up in human clinical trials 
hoping to be able to establish new treatment para-
digms that may modify the disease development 
and progression.

In 2007, Felson and Kim [75] already con-
cluded their work affirming that OA is a final 
common pathway following many predisposing 
factors and thus therapeutics may just have lim-
ited efficacy in all those patients with preexist-
ing joint damage, biomechanical predisposition, 
or obesity, especially in those with relatively 
advanced OA.  This means that the more 
advanced is the OA process less chance will the 
patients have to be treated by new recent 
advanced molecular or orthobiological anti-
inflammatory and regenerative interventions 
described earlier. So all our efforts need to be 
devoted to anticipate the diagnosis, identify 
early stages of cartilage breakdown, and OA in 
order to be able to develop and then prescribe 
specific anti-inflammatory interventions with 
greater hope of success, and promote and adopt 
new orthobiological tissue treatments favoring 
both inflammation reduction and cartilage dam-
aged tissue regrowth and repair. Among these 
efforts need to be included the need for an 
increasing appreciation of clinical risk factors, 
an augmented ability to identify and quantify 
synovial inflammation, degeneration, and 
hypertrophy, increased use and continuously 
adjourned validation of modern and new highly 
sensitive imaging modalities capable of visual-
izing cartilage damage at the earlier ICRS 
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 classification stages, before the onset of irre-
versible joint failure.
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23.1  Introduction

Articular cartilage lesions of the glenohumeral 
joint are thought to be rare and often diagnosed 
incidentally during arthroscopy for treatment of 
concomitant shoulder pathology. Recent advance-
ments in imaging and increased awareness of the 
pathology among clinicians have resulted in an 
increase in the diagnosis of these lesions. 
Although there exists an abundance of high- 
quality data analyzing the various treatment 
options for management of chondral lesions in 
other joints, such as the knee and ankle, there is a 
surprising lack of similar data pertaining to the 
shoulder. As a result, clinicians are often forced 
to base treatment of the glenohumeral joint on 
outcomes from knee/ankle literature. Many treat-
ment options, both nonoperative and surgical, 
have been described to address this issue [1–6]. 
In this chapter, the authors will discuss the evalu-

ation and management of symptomatic, focal 
chondral, and osteochondral defects of the gleno-
humeral joint. The management of high-grade 
degenerative chondrosis and osteochondral 
defects for treatment of shoulder instability will 
not be covered as these topics represent a sepa-
rate entity and merit their own discussion.

23.2  Anatomy

The glenohumeral joint is a non-weight-bearing 
ball and socket joint with the most mobility of 
any joint in the body. The articulating portions of 
the humeral head and glenoid fossa are lined with 
articular cartilage, which plays an important role 
in reducing the friction of the bones as they glide 
over each other [7]. An anatomic study which 
analyzed the articular geometry of the joint 
revealed that the humeral head and glenoid are 
exceedingly congruent with difference of radius 
of curvature less than 3 mm in all shoulders ana-
lyzed and less than 2  mm in 88% of shoulders 
analyzed [8]. Furthermore, the mean thickness of 
cartilage on the glenoid was found to be 2.16 mm 
versus 1.44 mm for the humeral head. The thick-
ness of the cartilage on the glenoid was greater 
peripherally whereas the opposite was true for 
the humeral head [8]. The avascularity of articu-
lar cartilage results in a limited capacity for 
intrinsic healing and repair [9].
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23.3  Etiology

Focal chondral defects of the glenohumeral joint 
are typically the result of an injury or pathology 
of the humerus or glenoid. Perhaps the most 
well-described cause is trauma due to acute or 
recurrent shoulder instability [10–13]. The Hill- 
Sachs lesion, or osteochondral defect of the 
 posterolateral humeral head, has been reported to 
be present in 40–90% of acute dislocations and 
100% of the time in patients with recurrent insta-
bility [14, 15]. In one study, Hinterman et al. per-
formed arthroscopic examination of 212 patients 
with at least one documented shoulder disloca-
tion. They found that 68% of patients had evi-
dence of a Hill-Sachs lesion and 46% of patients 
had evidence of cartilage defects at other loca-
tions within the joint [12]. Another study reported 
Hill-Sachs lesions were found in 60.5% of shoul-
ders and chondral lesions of the glenoid in 23% 
of shoulders during arthroscopic examination 
[13]. Although no definitive causal relationship 
has been established, focal chondral defects in 
the glenohumeral joint are often found when 
treating concomitant pathology such as rotator 
cuff tears or superior labrum anterior to posterior 
(SLAP) tears. Miller et al. reported on glenohu-
meral abnormalities associated with full- 
thickness rotator cuff tears and found Outerbridge 
grade III or higher lesions in 28 out of 100 shoul-
ders [16]. This was supported by Gartsman et al. 
who found minor cartilage lesions in 8.5% and 
major lesions in 4.5% of patients undergoing sur-
gical repair of rotator cuff tears [17]. During 
arthroscopic examination of patients with inter-
nal impingement syndrome, 17% of shoulders 
were found to also have osteochondral lesions of 
the humeral head near the insertion of the supra-
spinatus [18]. Similarly, chondral defects were 
found in 52% of patients with type II SLAP 
lesions at the time of arthroscopic examination. 
The defects were present adjacent to the biceps 
tendon on the humerus and along the anterior 
aspect of the glenoid [19]. Osteochondritis dis-
secans lesions have also been reported in the 
humeral head, albeit much less commonly than in 
the knee, elbow, and ankle [20–22]. These lesions 
tend to occur more often in middle-aged males 

and are typically encountered in the anterosupe-
rior or less commonly posterosuperior part of the 
humeral head [23]. The final major contributor to 
the development of glenohumeral chondral 
defects involves iatrogenic injury during prior 
surgical procedures [24–27]. These injuries can 
be the result of mechanical damage from surgical 
instruments or improperly placed implants or 
chondrolysis due to thermal ablation or continu-
ous administration of local anesthetics through a 
pump.

23.4  Classification

There is not a classification system tailored spe-
cifically for glenohumeral joint chondral defects. 
Consequently, the Outerbridge and International 
Cartilage Repair Society(IRCS) Hyaline 
Cartilage Lesion grading scales are used. In the 
Outerbridge classification, grade 0 refers to nor-
mal cartilage, grade 1 has softening and swelling 
of the cartilage, grade 2 has fissuring up to half 
the depth of the cartilage, grade 3 has fissuring 
involving more than half the depth of the carti-
lage, and lastly grade 4 involves full-thickness 
loss of cartilage down to the level of subchondral 
bone [28]. The International Cartilage is a modi-
fication of the Outerbridge classification which 
uses arthroscopic findings to expand upon it with 
more subclassifications [29].

23.5  History and Physical Exam

A thorough history should be obtained as part of 
the workup of a patient presenting with shoulder 
pain. Details regarding the character, duration, 
and location of the pain are important. Any his-
tory of recent or remote shoulder trauma should 
also be ascertained. Special consideration should 
be provided for prior instability episodes given 
the high rate of osteochondral injury associated 
with instability of the shoulder. Oftentimes, it is 
difficult to differentiate a symptomatic chondral 
lesion of the glenohumeral joint from concomi-
tant pathology. Patients may complain of 
mechanical symptoms such as clicking/catching 
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or a vague, ill-defined pain deep in the shoulder. 
This is in contrast to the lateral-based pain that is 
classic for patients with rotator cuff pathology. 
Additionally, information regarding prior surgi-
cal procedures or injections to the ipsilateral 
shoulder should be obtained as chondral injuries 
can be iatrogenic. Lastly, it is important to 
 understand what treatment modalities have 
already been attempted to address the current 
symptoms.

Given the lack of highly sensitive or specific 
examination tests for focal chondral defects, the 
goal of the physical exam in patients where chon-
dral injury is suspected is often to rule out other 
causes of pain. A standard examination of the 
neck and shoulder should be performed including 
basic components such as inspection, palpation, 
range of motion, and strength. Special tests for 
impingement, rotator cuff, biceps, and instability 
should also be performed as needed based on pre-
viously obtained history. Although an audible 
crepitus with circumduction of the shoulder can 
be caused by a multitude of factors, irregularity 
of the glenohumeral joint surface due to a chon-
dral defect should strongly be considered. The 
compression rotation test, as described by Ellman 
et  al., can also be used to help identify lesions 
[30]. In this test, the patient is placed in the lateral 
decubitus position with the painful shoulder side 
up. A medially directed force is then applied to 
the shoulder to load the joint and the patient is 
asked to rotate the shoulder with the elbow bent. 
A positive test is when the maneuver reproduces 
pain or crepitus.

23.6  Imaging

A standard radiographic workup including 
Grashey, scapular-Y, and axillary views should 
be obtained during the initial assessment of the 
patient. These views can be used to assess for evi-
dence of degenerative changes such as joint space 
narrowing, osteophytes, subchondral sclerosis/
cysts. If there is suspicion of bone loss, Stryker 
notch and West Point views can also be obtained 
to assess for Hill-Sachs lesions or anterior gle-
noid bone loss, respectively. Additionally, if an 

axillary view is not feasible due to patient dis-
comfort, a Velpeau view can be obtained instead.

CT scan imaging may also be a useful modal-
ity to assist in the evaluation of patients with 
shoulder pain and concern for potential osteo-
chondral injuries. CT imaging can provide an 
accurate assessment of the degree of bony 
involvement in suspected osteochondral injuries 
which can aid in surgical planning. CT arthrogra-
phy has also been validated as an effective means 
of detecting moderate to large chondral defects of 
the glenohumeral joint [31].

MRI is the gold standard of imaging chon-
dral lesions as it can be used to evaluate for con-
comitant pathology as well. Although MRI 
allows for excellent visualization of the articular 
cartilage of the humeral head and glenoid, it is 
easy to overlook evidence of chondral injury 
unless the examiner is specifically looking for it 
[32]. One reason why the observer needs a high 
index of suspicion is that the thickness of the 
articular cartilage layer in the glenohumeral 
joint is much less than other joints such as the 
knee. Typical MRI findings of cartilage lesions 
include contour deformities with areas of abnor-
mal signal intensity with possible underlying 
bony edema based on the chronicity of the 
injury [33]. Denti et  al. [34] reported a 60% 
accuracy and 87% sensitivity for detecting 
osteochondral injuries of the humeral head with 
non-arthrographic MRI. Another study investi-
gated the detection of glenohumeral cartilage 
lesions on MRI, reporting a sensitivity of 53%, 
specificity of 87%, and accuracy of 77% [35]. 
Intra-articular contrast may result in improved 
detection of chondral lesions. Additionally, new 
cartilage-specific sequences and protocols are 
being developed to further improve detection 
and assessment [32, 36–38].

23.7  Treatment Options

23.7.1  Nonoperative Management

Given the vast majority of chondral lesions are 
asymptomatic, a trial of nonoperative manage-
ment is indicated as the first line of treatment for 
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patients with these lesions. Conservative man-
agement includes NSAIDs, physical therapy, 
and intra-articular injections. Although there are 
no randomized controlled trials demonstrating 
efficacy of NSAIDs in the treatment of shoulder 
pain, there is data to suggest that upwards of 50% 
of patients will experience some improvement 
in pain [39, 40]. Physical therapy is an essential 
component of nonoperative management as it 
may address concomitant pathology in the shoul-
der contributing to the patient’s symptomology. 
Therapy should focus on stretching to improve 
range of motion as well as strengthening of the 
periscapular, deltoid, and rotator cuff musculature.

A variety of different injections have been 
described for the management of articular carti-
lage defects, including corticosteroids, hyal-
uronic acid, platelet-rich plasma, and 
mesenchymal signaling cells. Much of the data 
behind these modalities is derived from other 
joints, but there is emerging evidence specific to 
the glenohumeral joint [41, 42]. Hyaluronic acid 
(HA) is a component of native articular cartilage 
that is thought to increase the viscosity and elas-
ticity of synovial fluid [41]. Blaine et  al. con-
ducted a randomized controlled trial comparing 
the injection of HA to a placebo consisting of 
phosphate-buffered saline (PBS) in patients 
with persistent shoulder pain. Although they did 
not detect a statistically significant difference in 
outcomes at 13  weeks posttreatment, the HA 
groups did outperform the control group at 
26 weeks posttreatment [43]. Of note, this study 
was not specific to patients with glenohumeral 
chondral defects and included all patients with 
shoulder pain. In a recent meta-analysis that 
analyzed the outcomes of HA for treatment of 
glenohumeral osteoarthritis, the authors failed 
to detect a difference in outcomes compared to 
injection of placebo [44]. Several studies have 
compared the efficacy of HA and corticoste-
roids. In one such study, Merolla et al. compared 
intra-articular injection of HA to methylpred-
nisolone and assessed outcomes at multiple time 
points. They found that the HA group had 

decreased pain levels at 6 months whereas the 
corticosteroid group did not [45]. The data sup-
porting use of platelet- rich plasma and mesen-
chymal signaling cells for management of 
glenohumeral chondral defects is even more 
sparse. There is one uncontrolled case report 
which describes the use of three intra- articular 
PRP injections (each spaced 1 week apart) for 
the treatment of glenohumeral OA. At the final 
follow-up of 42 weeks, the patient experienced 
a significant decrease in VAS and DASH scores 
[46]. The rest of the evidence for use of PRP and 
MSCs comes from data related to management 
of knee OA [47–50].

23.7.2  Surgical Management

When appropriate nonoperative treatment of 
symptomatic chondral/osteochondral glenohu-
meral lesions is not effective, surgical manage-
ment may be considered. Some of the described 
surgical procedures to treat these lesions include 
debridement, microfracture, osteochondral 
autograft/allograft transplantation, autologous 
chondrocyte implantation (ACI), and resurfac-
ing. When attempting to determine which pro-
cedure is most appropriate for a given patient, 
some important factors to consider include over-
all size and depth of the lesion, location of the 
lesion, containment, involvement of the subchon-
dral bone, and previous surgical management. 
Positive prognostic indicators for any surgical 
procedure include size of the lesion <2 cm2 and 
unipolar lesions involving the humeral head [2, 
51]. In their review article, Elser et  al. propose 
a rudimentary algorithm for surgical manage-
ment of chondral lesions of the humeral head 
(Fig.  23.1) [5]. The algorithm is based on the 
size of the lesion and presence of bony involve-
ment. For focal lesions, they advocate for treat-
ment options such as debridement, microfracture, 
OATS, or ACI.  For larger lesions with signifi-
cant bone loss, they recommend osteochondral 
allografts or resurfacing.
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23.8  Arthroscopic Debridement

Arthroscopic debridement is often employed as a 
first line of surgical management of symptomatic 
chondral lesions as it is not technically demand-
ing and requires no extra equipment or implants. 
Debridement is typically performed with the use 
of a mechanical arthroscopic shaver and/or sharp 
curettes, which are generally part of shoulder 
arthroscopy instrumentation sets. The goal of this 
procedure is to remove any loose flaps or unsta-
ble edges of unhealthy cartilage that may be the 
source of mechanical symptoms and reduce the 
chance of propagation of the lesion. In cases 
where full-thickness chondral defects are encoun-
tered, debridement can be performed to create 
vertical shoulders of healthy cartilage around the 
defect. Biomechanical studies have shown that 
vertical shoulders around an area of cartilage loss 
allow a more normal transfer of load to the sur-
rounding cartilage as compared to a tapered tran-
sition. This procedure is commonly performed 
for incidental chondral defects that are found 
when treating concomitant pathology within the 
shoulder.

Much of the reported data with respect to 
arthroscopic debridement of the glenohumeral 
joint involves patients with glenohumeral arthri-
tis. Since this represents a distinct pathology 

from that of the focal chondral defect, results 
should be interpreted cautiously as outcomes 
may appear worse due to a higher degree of base-
line dysfunction in patients with glenohumeral 
arthritis. In a case series of 33 patients, Skelley 
et  al. reported on the outcomes of isolated 
arthroscopic debridement and capsular release 
for the management of glenohumeral osteoarthri-
tis. Although there was an initial improvement in 
range of motion and pain scores, patients returned 
to their baseline levels by 3.8 months postopera-
tively. Furthermore, 60% of patients reported that 
they were unhappy with the outcome and 42% 
went onto subsequent arthroplasty [52].

In contrast to these findings, several other 
studies have shown good outcomes after 
arthroscopic debridement [53–56]. In one such 
study, the authors report good or excellent out-
come in 80% of patients who underwent 
arthroscopic debridement to treat early glenohu-
meral osteoarthritis [54]. Kerr et al. also reported 
good outcomes after arthroscopic debridement. 
Interestingly, although bipolar lesions involving 
the glenoid and humeral head were associated 
with worse outcomes, high-grade unipolar chon-
dral lesions were not [53]. In a retrospective 
study of 81 patients who underwent arthroscopic 
debridement for isolated degenerative joint dis-
ease of the shoulder, Van Thiel et  al. reported 

Fig. 23.1 Osteochondral Allograft. Left: Large defect 
seen along the periphery of the humeral head in the pic-
ture to the left. Right: Osteochondral allograft has been 

placed into the defect with provisional K-wire fixation. 
(Photos courtesy of Matthew Provencher, MD.)
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generally good outcomes. The average ASES, 
Simple Shoulder Test, and VAS scores all 
improved at mean follow-up of 27 months post- 
procedure. Additionally, the range of motions 
improved significantly with respect to flexion, 
abduction, and external rotation. Lastly, they 
reported that risk factors for eventual conversion 
to arthroplasty included grade IV bipolar chon-
dral loss, joint space of less than 2 mm, and pres-
ence of large osteophytes. It is important to note 
that in addition to debridement of the chondral 
lesions, other procedures such as capsular release, 
biceps tenotomy, subacromial decompression, 
and loose body removal were also performed in 
the same setting. Therefore, it is unclear whether 
the improved outcomes were the result of the 
debridement or other procedures [56].

There has been some conflicting data regard-
ing the expected duration of symptomatic relief 
after arthroscopic debridement. In a recently pub-
lished systematic review, Williams et al. investi-
gated the outcomes and survivorship after 
arthroscopic treatment of glenohumeral arthritis 
[57]. While they found that symptomatic relief 
generally lasted a minimum of 6  months, the 
average and/or maximum duration of benefits 
was extremely variable. Mean time to conversion 
to arthroplasty ranged from 9  months to 
56  months. There was significant heterogeneity 
among the studies in terms of the exact proce-
dures performed and patient selection criteria, 
which made comparison difficult. The study that 
had the strictest inclusion criteria (excluded treat-
ment of concomitant pathology in the same set-
ting as the debridement) had among the highest 
failure rate and lowest mean duration of positive 
results postoperatively. Taken collectively, it 
appears that the benefit of arthroscopic debride-
ment appears to wane after approximately 
2 years.

23.9  Microfracture

Microfracture is a surgical technique that has 
been studied extensively for chondral lesions in 
the knee and is starting to gain acceptance for use 
in the glenohumeral joint [58, 59]. The technique 

in the shoulder is identical to the knee and can 
also be performed arthroscopically. The chondral 
defect is first debrided down through the calcified 
layer at the base of the lesion. Vertical walls are 
then created to shoulder the lesion. This tech-
nique requires a well-shouldered lesion in order 
to contain the resulting fibrin clot and thus it can-
not be performed in unconstrained lesions. Next, 
a tapered awl is used to create holes down into 
the subchondral bone and allow release of the 
marrow elements into the defect. The holes are 
typically created a minimum of 2–3  mm apart 
and to a depth of about 4–6 mm. The blood clot 
slowly remodels into fibrocartilaginous tissue as 
opposed to the hyaline cartilage that it is replac-
ing. The fibrocartilaginous tissue has been found 
on histological analysis to be composed primar-
ily of type I collagen as opposed to the type II 
collagen that predominates in articular cartilage. 
As a result, the wear properties and overall 
strength of the tissue are inferior to native articu-
lar cartilage. A variation of the technique involves 
drilling into the subchondral bone instead of 
using an awl. This can be performed utilizing a 
standard Kirschner wire or a motorized pick. The 
benefit of drilling is that it allows the release of 
the marrow elements without causing impaction 
of the surrounding subchondral bone as with the 
use of an awl. This impaction injury to the sub-
chondral bone has been shown to stimulate a 
fracture-like healing response and can lead to the 
formation of heterotopic bone in the defect site. 
Although various postoperative rehabilitation 
protocols have been proposed, most allow full 
active and passive motion of the shoulder imme-
diately after surgery [60]. Since the shoulder 
does not experience the same loading forces as 
the knee, weight-bearing through the shoulder is 
allowed.

In a case series of 31 shoulders, Millet et al. 
reported on their outcomes after performing 
microfracture for full-thickness articular carti-
lage defects in the glenohumeral joint [61]. Of 
the 31 shoulders, 6 underwent treatment for bipo-
lar lesions, 13 for isolated glenoid lesions, and 12 
for isolated humeral head lesions. Although 6 out 
of 31 shoulders (19%) treated were considered 
failures as they needed a subsequent surgical pro-
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cedure, the rest did well. When analyzing the 
shoulders that did not require further surgery, 
there was a significant improvement in postoper-
ative ASES score, pain score, and overall patient 
satisfaction level as compared to preoperative 
values. The greatest improvement in scores was 
achieved in patients with isolated lesions of the 
humeral head.

In another case series, Frank et  al. reported 
on short-term outcomes after microfracture of 
glenohumeral chondral defects in 17 shoulders 
(16 patients) [62]. The average size of the 
defects was 5.07  cm2 for humeral lesions and 
1.66 cm2 for glenoid lesions. Two patients were 
lost to follow- up. The mean follow-up for the 
remaining patients was 27.8  months. Three 
patients went on to subsequent surgery and were 
considered to have failed treatment. When ana-
lyzing outcomes for the remaining 12 shoulders, 
the authors found that there was a significant 
decrease in VAS after surgery from 5.6 to 1.9. 
There were also statistically significant improve-
ments in ASES (44.3–86.3) and SST (5.7–10.3) 
scores. Although the authors claim that 92.3% 
of patients felt they were satisfied with the out-
come and would do the surgery over again, this 
is misleading because they chose to exclude the 
three patients that failed treatment. It is likely 
that these patients would have reported dissatis-
faction with the surgery, which would dramati-
cally negatively impact the overall satisfaction 
rate. The authors of this study subsequently 
published a follow-up study reporting long-term 
outcomes of the same cohort of patients at an 
average of 10  years following surgery [63]. 
Although there were no significant changes in 
the values of the VAS, ASES, or SST scores 
between the short-term and long-term follow- up 
time points, the survivorship was only 66.7%. 
Of the patients who failed treatment, three went 
on to subsequent arthroplasty or resurfacing and 
two were unsatisfied with the surgery and were 
considering other surgical options.

Snow and Funk published a case series of 
eight patients who underwent arthroscopic 
microfracture for the treatment of full-thickness 
chondral lesions which were less than 4 cm2 in 
size [64]. At mean follow-up of 15.4 months, the 

patients showed significant improvement in 
Constant and Oxford scores as compared to pre-
operative values. Two of the patients underwent 
reoperation for unrelated reasons and the lesions 
showed good filling of the defects with 
fibrocartilage.

When analyzing the results of the studies, it 
does appear that microfracture is a reasonable 
first-line option for the management of chondral 
defects in the glenohumeral joint. Although the 
results of the surgery tend to be durable in those 
patients who experience improvement in symp-
toms, there is a potentially large cohort of patients 
who do not seem to respond to microfracture.

23.10  Osteochondral Autograft 
Transfer

Osteochondral autograft transfer is a surgical 
technique in which one or more cylindrical osteo-
chondral plugs are harvested from the patient and 
transferred into a separate chondral defect. 
Typically, the plugs are harvested from a less 
weight-bearing portion of the knee such as the 
periphery of the trochlea and intercondylar notch. 
The donor plugs are slightly larger in diameter 
than the defect size, which allows press-fit fixa-
tion without the need for supplementary internal 
fixation with hardware. This can be accomplished 
with the use of specialized instrumentation that 
allows for the precise formation of cylindrical 
plugs of specific diameter and depth. It is criti-
cally important that the plugs be harvested and 
placed in a manner that is orthogonal to the artic-
ular cartilage. This prevents graft obliquity and 
mismatch of contour between the graft and sur-
rounding cartilage. Due to the inherent con-
straints of donor site morbidity when harvesting 
plugs, typically no more than three plugs can 
safely be obtained. Therefore, this technique is 
best utilized on smaller lesions between 0.5 cm2 
and 2  cm2, although it can be attempted for 
slightly larger lesions. The primary advantages of 
the technique involve transfer of viable chondro-
cytes into the defect site, which results in forma-
tion of hyaline cartilage as opposed to 
fibrocartilage. Additionally, the procedure can be 
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performed as a single stage. The main disadvan-
tage is the donor site morbidity and the need to 
harvest plugs from an uninvolved knee. Also, in 
order to gain full access to the joint, this proce-
dure typically requires an open approach as 
opposed to arthroscopic.

In a case series of eight patients, Scheibel 
et  al. described the outcomes after osteochon-
dral autograft transplant of full-thickness articu-
lar cartilage defects in the shoulder [65]. The 
lesions, which had an average size of 1.5 cm2, 
were present on the humeral head in seven cases 
and on the glenoid in one. The grafts were har-
vested from the outer edge of the lateral femoral 
condyle and open arthrotomies were performed 
on both the knee and shoulder. The authors 
reported a  significant improvement in Constant 
score at the time of final follow-up. MRIs were 
obtained postoperatively for all patients and 
osteointegration of the graft was noted in all but 
one shoulder. Additionally, second-look arthros-
copy was performed in two cases 6 months post-
operatively. In both cases, the graft appeared 
grossly intact with only minor grade I 
Outerbridge changes present at the defect site. 
Although the patients seemed to demonstrate 
improvement in symptoms following the proce-
dure, routine follow-up X-rays of the shoulder 
showed progression of osteoarthritic changes in 
all cases. Furthermore, 1 of the 8 patients had a 
poor result with respect to function of the knee 
as measured by the Lysholm score. The patient 
subsequently underwent two additional surgical 
debridement procedures for the knee due to 
recurrent pain and effusion.

The senior authors of the previous paper later 
published a long-term follow study on the same 
group of patients with a mean follow-up time of 
8.75 years [66]. One of the eight patients was lost 
to follow-up. They found that the Constant scores 
continued to improve until the final follow-up 
and the Lysholm scores remained steady from the 
previously reported values. Although there was a 
significant progression of osteoarthritis of the 
glenohumeral joint from preoperative level to 
final follow-up, it did not appear to be directly 
related to the defect size, number of plugs used, 
or the Constant score. Follow-up MRI scans 

showed successful osseous integration of all the 
plugs and congruent joint surfaces in all but one 
patient.

Although the procedure is most commonly 
described using an open approach for the shoul-
der, Park et al. reported their experience utilizing 
an all arthroscopic approach for both the knee 
and shoulder [67]. In the case report, a 10 mm 
osteochondral plug was harvested from the non- 
weight- bearing portion of the lateral femoral 
condyle of the ipsilateral knee and transferred to 
the 9 mm defect in the humeral head. A second 
look arthroscopy was performed for both the 
knee and the shoulder and the donor and defect 
site were both healed and covered with congruent 
articular cartilage. At the time of final follow-up 
(2.5  years), the patient was asymptomatic with 
good functional use of the shoulder.

23.11  Fresh Osteochondral 
Allograft Transfer

Fresh osteochondral allograft transplantation is a 
technique that closely resembles that of the 
osteochondral autograft transfer. Instead of using 
plugs harvested from another site in the body, 
fresh allograft tissue is used. This prevents the 
complications associated with donor site morbid-
ity and results in a shorter surgical time. The use 
of allograft tissue also allows for the treatment of 
larger defects since there is no restriction on the 
size or quantity of osteochondral plugs harvested 
[4]. As such, osteochondral allograft transplanta-
tion is often used for defects larger than 2  cm2 
and uncontained defects at the periphery of the 
humeral head or glenoid (Fig. 23.1).

In order to match the geometry of the defect 
site as closely as possible and prevent incongru-
ence of the articular surface, the allografts should 
be side- and size-matched to the patient based on 
preoperative imaging. For the glenohumeral joint 
this often requires obtaining a CT scan for maxi-
mal accuracy however standard radiographs may 
suffice in other joints such as the knee [68]. While 
allograft humeral heads are readily available, 
allograft glenoid is not commercially available at 
this point. Since the contour and geometry of the 
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distal tibial closely match that of the glenoid, dis-
tal tibia allografts may be used for glenoid 
defects. In order to ensure maximal donor chon-
drocyte viability, the graft must be implanted no 
longer than 28 days after procurement. Given that 
the testing process for infectious organisms can 
take up to 14 days, this only leaves the surgeon 
with a 2-week window to use the graft; therefore, 
all operative arrangements and insurance authori-
zation must be finalized before accepting the 
graft [68].

While the outcomes of osteochondral 
allograft transplantation for treatment of shoul-
der instability are well-documented, there is a 
relative paucity of literature in its use for the 
treatment of symptomatic chondral defects of 
the  glenohumeral joint [69–71]. Specifically, a 
systematic review analyzing the outcomes of 
osteochondral allograft transplantation for treat-
ment of large Hill-Sachs lesions in the setting of 
instability revealed improvement in range of 
motion, ASES scores, patient satisfaction, and 
return to work rates [72]. On a technical note, 
Wang et  al. describe their technique for the 
treatment of a posterior chondral defect of the 
humeral head caused by anchor arthropathy 
after failed SLAP repair [73]. They utilized an 
open deltopectoral approach to the shoulder and 
used a cannulated coring drill system to harvest 
the graft and prepare the defect site. The postop-
erative rehab protocol included a 4 week period 
of sling immobilization in order to allow heal-
ing of the subscapularis repair. Aggressive 
strengthening involving internal rotation was 
started at 12 weeks. A virtually identical tech-
nique was used by Johnson et al. to treat a 2 cm 
diameter OCD lesion of the humeral head in a 
19-year-old patient. At the time of final follow-
up 3 years postoperatively, the patient had a full 
pain-free arc of motion and had returned to all 
preinjury activities without any difficulty [22].

In the only case series related to the treat-
ment of symptomatic glenohumeral chondral 
defects with fresh osteochondral allograft, Riff 
et  al. reported their midterm outcomes (mean 
follow- up time of 67  months) for 20 patients 
[74]. The average age of the patients was 
24.8 years and 11 patients underwent concomi-

tant glenoid surgery (microfracture or soft tissue 
resurfacing) in addition to humeral head osteo-
chondral allograft transplantation. Eighteen out 
of 20 patients had successful graft incorporation 
and four patients went on to shoulder arthro-
plasty at a mean of 25 months postoperatively. 
Eleven out of the 20 patients reported that they 
were satisfied with their outcome. The authors 
also reported significant improvement in several 
patient-reported outcome scores such as the 
VAS, SST, ASES, and SF-12. Of note, patients 
who had a history of intra-articular pain pump 
use experienced lower satisfaction and trended 
towards worse outcomes compared to the rest of 
the cohort.

23.12  Autologous Chondrocyte 
Implantation

Autologous Chondrocyte Implantation (ACI) is 
a technique that was first described by Brittberg 
et al. in 1994 in which cartilage defects are cov-
ered by autologous chondrocytes that have been 
cultured in  vitro [75]. It is a two-stage proce-
dure. The first stage involves harvesting a carti-
lage biopsy from a non-weight-bearing portion 
of a joint, most commonly from the intercondy-
lar notch in the knee. The biopsy is transferred 
to a laboratory where the chondrocytes are iso-
lated via enzymatic digestion and expanded to 
achieve a final concentration of ideally 
2–3  ×  107  chondrocytes/ml. There have been 
several iterations of the ACI technique however 
in the current (third- generation) version, the 
chondrocytes are then directly seeded in a 
monolayer onto a biodegradable porcine type I/
III collagen scaffold which can be placed 
directly on the chondral defect and secured with 
fibrin glue or sutures. In previous generations of 
the technique, a periosteal flap had to be har-
vested and placed over the defect to contain the 
chondrocytes since they were in a liquid suspen-
sion. This technology produces a 3D collagen 
scaffold with the chondrocytes cultured directly 
into the membrane. This results in equal distri-
bution of the chondrocytes throughout the mem-
brane and the 3D nature of this construct 
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prevents chondrocyte dedifferentiation and loss 
of phenotype [76, 77]. This technique is most 
applicable to larger chondral lesions greater 
than 2  cm2 which do not have significant 
involvement of the underlying subchondral 
bone. The advantage of this technique over oth-
ers such as microfracture is that it results in the 
formation of hyaline-like cartilage as opposed 
to fibrocartilage [78].

Although ACI has been proven to be an 
effective surgical option for the treatment of 
chondral lesions in the knee, there is much 
less data on outcomes when treating these 
lesions in the glenohumeral joint [79–81]. One 
of the first descriptions for the use of ACI in 
the shoulder was a case report published by 
Romeo et al. [82] The authors performed first-
generation ACI for treatment of 3.3 × 1.5 cm 
defect of the humeral head. Twelve months 
postoperatively, the patient had a full, pain-
free range of motion and no complaints of pain 
at rest or during activities.

In a case series of four patients, Buchmann 
et al. utilized third-generation ACI for treatment 
of full-thickness chondral defects of the humeral 
head and glenoid [83]. Three of the patients had 
humeral lesions measuring 6 cm2 and the other 
patient had a glenoid lesion measuring 2  cm2. 
Cartilage biopsies were obtained from the ipsi-
lateral shoulder during an initial diagnostic 
arthroscopy procedure and the subsequent carti-
lage procedure was performed by the senior 
author using an open deltopectoral approach to 
the shoulder. At a mean follow-up of 
41.3  months, all the patients had satisfactory 
shoulder function with mean VAS, Constant, 
and ASES scores of 0.3, 83.3, and 95.3, respec-
tively. Of note, preoperative scores were not 
reported which makes it difficult to appreciate 
how much benefit the patients experienced as a 
result of the surgery. All of the patients under-
went follow-up MRI which showed satisfactory 
defect coverage with fibrocartilaginous repair 
tissue.

In a slightly larger case series of seven 
patients, Boehm et al. performed ACI using 3D 
spheroids to treat full-thickness chondral defects 
of the humeral head. The median defect size was 

3  cm2 and the procedure was performed 
arthroscopically in some cases and open in oth-
ers, depending on the ability to easily access the 
lesions arthroscopically. At a median follow-up 
time of 32  months, the median Subjective 
Shoulder Value was 95% as compared to a 
median preoperative value of 60%. Additionally, 
the median postoperative VAS, Constant, and 
ASES scores were 0, 95, and 97, respectively. A 
second look arthroscopy was performed in five 
patients at a median of 6  months postopera-
tively. On arthroscopic examination, compete 
coverage of the defect was observed in four 
patients and the other patient has a persistent 
0.25 cm2 full-thickness defect. All of the patients 
expressed that they would repeat and recom-
mend the procedure.

23.13  Resurfacing

While resurfacing the humeral head or glenoid is 
typically reserved for young patients with 
advanced glenohumeral arthritis, it can also be 
considered for patients with focal chondral 
defects. Some situations where it may be a rea-
sonable option include large osteochondral 
defects, bipolar kissing lesions, and in the revi-
sion setting when other cartilage procedures have 
failed. Resurfacing on the humeral side involves 
placement of a stemless, low-profile metal pros-
thesis, and on the glenoid side might involve a 
biologic patch such as a tendon, dermal graft, 
meniscus, or an inlay glenoid.

Although there are multiple implant choices 
available for resurfacing of the humeral head 
such as inlay, stemless onlay, and stemmed onlay, 
the inlay prosthesis is perhaps most suited for the 
management of focal chondral defects since it 
allows for precise patient-specific surface recon-
struction [84]. The HemiCAP inlay prosthesis, 
which was FDA approved in 2014, has implants 
with diameters ranging in size from 25–40 and 
multiple offset options for each diameter implant. 
The inlay design of the implant allows the pros-
thesis to match the contour of the patients remain-
ing native cartilage (Fig.  23.2). Sweet et  al. 
reported on the outcomes of 19 patients after per-
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forming humeral head resurfacing using the 
HemiCAP implant for management of humeral 
head defects [84]. At a mean follow-up of 
32.7 months, there was a statistically significant 
improvement in mean ASES, SST, and VAS 
scores as well as in degrees of forward flexion 
and eternal rotation. Follow-up radiographic 
evaluation showed no evidence of component 
loosening or failure and 90% of patients were sat-
isfied with their choice of procedure. There were 
three reported complications including subse-
quent rotator cuff tear, progression of glenoid 
wear, and deep infection resulting in rupture of 
the subscapularis. Multiple other case reports of 
inlay partial resurfacing have been reported for 
the management of humeral head pathology with 
generally favorable outcomes [85–87].

Biologic resurfacing of the glenoid was first 
described by Burkhead and Hutton in 1995 with 
the use of an autologous facia lata graft for the gle-
noid in combination with humeral head replace-
ment [39, 88]. Other commonly used biologic 
resurfacing options include lateral meniscus 
allograft, Achilles tendon allograft, acellular der-
mal allograft, and shoulder capsular tissue. 
Krishnan et  al. have published their results and 
technique for biologic resurfacing of the glenoid in 
combination with humeral head replacement [89, 
90]. In their case series of 36 shoulders, biologic 
resurfacing was performed using anterior capsule 
in 7 patients, autogenous facia lata in 11, and 
Achilles allograft in 18. They reported excellent 
clinical outcomes in 18 out of 36 shoulders and 
found a trend towards better outcomes with the use 

of Achilles tendon allograft as the resurfacing 
material. In a systematic review, Meaike et  al. 
examined the clinical outcomes after soft tissue 
resurfacing for glenohumeral arthritis [91]. Eleven 
studies were included and the minimum follow-up 
was 24 months. The glenoid grafts included all of 
the previously mentioned sources; however, the 
two most commonly used were lateral meniscus 
allograft (44.3%) and human acellular dermal 
allograft (25.4%). Although the studies reported 
significantly improved ASES, SST, and VAS 
scores postoperatively, there was a complication 
rate of over 36% and a revision rate of 34%. The 
results indicate that while biologic resurfacing of 
the glenoid can result in significant functional 
improvement in certain patients, patients should 
be counseled about the potential for complications 
and the need for revision surgery.

23.14  Conclusion

While articular cartilage defects in the glenohu-
meral joint tend to be better-tolerated and less 
symptomatic than those in weight-bearing joints, 
such as the knee, they can occasionally be the 
source of significant discomfort, mechanical 
symptoms, and disability for patients. A com-
prehensive workup including history, physical 
examination, and advanced imaging is crucial in 
the diagnosis of a symptomatic chondral defect 
and ruling out concomitant pathology as the eti-
ology of the patient’s symptoms. When the diag-
nosis of a symptomatic lesion is established, the 

Fig. 23.2 Arthrosurface Humeral Inlay Prosthesis. Left: 
Full-thickness chondral defect seen in the humeral head. 
Middle: Final appearance of the implanted prosthesis. 

Right: Postoperative radiographs showing congruence of 
prosthesis with surrounding humeral head
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treating surgeon has many options available for 
the management of these lesions, both nonop-
erative and surgical. Thus, treatment should be 
tailored to the individual needs of each patient. 
Factors such as lesion size, location, depth as 
well as patient-specific factors such as expecta-
tions, comorbidities, and overall demand should 
all be taken into consideration. Although many 
of the procedures discussed in this chapter have 
been validated through high-quality studies per-
formed in other joints, such as the knee, the data 
as it pertains to the glenohumeral joint is scarce 
and consists mainly of level IV case series. 
Although the clinical results from these studies 
are generally favorable, additional higher quality 
studies are needed to more accurately determine 
the efficacy of the procedures and to compare the 
various treatment options against each other.
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Nontraumatic Shoulder 
Osteochondral Defects

Aleksandra Sibilska, Katarzyna Herman, 
and Adam Kwapisz

24.1  Introduction

Chondral lesions of glenohumeral joint are a sub-
stantial issue, though not as frequent as in knee 
joint and so far, the literature on this matter is 
rather limited. Unlike the knee joint, in non- 
weight- bearing glenohumeral joint chondral 
lesions are usually observed with other shoulder 
pathologies or correlates with a traumatic event. 
This chapter focuses on the nontraumatic osteo-
chondral defects that are less commonly 
observed. The etiology of such may vary from 
focal osteonecrosis, osteoarthritis, genetic disor-
ders, nontraumatic shoulder instability or micro-
instability, septic arthritis, rotator cuff arthropathy, 
loose bodies to degenerative changes, or osteo-
chondrosis dissecans [1–4].

24.2  Etiology

The overall incidence of focal chondral lesions in 
publications varies from 5% to 29%, but much 
depends on the pathologies encountered with the 
lesions [5]. Available data does not specify the 
incidence of nontraumatic focal chondral lesions, 

but in some cases, those may be coexisting with 
an underlying pathology. For instance, frequency 
of symptomatic glenohumeral cartilage defects 
among patients with rotator cuff tears and over-
head athletes was reported as 13–17% whereas 
other papers reported up to 29% prevalence of 
humeral cartilage lesions and 15% of glenoid 
cartilage lesions in patients undergoing shoulder 
arthroscopy due to subacromial impingement [6, 
7]. Cases of chondral lesions in glenohumeral 
joint due to osteochondrosis dissecans are also 
described however they are not frequent as in 
knee or ankle [8]. If reported, they typically occur 
in glenoid fossa, but few authors described also 
cases with humeral head localization [9, 10].

Osteonecrosis (ON) of the humeral head is 
one of the causes of osteochondral defects and it 
is the second most common site of osteonecrosis 
after the femoral head. In an epidemiological 
study, Cooper et  al. reported overall humeral 
head ON to be 2.3% [11]. It is also more frequent 
in patients with multifocal osteonecrosis, rather 
than as an isolated case. Most commonly ON 
lesions are located in the superior aspect of the 
humeral head [12]. These lesions form due to an 
ischemic event, a subsequent necrosis that leads 
to subchondral bone destruction and permanent 
changes prompted by normal forces acting upon 
an impaired bone [13, 14].

Many possible underlying causes of this dis-
ease are described, most common being cortico-
steroid therapy administered for various reasons 
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[15]., Mont et al. found it to be associated with 
82% of all humeral head ON cases in their study 
group [16]. The time between the onset of steroid 
therapy and diagnosis is estimated to be an aver-
age 15 months [17]. Less commonly the ON can 
be associated with alcohol abuse, smoking, 
hemoglobinopathies (Sickle-cell disease), pan-
creatitis, hyperlipidemia, Gaucher disease, dys-
barism, connective tissue disorders, radiation 
therapy, pancreatitis, and pregnancy [15].

24.3  Diagnosis

Knowledge of the anatomy of glenohumeral joint 
surfaces will ease correct diagnosis. Remembering 
that humeral head chondral surface is the thickest 
in the center whereas in the glenoid cartilage is 
the thickest cartilage peripherally [18]. These 
data should be taken into account in the diagnosis 
and decision-making, together with knowledge 
of glenoid version (1.5° retroversion) and incli-
nation (4.2° superiorly) are important to consider 
for as well for approaching the joint surgically [4, 
19].

During the diagnosing process, thorough med-
ical history and chief complaints should be 
obtained. Considering that chondral defects of 
glenohumeral joint are generally well tolerated 
and asymptomatic, diagnosis may be challeng-
ing. Clinical diagnosis might be challenging, 
especially when the pain is ambiguous and not 
clearly located, similarly to other shoulder 
pathologies [20]. It is worth remembering that 
sometimes it is the coexisting pathology that can 
produce symptoms.

In some patients, chondral lesions may result 
in unremitting, activity-related pain. Over time, it 
may cause reduction of shoulder range of motion. 
Occasionally patients describe some grinding or 
catching in the joint while doing some specific 
activities [8, 21–23]. Ellman et  al. described 
compression-rotation test helping to distinguish 
between symptomatic subacromial impingement 
syndrome and one from glenohumeral cartilage 
lesion. To perform the test, the patient is placed in 
the lateral recumbent position on the unaffected 
side and the examiner compresses the humeral 

head into the glenoid while the patient internally 
and externally rotates the arm. Provocation of 
pain with this maneuver is suggestive of chondral 
pathology. The test can be made more specific if 
Neer’s impingement test is conducted first, par-
ticularly if pain with forward flexion is elimi-
nated with subacromial injection of local 
anesthetic and the compression-rotation test con-
tinues to elicit discomfort [24, 25]. Moreover, 
sleep may be affected. In patients reporting a 
nontraumatic onset of symptoms, it is important 
to analyze patients’ comorbidities and medica-
tions. All information obtained during the medi-
cal interview and examinations along with 
patients’ age, activity level, and expectations 
should be taken into consideration while choos-
ing the proper treatment method.

24.4  Classification and Imaging

The primary imaging method is plain radiographs 
including true anteroposterior view (Grashey), 
scapular Y (Neer), and axillary view (Fig. 24.1). 
The Stryker Notch and West Point may also be 
helpful in patients with instability history [4, 26]. 
They are helpful to visualize posterosuperior 
humeral head and anteroinferior glenoid rim. Yet 
magnetic resonance (MRI) is the best imaging 
option for chondral injury however not ideal. One 
study reported 60% accuracy and 87% sensitivity 
of MRI for diagnosing osteochondral lesions of 
the humeral head in patients with anterior shoul-
der instability [27]. Seen on MRI, chondral 
defects are present as a contour deformity with 
areas of abnormal signal intensity [7] (Fig. 24.2). 
When there was some trauma incidence, sub-
chondral bone edema may be observed. Moreover, 
delayed gadolinium-enhanced MRI of cartilage, 
T1rho, T2, and T2 mapping are being described 
in the literature to better evaluating the formation 
of articular cartilage [4, 28].

Humeral head ON may be described by Cruess 
classification [29]. First stage can only be diag-
nosed on MRI scans, second may be visible on 
plain radiographs as sclerotic changes of the mid-
dle superior portion of the head. The crescent 
sign suggesting a subchondral fracture is first 
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sign of progressing collapse of the head, which 
becomes obvious in fourth stage visible as defor-
mation and flattening. Fifth stage is characterized 
by collapsed head and progressing degenerative 
changes of the glenoid.

As for focal chondral defects in the shoulder, 
there is no dedicated classification or scoring sys-
tem however generally Outerbridge system, pri-
marily designed for the patellofemoral joint, can 
be used to describe the lesions. However, 
International Cartilage Regeneration and Joint 
Preservation Society (ICRS) published the ICRS 
Hyaline Cartilage Lesion Classification System, 
which is modification of the Outerbridge classifi-
cation and is now commonly used [30]. Stage 1a 
is macroscopically normal cartilage with fibrilla-
tion or softening and 1b if there are lacerations 
present. Defects that are deeper but not extending 
50% of cartilage thickness can be classified as 
stage 2, if the damage exceeds 50% should be 
classified as stage 3. Severe cartilage defects 
extending into the subchondral bone are classi-
fied as ICRS 4 [31].

ICRS also provided a classification for OCD, 
where a stable lesion covered with undamaged 
cartilage is classified as ICRS OCD I. A partial 
discontinuity in the lesion yet stable when probed 
is ICRS OCD II, lesions with a complete discon-
tinuity that are unstable should be classified as 
ICRS OCD III. Empty lesion or a lesion with a 
dislocated fragment or a completely loose one 
within the lesion is ICRS OCD IV [31].

It is worth remembering that some findings in 
the joint may be taken as pathology, such as a 
bare spot on glenoid or a bare area on the humeral 
head. These are anatomical and normal findings 
and should not be mistaken for cartilage defects 
[4].

24.5  Nonoperative Treatment

There are no precise treatment guidelines dedi-
cated to chondral defects. The first line of treat-
ment is always nonoperative treatment, but the 
further choice of the surgical procedure is made 
without one unified protocol.

It is believed that nonsurgical treatment will 
help to relieve symptoms and should be first-
line treatment. Nonsurgical treatment includes 
nonsteroidal anti-inflammatory medications, 
 corticosteroid injections (may also be diagnos-
tic, if local anesthetic is administered), and 
physical therapy [32]. According to Dacre’s 

Fig. 24.1 An AP view of the right shoulder of the 
38-years-old female. The gross focal chondral defect is 
visible on the humeral head surface. As far as the lesion 
size is concerned, this particular case may require either 
osteochondral autograft or partial resurfacing

Fig. 24.2 A coronal cut of the right shoulder MRI of the 
36-years-old male. Signs of the humeral head are visible 
with possible secondary degeneration of the glenoid carti-
lage. In that case, either hemiarthroplasty or TSA may be 
required
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et  al. conclusion, corticosteroid injections are 
notably effective in patients with inflammatory 
arthropathies and might be even more cost-
effective treatment option than physical therapy 
[33]. However, corticosteroids are also a major 
cause of nontraumatic ON of the humeral head 
and they should be administered only in 
selected group of patients. For these cases, tri-
amcinolone acetonide seems to be a viable 
option due to prolonged presence in the joint, 
reduced systemic exposure, and no deleterious 
effect on cartilage compared with other avail-
able corticosteroids [34, 35]. Administration of 
local anesthetics should be reserved for selected 
diagnostic purposes only, as they were reported 
to have dose- and time-dependent destructive 
effects on chondrocytes. If needed, ropivacaine 
at concentrations of 0.5% or less is least chon-
drotoxic of anesthetics, while lidocaine should 
be avoided [36, 37].

Nonoperative care in ON can be considered in 
the early stages (I and II), it starts with patient 
education focused on known risk factors, patients 
should discontinue alcohol abuse and smoking 
[15]. However, Herningou et  al. reported that 
regression or decrease in size of the lesion was 
never observed in their study group when the 
lesion was symptomatic at the initial visit [17].

As for physical therapy, according to litera-
ture, the main emphasis should be on scapulotho-
racic and glenohumeral strengthening, range of 
motion, glenohumeral capsular stretching, and 
rotator cuff strengthening [24]. Such an interven-
tion has particularly good effects in patients who 
report restricted range of motions, but without a 
large pain component.

24.6  Operative Treatment

The identification of chondral defect alone should 
not be an indication for a surgical procedure. If 
the patient still experiences pain after attempting 
conservative treatment, surgical treatment should 
be considered. Chief complaints, the size of the 
lesion, its location, and the patient’s expectations 
should be taken into account while decision- 
making. Young patients, with high expectations 

of treatment results diagnosed with glenohumeral 
focal chondral defects are worth considering the 
definitive surgical treatment. However, patients 
diagnosed with ON of the humeral heal should be 
managed differently, according to the diagnosed 
stage of the disease.

Among the methods of surgical treatment of 
focal defects arthroscopic debridement, microfrac-
ture, osteochondral autograft transplantation, 
osteochondral allograft, and autologous chondro-
cyte implantation are described and practiced in 
focal lesions. Few authors have also made a differ-
ent classification, categorizing these methods as 
palliative, primary repair, reparative, restorative, or 
reconstructive [4, 24]. In cases of ON depending on 
the stage, the literature identifies core decompres-
sion, humeral head resurfacing, hemiarthroplasty, 
and total shoulder arthroplasty (TSA).

24.6.1  Focal Chondral Defects 
Treatment

24.6.1.1  Arthroscopic Debridement
Arthroscopic lavage and debridement are consid-
ered as a palliative method, mainly to alleviate 
symptoms and not to block the chances of further 
surgical interventions if needed. Its role is rather 
limited in case of chondral defects management 
however few authors reported quite successful out-
comes usually when applying this procedure in 
generalized osteoarthritis. What is significant in 
choosing this method, in one of the papers, written 
by van Thiel et al., it is concluded that the presence 
of grade 4 bipolar arthritis (according to Outerbridge 
classification), joint space of less than 2 mm and 
large osteophytes are significant risk factors for 
progressing to shoulder arthroplasty [38].

Also, worth considering is the Comprehensive 
Arthroscopic Management (CAM) Procedure 
described by Millet et  al. The CAM procedure 
involves the combination of glenohumeral chon-
droplasty; removal of loose bodies if present; 
humeral osteoplasty and osteophyte resection 
(goat’s beard deformity); anterior, posterior, and 
inferior capsular release; subacromial decompres-
sion; axillary nerve neurolysis; and biceps tenode-
sis [39, 40]. The CAM procedure results were 
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published a few years later by Mitchell et al. who 
performed this procedure on a consecutive series 
of 46 patients (49 shoulders) with advanced gle-
nohumeral osteoarthritis (GHOA) who met the 
criteria for shoulder arthroplasty however opted 
for arthroscopic treatment. Eventually, they 
noted significant improvements in midterm clin-
ical outcomes and high patient satisfaction after 
the arthroscopic CAM procedure for GHOA, 
with 76.9% survivorship at a minimum of 5 years 
postoperatively. Analyzing these results and the 
data of other authors, Mitchell et al. summarized 
in another study that extremely narrowed joint 
space (1.3 vs 2.6 mm), Kellgren-Lawrence grade 
of 4, and Walch glenoid type B2 or C were found 
to be predictive of early progression to TSA 
what is crucial in predicting possible failure fac-
tors [41, 42].

24.6.1.2  Microfracture
Microfracture technique is considered as first- 
line treatment for isolated full-thickness small 
cartilage defect. Published results are most com-
monly described in the treatment of chondral 
defects in the knee but rarely in the shoulder. 
Same as with debridement, it may be done 
arthroscopically. Commonly microfracture’s 

holes are spaced 3–4  mm apart and they are 
around 2–4  mm depth [5]. Proper placement 
technique is crucial to prevent from fractures 
between holes [8]. The idea of this technique is to 
create a canal for the bone marrow and to stimu-
late healing by the inflow of mesenchymal stem 
cells, growth factors, fibrin, and platelets that 
should form a clot covering the lesion [4, 46]. 
The authors emphasize excellent blood supply 
and the likely good results when it comes to gle-
nohumeral joint [20]. In the treatment of knee 
cartilage better clinical results were described in 
younger patients (<30 y.o.) with small (<4 cm2) 
and solitary lesions and though outcomes are 
promising in short-term follow-up, deterioration 
of the results may be expected after 2 and 5 years 
after surgery [47]. Many authors suggest small, 
focal, symptomatic lesions that failed conserva-

tive management in young patients are good indi-
cations for this technique [48, 49]. 
Contraindications include ligamentous laxity, 
degenerative joint osteoarthritis, partial thickness 
lesions, or lesions associated with large bony 
defects [48, 50]. Moreover, this technique is usu-
ally performed with concomitant interventions 
that address particular pathology.

Author Year Method Patients
Mean 
follow-up

Mean 
age Results

Kerr et al. 
[43]

2008 Arthroscopic 
debridement with 
or without capsular 
release

20 shoulders (19 
patients) all with 
lesions with 
Outerbridge grade 
2–4

20 months 38 Three patients required 
shoulder arthroplasty; 88% of 
patients had significant pain 
relief

Skelley 
et al. [44]

2015 Arthroscopic 
debridement and 
capsular release

33 patients 
(Outerbridge grade 
2–4)

8.8 months 55 14 patients required total 
shoulder arthroscopy

Cameron 
et al. [45]

2002 Arthroscopic 
debridement with/
without capsular 
release

61 patients 2 years (45 
patients)

49.5 Significant improvement in 
pain and function noted in 
88% patients

Van Thiel 
et al. [38]

2010 Arthroscopic 
debridement

81 patients 27 months 47 16 patients (22%) underwent 
arthroplasty at a mean of 
10.1 months after debridement

Millett 
et al. [39]

2013 CAM procedure 29 (30 shoulders) 2.6 years 52 The ASES scores significantly 
improved and pain levels 
decreased. Six shoulders 
progressed to arthroplasty at a 
mean of 1.9 year.
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Authors Year Method Patients
Mean 
follow-up

Mean 
age Results

Siebold 
et al. [51]

2003 Microfracture with 
concurrent procedures if 
needed (posterior capsule 
shift, anchor removal, labral 
augmentation)

5 25.8 months 32 years Constant score significantly 
improved (from 43.4% to 
81.8%), RTG and MRI 
showed progression of 
arthritis in two patients

Snow 
and Funk 
[20]

2008 Microfracture with 
concurrent procedures if 
needed (capsular plication, 
anterior stabilization)

8 15.4 months 37 years Mean constant score 
improved from 4388 to 
9025

Millet 
et al. [48]

2009 Microfracture with 
concurrent procedures if 
needed (instability 
procedures, SAD, capsular 
release, SLAP repair, bicep 
release)

31 
shoulders 
(30 
patients)

47 months 43 years Mean ASES score improved 
by 20 points; failure in 6 of 
31 shoulders

Frank 
et al. [5]

2010 Microfracture 17 
shoulders 
(16 
patients)

27.8 months 37 year Significant mean ASES 
improvement (from 44.3 to 
86.3); 3 failures

24.6.1.3  Osteochondral Autograft 
Transplantation/Transfer

Osteochondral autograft transfer is based on 
harvesting one to three osteochondral autograft 
plugs and transfer them into chondral defects 

[52]. This single-stage procedure, unlike 
debridement and microfracture, requires open 
surgery to have full access to the joint to trans-
fer the osteochondral plugs [8]. According to 
literature, the ideal osteochondral defect size 
for osteochondral autologous transplantation 
to the shoulder is between 10 and 20  mm in 
diameter or an area of 1.0–1.5  cm [1, 52]. 
Usually, it is used in cases with anterior shoul-
der instability with Hill Sachs lesions [53]. 
Among the disadvantages of this method are 

donor site morbidity, possible dead space 
between circular grafts, graft integration, and 
mechanical and geometrical differences 
between the recipient and donor cartilages. 
This technique is usually considered as a sec-
ond line of treatment.

24.6.1.4  Osteochondral Allograft
The approach of procedure and the management 
of postoperative rehabilitation is similar to 
described above osteochondral autografting [4]. 
Typically, it is performed from deltopectoral 
approach however arthroscopic techniques for 
osteochondral allograft transplantation using tib-
ial plateau allograft have been described [55]. 
The goal of osteochondral allografting is to 
reconstruct the congruency of the articular sur-
faces [56]. Clearly allografting requires suitable 

Authors Year Method Patients
Mean 
follow-up Mean age Results

Park et al. 
[54]

2006 Arthroscopic 
osteochondral autograft 
transfer

1 31 months 13 years Final follow-up at 31 months—no 
symptoms and good functional 
results with radiographic 
resolution

Scheibel 
et al. [52]

2004 Osteochondral 
autologous 
transplantation; 4 
patients have concurrent 
procedures

8 32.6 months 43.1 years Significant improvements in the 
mean constant score with MRI 
showing good osseointegration 
and congruent cartilage in all but 
one patient
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cadaver donor with similar articular geometry for 
a proper fit. The advantages of allografting are 
shorter surgical time and decreased morbidity 
[8]. As mentioned by Saltzman et  al. there are 
doubts whether reaming may cause a cortical 
blowout hence whether proper depth of reaming 
may occur to provide a stable press-fit of an 
osteochondral graft [4]. Saltzman et al. evaluated 
osteochondral allograft transplantation in terms 
of large Hill Sachs lesions due to instability. They 
reported significant improvement in shoulder 
motion with high rates of return to work and sat-
isfaction [57]. Although osteochondral allograft 
appears to be highly cost-effective method of 
chondral lesions treatment [58], this procedure 
has limitations due to the chondrocyte vitality. 
OA can be preserved for 28 days at 37°, after that 
structural changes can be identified, and viability 
of the chondrocytes starts to decrease [59]. 
Moreover, tissue banks currently need at least 
14  days for completion of microbiologic and 
serologic testing of the OCA tissue [60].

24.6.1.5  Autologous Chondrocyte 
Implantation

Autologous chondrocyte implantation is a two- 
step method. In the first stage, a healthy biopsy 
sample of cartilage is taken (for instance from 
the edge of the defect) [62]. Then the sample 
containing chondrocytes is properly prepared 

in vitro. In the next step, the chondrocytes are 
administered into the previously prepared 
defect. Loose cartilage and calcified bone from 
the bottom of the lesion should be removed 
carefully, without damaging the subchondral 
bone plate. It is crucial that the borders of the 
lesion are perpendicular to the bone. Depending 
on the lesion size and location arthroscopy or 
arthrotomy may be used however arthroscopy 
should only be used when the lesion is well 
visualized and accessible. Depending on the 
technique, chondrocytes grown from biopsy 
sample may be injected under a periosteal 
patch or seeded onto a collagen membrane 
which is properly adjusted to the size and shape 
of the damage [8]. The literature on autologous 
chondrocyte implantation applied in the shoul-
der joint is rather limited, but good results in 
the knee joint encourage further research. Due 
to  chondrocytes’ potential to produce anabolic 
growth factors to promote cell survival and to 
induce chondrocytes’ further proliferation 

some researchers believe that it is a promising 
method [4]. Given the cases reported until now, 
it appears that a good indication is restricted, 
unipolar, superficial defect without subchon-
dral bone involvement. This method is usually 
performed in relatively young patients as a sec-
ond line of treatment [4, 53, 61].

Authors Year Method Patients
Mean 
follow-up

Mean 
age Results

Camp 
et al. [61]

25 Tibial 
osteochondral 
allograft

1 1 years 25 years Significant improvement in QuickDash 
score, subjective shoulder value, and 
ASES score

Authors Year Method Patients
Mean 
follow-up Mean age Results

Romeo et al. 
[23]

2002 Autologous 
chondrocyte 
implantation

1 12 months 16 years 12 months postoperative full and 
painless ROM

Buchmann 
et al. [62]

2012 Autologous 
chondrocyte 
implantation

4 41.3 months 29.3 years Mean VAS score postoperative 0.3; 
mean ASES 95.3; satisfactory 
coverage of the defect on MRI 
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24.6.2  Osteonecrosis of the Humeral 
Head Treatment

24.6.2.1  Core Decompression
Core decompression is known for its use in the 
treatment of osteonecrosis of the femoral head 
and the best clinical effect is achieved when it is 
performed in the earliest stages of this disease. In 
theory, the goal of the procedure is to reduce the 
intra-osseous pressure to restore the normal vas-
cular flow. A percutaneous small-diameter perfo-
ration decompression technique in stage I or II 
was described by Harrald et al. showing a good 
functional outcome in 25 of 26 shoulders [63] La 
Porte et  al. used an open technique of core 
decompression via 2–3 cm incision in the ante-
rior axillary fold. Authors have reported good and 
excellent UCLA scores in 75% of the patients at 
final follow-up of mean 10 years for a group of 
43 patients. The study group was divided by 
stages of the ON (Ficat and Arlat scale), authors 
observed the earlier stage the better the result: 
I—94%, II—88%, III—70%, IV—14%, also 
slightly better results were reported in patients 
who did not take corticosteroid medication [64]. 
Mont et al. reported the results for 30 shoulders 
in early stages of ON (I and II). In 20 shoulders 
an excellent improvement was seen however 
eight shoulders improvement was poor leading to 
hemiarthroplasty or TSA [65]. However, 
L’Insalata reported that core decompression was 
not effective in preventing the progression of 
stage III ON [66]. What is more, Kennon et al. 
described progression of 7 out of 8 cases from 
stage I/II to stage III/IV that underwent core 
decompression over a course of 1 year follow-up 
[67].

24.6.2.2  Humeral Head Resurfacing
Primary indication for humeral head resurfacing 
arthroplasty is a severe chondral or osteochondral 
lesion of the humeral head with significant shoul-
der pain that is irresponsive to nonoperative treat-
ment. It is a less invasive procedure that maintains 
native joint biomechanics and leaves an opportu-
nity for TSA as a salvage procedure in case of 
failure. Sufficient quantity and quality of the 
bone at the epiphyseal portion of the humerus are 

needed to ensure a stable fixation of the implant 
[68]. Depending on the lesion size, the resurfac-
ing may be total or partial also known as “inlay 
arthroplasty.” If an inlay method is chosen an 
implant is placed into the joint contour to recreate 
the joint surface in the specific location of the 
lesion. To attain a patient-specific surface recon-
struction, every implant diameter has a compo-
nent group with various offsets [69]. However, 
the available data on this method of treatment for 
ON is limited and reported only in a small group 
of patients or case reports. In a prospective series 
of 12 cases of advanced stage ON, Uribe et  al. 
have reported partial resurfacing of the humeral 
head to be effective in relieving pain and restor-
ing function. Patients achieved good to excellent 
results for the Western Ontario Osteoarthritis of 
the Shoulder index, Shoulder Score Index, and 
Constant score and on examination Forward ele-
vation improved from mean of 94 degrees preop-
eratively to 142° postoperatively [70]. Ranalletta 
et  al. reported significant improvement in func-
tional scores and mobility in a group of nine 
patients treated with partial resurfacing of the 
humeral head with an average follow-up of 
44  months. However, one patient presented 
symptomatic glenoid wear throughout follow-up 
and required revision surgery [71].

Surface replacement arthroplasty for glenohu-
meral arthropathy may be considered in coexist-
ing humeral head and glenoid destruction. The 
inlay method allows to implant both components, 
humeral and glenoid, flush with the adjacent 
bone surface [72]. Authors reported good clinical 
outcomes, their nonradiographic loosening, and a 
high rate of return to sports in OA patients [72, 
73] however data on this type of treatment in ON 
is limited.

The senior author uses both methods depend-
ing on the size of the lesion. In each case, the 
detailed planning based on CT and MRI is neces-
sary to properly address cartilage degeneration. 
We aim to use as cartilage preserving method as 
possible however one should be aware of the size 
limits of the implants designed to perform partial 
inlay resurfacing. Thus, once the implant cannot 
fully cover the lesion or/and the lesion is larger 
than 50% of the native cartilage area, the total 
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resurfacing should be taken into consideration. 
We also recommend considering stemless TSA in 
older and less active/demanding patients. 
However, more data in the literature need to be 
available to make a stronger recommendation.

24.6.2.3  Hemiarthroplasty and Total 
Shoulder Arthroplasty

Only 5% of all shoulder arthroplasties are per-
formed due to ON of the humeral head [15]. That 
is why the literature on that matter is limited and 
many of the studies include only a few cases and/
or a short-term follow-up. The choice whether to 
use hemiarthroplasty or TSA is usually based on 
many factors, but always overall clinical condi-
tions of the patient should be taken into account. 
Obviously, the arthroplasty is absolutely contra-
indicated in cases of active infection and rela-
tively contraindicated in brachial plexopathy and 
in concomitant deltoid and rotator cuff insuffi-
ciency. In a systematic review analyzing treat-
ment for atraumatic ON Franchesi et al. reported 
that functional results were independent of 
implant type, but a higher complication rate 
seems to be associated with TSA. That is why the 
authors concluded that it should be recommended 
only in stage V ON and in cases where hemiar-
throplasty cannot be done [74].

Hattrup and Cofield evaluated 127 shoulders, 
including 71 humeral head replacements and 56 
TSA. In 88 patients available for final follow-up 
average 8.9 years, they found that nearly 80% of 
treated shoulders had subjective improvement 
and 77% reported little or no pain. Both groups 
had comparable postoperative ASES scores: 
63  in hemiarthoplasty group and 62 points in 
TSA group, and in terms of ROM, no significant 
differences were reported. The authors also 
divided the outcomes by etiology, comparing 
traumatic ON and steroid ON demonstrating a 
better improvement in the ASES score in steroid- 
induced ON [75].

Feeley et  al. compared hemiarthroplasty and 
TSA in treatment of ON in a retrospective study: 
37 patients were treated with a hemiarthroplasty 
and 27 with a TSA.  The average follow-up for 
each group was: hemiarthroplasty—53  months 
and TSA—60 months. Similar range of motion 

and outcomes scores were reported in both 
groups. However, TSA was associated with a 
higher complication rate, 1 reoperation was for a 
superficial infection, 1 for a loose humeral com-
ponent, and 4 for a loose glenoid component. In 
hemiarthroplasty two patients needed reopera-
tion due to excessive glenoid wear [76]. Ristow 
et al. evaluated 29 cases of ON treated both with 
hemiarthroplasty (19 shoulders) and TSA (10 
shoulders). There were no reoperations and only 
minor complications occurred in two cases. It 
was concluded that patients who underwent total 
shoulder arthroplasty (TSA) had higher median 
outcome scores and greater improvement in all 
scoring methods compared with hemiarthro-
plasty patients [77].

In a short-term observation, Navarro et  al. 
found no statistical differences in complication 
rate between patients undergoing TSA for ON 
and osteoarthritis (OA) [78]. On the contrary, 
Tyrrell Burrus et  al. shown that patients with 
humeral head ON undergoing TSA have signifi-
cantly higher rates of various postoperative com-
plications compared to patients without a 
diagnosis of ON. Based on the underlying cause 
of ON, the rates of complication varied but were 
highest in patients with steroid-associated and 
post-traumatic AVN. The authors found that the 
infection rate was seven times higher (10%) in 
patients with-steroid related ON. What is more, 
periprosthetic fractures were four times more fre-
quent in ON group, and the revision rate was two 
times higher [79].

As mentioned in the previous paragraph the 
senior author aims to perform as cartilage pre-
serving surgery as possible. However, in older 
and less active/demanding patients the shoulder 
replacement might be the only possible option. 
With the variety of available systems and designs, 
we prefer to use bone preserving implants when 
possible. This can be provided by total resurfac-
ing with the inlay glenoid implant however not 
much data is still available in the literature. Once 
this method is technically inappropriate, we aim 
to use stemless TSA. However, in older patients 
with questionable bone quality, the stemmed 
humeral implant might be a better option. As in 
our practice, most of the patients qualified for dif-
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ferent than resurfacing methods have some 
degree of glenoid wear, we very rarely see the 
indications to perform hemiarthroplasty.

24.7  Conclusion

To the authors best knowledge, there is no shoul-
der osteochondral defects treatment strategy pub-
lished in the literature. The diversity of recently 
available techniques options makes it possible to 
customize the treatment approach due to the type 
of lesion as well as the patient’s characteristic. 
Nevertheless, in more severe cases, the arthro-
plasty may be the only option. Therefore, the 
early identification of the pathology remains cru-
cial to allow for less invasive sparing techniques. 
Our algorithm is a unique background for further 
discussion over the proper management of the 
non-traumatic shoulder lesions.
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OCD of the Elbow: Treatment 
by Autograft

L. A. Pederzini, M. Bartoli, A. Cheli, and A. Celli

25.1  Introduction

Osteochondritis dissecans (OCD) is an inflam-
matory disease involving bones and cartilage, 
leading to the deterioration of the joints and to 
the detachment of one or several fragments due to 
necrosis [1, 2].

Etiopathogenesis is currently not clearly 
defined; the most acknowledged theory is that 
repetitive microtraumas and overuse lead to 
localized venous hypertension, ischemia, edema 
of the fat cells, and subsequent fat and osseous 
necrosis [3].

It is commonly accepted that OCD causes 
elbow pain and impairment, normally affecting 
the humeral capitulum although the process has 
also been detected in the trochlea, radial head, 
and olecranon [4].

Overloading areas on the articular surface 
change with sport-specific gestures thereby vary-
ing the location of OCD lesions [5]. In throwing 
sports, the elbow is susceptible to a valgus over-
load (ex. Baseball players); gymnasts often 
weight-bear in maximum elbow extension with 
axial force applied; as a consequence, gymnasts 
generally have lesions approximately 30° more 

posterior on the capitulum compared to launch 
sportsmen [6].

OCD commonly strikes young adolescents 
and athletes aged 13–16.

Persistent pain, gradual decrease in function, 
and restricted range of motion are the typical 
symptoms of the advanced stages, reaching up to 
30° limitation in extension [7]. Further symptoms 
include posterolateral crepitation or popping and 
restricted activities, impacting on physical activi-
ties. Physical examination also detects secondary 
joint contractures and lateral joint edema.

Differential diagnosis with Panner’s disease is 
mandatory, considering the typical age of onset 
(boys aged younger than 10  years old with no 
history of trauma [8, 9]) and imaging pattern: 
entire ossification center should be involved.

25.2  Imaging

Routine radiographs may appear normal or show 
minimal changes in opacity in the early stages.

In order to detect the early signs, an AP X-Ray 
of a 45° elbow flexion could be useful [10].

Loose bodies and joint irregularities could be 
present in the progressive stages; frequent reduc-
tion in ROM is also reported and should be sig-
nificant for an unstable lesion.

The best option for an accurate diagnosis is 
MRI in order to detect lesions, although not fre-
quently qualitatively adequate to define the 
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 cartilage cap firmness, which is essential in 
choosing surgical and nonsurgical treatment.

Preoperative MRI showed a sensitivity of 
84%, with particular mention of T2 sequences 
findings: high signal intensity interface and line 
through the articular cartilage; CT scans could be 
useful to characterize a minimally displaced frag-
ment with bony parts [11]. A complete imaging 
study is recommended, supported by accurate 
clinical evaluation and following progression cri-
teria: Rx, MRI, and finally CT scan if strictly 
necessary.

25.3  Treatment

Surgeons may be faced with difficulties regard-
ing OCD lesions, as any other pathology involv-
ing the cartilage, considering the right choice of 
therapy prior to a difficult choice concerning the 
adequate selection of treatment.

Recent opinions about conservative treat-
ment are rather consistent concerning a solid 
option when the diagnosis is made on a recent 
and stable lesion. The clinical outcome exacer-
bation has been reported for bigger and deeper 
lesions; a conservative approach seems to be 
contraindicated in lateral column involvement 
[12].

Many authors documented that unstable 
lesions had a non-acceptable outcome if treated 
nonsurgically; worst outcomes were seen in 
closed physes patients, in old lesions, and in case 
of bad compliance with physician indications 
[13].

The literature reports many arthroscopic and 
open techniques regarding the surgical treatment 
of advanced, unstable lesions, or failure of pro-
longed nonsurgical treatment.

An advantageous option consists of open or 
arthroscopic fixation of the fragment and litera-
ture reports many techniques with considerable 
results [14–16]; however, a second operation is 
necessary to remove the fixation device. 
Furthermore, in 2008, Nobuta et al. demonstrated 
the scarcity of the healing procedure of lesions 
deeper than 9 mm compared to superficial ones if 
fixed [17].

The removal of loose bodies, debridement, 
micro-fractures still remain good arthroscopic 
options with long-term follow-up disposable 
data, but, some reviews report a higher rate of 
reoperation for these easier procedures and poor 
recovery of sports activities at the previous level 
[18, 19]. Recent literature [5] suggests to use 
these techniques solely for lesions smaller than 
1 cm2 and with an intact lateral buttress.

Major lesions did not heal appropriately and 
the surface was not so similar to the original one 
[9, 11] still entailing a high risk of consequent 
arthritis.

Other open surgery options are osteochon-
dral transplant (OAT), mosaicplasty, autolo-
gous chondrocyte transplant associated with or 
without wedge osteotomies of the lateral 
condyle.

OAT technique is the sole method to provide 
the damaged articular surface with a hyaline car-
tilage top layer consistent with the original cover 
when the fragment cannot be repaired. Indeed, 
healing time is reasonable and the operation costs 
are undoubtedly low.

In 2006, Yamamoto et al. reported the first and 
encouraging clinical results; he achieved out-
standing functional outcomes in an open proce-
dure performed in young throwing athletes (89%) 
[20]. Simultaneously, Tsuda et  al. published a 
small case series: three non-throwing athletes 
had considerable results at a short follow-up after 
being treated arthroscopically [21]. Earlier 
Japanese reports refer minor experiences. Over 
the past 10 years, the literature has demonstrated 
the midterm efficacy and consistency of this tech-
nique if carried out on the elbow, as previously 
performed on the knee [22].

The surgeon can use one cylinder or further 
plugs (mosaicplasty) to assess the size of the 
lesion.

Our choice to use a bigger single cylinder is 
based on partial scientific evidence of a higher 
degree of stability and greater complete healing 
rate of the transplant [23]. No reliable data exist 
to definitely demonstrate that a single or a lower 
number of big plugs leads to better long-term 
results.

The selection of the donor site is still debated.

L. A. Pederzini et al.
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The plug can be shaped to match the accurate 
features of the recipient area, but cartilage thick-
ness of the plug is difficult to tailor. In light of 
this, several MRI findings have acknowledged 
the area of the inferior medial trochlear ridge of 
the knee as being more consistent with the carti-
lage thickness. In addition, an osteochondral plug 
from the fifth or sixth rib, has more recently been 
applied to the elbow. Reported advantages 
include a broader donor surface in order to allow 
larger plug harvesting (>15 mm), less donor site 
morbidity, and a similar structure to the subchon-
dral bone and cartilage present in synovial joints, 
such as the knee [5].

It has been demonstrated that autograft rib 
plugs are a valid alternative for surgeons who are 
familiar with the costal anatomy and are aware of 
the possible risks of hurting the thoracic cavity 
and underlying pleura.

Reassuring reports have been found about 
local morbidity about the lateral aspect of the 
trochlea of the ipsilateral knee which we have 
chosen. Further hypotheses have recently been 
taken into account, although the findings are not 
as favorable [24].

OAT seems to guarantee the best recovery in 
sports and manual work, restoring the cartilagi-
nous surface of the joint.

In 2015, Gancarczyk et  al. published an 
in vitro study concerning an elbow arthroscopy 
on 21 specimens. By carrying out a proper OAT 
procedure, he showed was the possibility to 
achieve the right positioning of the recipient tun-
nels at the capitulum humeri [25].

Our team has been effectively performing this 
mini-invasive operation since 2010, promoting 
early post-op recovery and decreasing the risks of 
stiffness, mainly in young people.

In 2016, in a systematic review, Westermann 
et  al. demonstrated more effective results for 
OAT rather than other techniques, regarding the 
percentage of athletes resuming sports. He also 
emphasized the lack of study populations treated 
consistently as well as outcome evaluations 
achieved by using validated scales [18].

Recently, our group has published a paper 
describing the arthroscopic procedure for poste-
rior and central OCD, treated with single plug 

OAT harvested from the superolateral aspect of 
the trochlea in the omolateral knee [26].

Nine patients were included in the casuistry 
reaching a minimum FU of 2.5 years.

The average range of motion improved by 
17.9° in extension and 10.6° in flexion. All 
patients achieved full flexion in comparison with 
the contralateral side and full extension was 7 
over 9. Prono-supination remained complete 
after the operation.

The average VAS improved by 7.11 and the 
mean post-op value was 0.67.

Total recovery of ADL performance in 9 out 
of 9 patients was demonstrated by the MEPS 
score, with a full score in 8 out of 9 patients.

Five over nine patients reached the best score 
at the Quick-DASH.

All patients resumed sports 6  months after 
surgery: one of them at a higher level than 
before, two of them to a noncompetitive level by 
choice.

25.4  Surgical Arthroscopic 
Technique [27]

The patient is arranged in a lateral decubitus 
position with a 90° shoulder abduction and a 90° 
flexion of the elbow on an arm holder. The ipsi-
lateral hip is free to be abducted when necessary 
during the surgical procedure (Fig. 25.1).

General anesthesia is largely preferred after 
the insertion of a peri-neural catheter in the 
involved arm. After surgery, a peripheral block is 
advisable in order to manage pain.

The surgeon examines the patient under anes-
thesia to evaluate the ROM and stability and 
applies a tourniquet which is inflated to 
250 mmHg.

It is useful to outline the medial and lateral 
epicondyles, the ulnar nerve, the radial head, and 
the posterior soft spots with a skin marker.

An 18-needle is inserted in the elbow through 
the soft spot in the center (UK) of the triangle 
created by the lateral epicondyle, the radial head, 
and the olecranon. Joint distension is obtained, 
by injecting 20 ml of normal saline to divide the 
anterior neurovascular structures and a skin 
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 incision is performed followed by blunt dissec-
tion of the soft tissues using a fine hemostat.

Five portals are made in the same way: three 
posterior and two anterior.

The joint is distended by using a pump set on 
35–50 mmHg.

The second portal is 1.5  cm proximal to the 
first one and provides a complete view of the 
proximal radio-ulnar joint and the use of a shaver 
on the posterior aspect of the radial head.

The third posterior portal is placed in the olec-
ranon fossa, 2–3  cm proximal to the olecranon 
tip, just medial to the triceps tendon.

Firstly, the surgeon should identify the OCD 
lesion using the first portal; switching the scope 
to the second portal, the surgeon must assess if 
the lesion is accessible perpendicularly with a 
spinal needle. If the area is excessively frontal on 
the condyle (with the elbow flexed at 90°), the 
surgeon cannot perform the technique arthroscop-
ically and the procedure must be completed by 
opening the joint anteriorly.

If the lesion is on the posterior side of the con-
dyle or it is possible to flex it to the back with the 
elbow, the surgeon may perform an arthroscopy.

Because of the detection of a lesion lower than 
1 cm in diameter and with an unstable cap, after 
possible loose body removal, the surgeon performs 
mapping and drilling to correctly prepare the lesion 
in order to carry out the osteochondral transplant.

A 6.5–8.5  mm cylindrical graft is harvested 
arthroscopically from the side trochlea of the 
ipsilateral knee using Mosaicplasty instruments 

by Smith and Nephew, and is placed into the pre-
viously prepared area that is entirely covered 
(Fig. 25.2).

The graft is stabilized and press-fitted 
(Fig. 25.3).

Washout of the joint and the positioning of an 
intra-articular drainage for 2 or 3  days are 
recommended.

A long arm splint is positioned posteriorly to 
immobilize the arm at 90° flexion and neutral 
rotation.

Difficulties of this type of elbow arthroscopy 
are similar to other procedures; neurological dif-
ficulties are the most commonly reported, 
although often transient.

25.4.1  Postoperative Protocol

The involved arm is immobilized in a cast or in a 
brace for 3 weeks, whereas mobilization of the 
wrist is permitted. The donor knee should be pro-

Fig. 25.1 Patient 
setting: lateral decubitus

Fig. 25.2 Osteochondral cylinder: ready to be implanted
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tected from a full load with one crutch on the 
opposite hand for 3/4  weeks. Leg extension in 
open chain, squatting, or kneeling movements 
cannot be carried out for at least 1 month.

A week later, manual therapy is administered 
with radio-humeral distraction and a careful pas-
sive mobilization in order to attain full ROM, 
restraining from valgus stress, and closed chain 
exercises. Progressive recovery of proprioception 
and kinesthesia are further aims. Laser therapy 
and PEMF could be helpful. Furthermore, ice 
therapy is recommended.

When full ROM is achieved and residual pain 
disappears, active exercises are added to 
strengthen muscles.

No complications following surgery were 
referred, not even in the donor site.

Currently, autologous transplant of an osteo-
chondral plug appears to be a safe and suitable 
technique in active patients with capitulum 
humeri OCD.

The lack of patient complaints regarding the 
healthy donor site is another aspect to consider in 
preoperative decision-making.

Currently, in accordance with the existing lit-
erature, this surgical technique seems to be the 
best option for a successful, single phase and 
stable treatment in such lesions types. Although 
more challenging, arthroscopy is an advanta-
geous tool in order to decrease the invasiveness 
of the operation, with all the resulting benefits.
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Elbow Osteochondral Unit 
Function

Carina Cohen, Gyoguevara Patriota, 
Guilherme Augusto Stirma, and Benno Ejnisman

26.1  The Elbow Anatomy

The elbow is a trocho-ginglymus joint that has 
three joints: the radiocapitellar, proximal radioul-
nar, and ulnohumeral joints located within a 
synovial-lined joint capsule. The ulnohumeral 
joint, a hinge joint, is formed by the articulation 
of the ulnar trochlear notch with the central waist 
of the humeral trochlea. The proximal radioulnar 
joint consists of the radial head, whose outer cir-
cumference articulates with radial notch, a small 
depression along the lateral surface of the coro-
noid process of the ulna. The radiocapitellar joint 
is formed by the articulation of the concave sur-
face of the radial head with the convex cartilage- 
covered capitellum [1]. Magnetic Resonance 
Image (MRI) is considered the best noninvasive 
method for evaluating articular cartilage due to 
its high contrast of soft tissues [1] (Fig. 26.1).

26.2  The Elbow Articular Surface

The articular surfaces are covered with hyaline 
cartilage, which is firm, aneural, alymphatic, and 
avascular with important biomechanical proper-
ties of resilience, load-bearing, and durability 

that depend primarily on the chemical nature and 
complex spatial arrangement of the cartilaginous 
extracellular matrix [2]. On microscopic exami-
nation articular surface is characterized by abun-
dant shiny extracellular matrix, with sparse cells 
isolated in well-defined spaces [3]. The constitu-
ents of this matrix are water (60–80%) and mac-
romolecules, which include proteoglycans, 
collagens (forms the fibrillar meshwork), and 
other proteins (20–40%) [2].

The cartilage is complex and can be divided 
into three zones: superficial zone, middle zone, 
and deep zone. The superficial is in contact with 
the synovial fluid and has a higher density, lower 
rates of glycosaminoglycans (GAGs). The deep 
zone is in contact with the subchondral bone; the 
characteristic is less cell density and an increase 
in GAGs. Regarding cell distribution and mor-
phology, chondrocytes in the superficial zone are 
smaller and flattened, while in the deep zone they 
are larger and rounded [4].

26.3  Function

The most important functions of elbow cartilage 
are to provide a smooth surface for low-friction 
articulation and to facilitate the load transmission 
to the underlying subchondral bone. The specific 
characteristics of cartilage allow to carry high 
contact forces and to disperse the resulting com-
pressive stresses to the underlying subchondral 
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bone [5]. Synovial fluid (SF) also plays an impor-
tant role in the biomechanical behavior, nutrition, 
and lubrication of the articular cartilage, being 
the major source of nutrients. SF is a dynamic 
reservoir of proteins derived from cartilage and 
synovial tissue [5].

The subchondral region has high number of 
arterial and venous vessels, as well as nerves with 
branches into the calcified cartilage. The sub-
chondral bone protects the hyaline cartilage 
against damage caused by excessive loads, and 
attenuate about 30% of the loads, while cartilage 
only 1–3% [6]. The load transfer from the articu-
lar cartilage to the diaphyseal cortex creates larg-
est shear stresses in the subchondral region 
(compressive forces into tensile stresses) [7].

There are few studies on the distribution of 
cartilage in the elbow. The radiocapitellar joint 
presents thicker cartilage on the outer edge of 

the radial head [8, 9]. The thicker cartilage in 
the ulnotrochlear joint is distributed from the 
anterolateral edge of the coronoid to the antero-
proximal edge of the proximal sigmoid notch 
and faces the intermediate region of the distal 
part of the humerus. In the proximal radioulnar 
joint, there is a thicker cartilage area in the 
anteroproximal edge of the proximal sigmoid 
notch, which is faced by the articular zone carti-
lage on the proximal circumferences [9] 
(Fig. 26.2).

26.4  Regeneration of Cartilage

The lesions in the articular cartilage are devoid of 
spontaneous healing and so the tissue will repair 
with fibrocartilage. This tissue does not have the 
same biomechanical, anatomical properties, and 

a b c d

Fig. 26.1 Elbow joint surface in the Magnetic Resonance 
Image (MRI). T2-weighted sequences better assess sub-
chondral bone and the interface between cartilage and 
synovial fluid [1]. (a) Radioulnar joint (Axial T2); (b) 

Ulnotrochlear joint (Axial T2); (c) Radiocapitllar joint 
(Sagittal T2); (d) All joints of elbow (Coronal T2). Ulna 
(u); Radio (R); Humerus (H)

a b c

Fig. 26.2 Images of the elbow joint surface under 
arthroscopic view. (a) Cartilage surface of capitellum (*); 
(b) Radiocapitellar joint; (c) Ulnohumeral; and radiocapi-

tellar joint. Capitellum (*); Radial head (>); Coronoid 
process (@); Trochlea (#)
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resistance of hyaline cartilage; therefore, can 
cause early degenerative changes [4].

The chondrocytes are specialized in produc-
ing collagen and proteoglycans, besides having 
an intimate relationship with the synovial cells. 
In some pathologies such as osteoarthritis, syno-
vial cells stimulate chondrocytes to produce 
atypical tissue (fibrocartilage) [10]. The collagen 
fibers are perpendicular in the deep zone and par-
allel in the superficial zone. The distribution and 
organization of proteoglycan among the fibers 
establish biomechanical characteristics which 
give rigidity to compression, resilience, and 
resistance [4].

Due to local overload and genetic factors, 
damage to fibrils and chondrocytes reaches a 
critical point at which they cannot withstand 
pressure. The superficial cartilage is damaged 
and removed thus causing even more focal over-
load. The surface becomes uneven and cracked, 
known as fibrillation. Fibrillation causes a 
decrease in thickness and the consequent over-
load will lead to osteoarthritis [10].

26.5  Osteochondral Injury

An osteochondral injury involves the separation 
of an articular cartilage segment along with its 
underlying bone [11]. Such injuries mostly occur 
when there is prolonged and repetitive joint over-
load or a sudden high impact produces compres-
sive stress to the tissue and shear stress at the 
subchondral bone junction [12]. Many causes 
have been proposed, including vascular insult, 
trauma, endocrinopathies, genetics, ossification 
abnormalities, hormonal abnormalities, and mul-
tifactorial causes [11].

Repetitive microinjuries to the subchondral 
bone and calcified cartilage initiate a repair 
mechanism, with activation of osteoclasts, osteo-
blasts, and fibrovascular tissue ultimately result-
ing in the formation of new bone (subchondral 
sclerosis) and establishment of a new, cartilagi-
nous mineralization zone (duplication or triplica-
tion). This process also leaves behind deep zones 
of uncalcified cartilage [13]. If overloading of 
cartilage and subchondral bone continues, super-

ficial parts of the uncalcified cartilage are stripped 
and their surfaces become irregular. These areas 
progressively increase in size with time and con-
tinuous overloading, resulting in complete carti-
lage loss [13].

The elbow is used in many different activities 
such as throwing, tennis, golf swings, and vol-
leyball therefore most elbow complaints are 
related to sports. Most elbow injuries occur as a 
result of repetitive use, although traumatic inju-
ries are also common [14].

The surfaces of diarthrodial joints are more 
susceptible to an osteochondral injury and the 
most involved areas include the knee, elbow, and 
ankle [12]. They can occur in all articular sur-
faces of the elbow, including the radial head, 
trochlea, and olecranon, but most reported inju-
ries involve the capitellum [12].

26.6  Classifications 
of Osteochondral Injury

The review of literature showed that there are dif-
ferent classifications for osteochondral injuries 
however there is no specific osteochondral clas-
sification for the elbow.

Outerbridge, in 1961, published the most pop-
ular arthroscopic classifications for cartilage 
injury (created for knee, but also used for elbow, 
shoulder, and hip). This classification is gradu-
ated in five degrees according to the table(Table 
26.1) [15].

In 2000, the International Cartilage Repair 
Society (ICRS) developed a new arthroscopic 
classification during the ICRS Standards 
Workshop, in Switzerland (Table 26.2) [16].

Table 26.1 Outerbridge classification [15]

Grade 
I

Chondral lesions characterized by softening 
and swelling

Grade 
II

Lesion describes a partial-thickness defect 
(fissures <0.5 in. in diameter or that do not 
reach subchondral bone)

Grade 
III

Fissures of the cartilage >0.5 in. (reaching 
subchondral bone)

Grade 
IV

Erosion of the articular cartilage that exposes 
subchondral bone

26 Elbow Osteochondral Unit Function
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26.7  Specific Elbow Condral 
Lesions

26.7.1  Osteochondritis Dissecans/
Panner’s Disease

The osteochondritis dissecans of the elbow 
(ODE) is more prevalent in the capitellum. This 
chondral alteration mostly happens in young 
athletes, baseball players, and gymnasts 
(Fig. 26.3).

The evolution can lead to osteoarthritis of the 
elbow. There are many theories for its origin, 
such as ischemia, genetics, and recurrent micro-
trauma, but the etiology of ODE remains uncer-
tain [17]. The most accepted theory is fatigue of 
the medial collateral ligament in patients who use 
the pitch repeatedly, creating an increase in val-
gus compression forces in the radiocapitellar 
joint [18]. The stress evolves to a focal lesion in 
subchondral bone characterized by avascular 
necrosis and subchondral bone changes. As a 
result, it will progress to loss of the overlying 
articular cartilage and formation of free bodies 
[19] (Fig. 26.4).

It is important to differentiate ODE from 
Panner’s disease. Usually, trauma is not present 
in Panner’s history. Also, patients are younger 
compared to ODE. Besides fragmentation, there 
is rarefaction involving the entire ossification 
nucleus of the capitellum; however, it is a self- 
limiting process, being solved by reossification 
[20].

The patient with ODE presents progressive 
worsening in pain and stiffness. Occasionally can 
present symptoms and mechanical changes, 
crackles, pops, and loose bodies [21]. Large 

lesions and old patients are associated with worst 
symptoms and radiographic changes [22].

Some lesions may heal spontaneously, espe-
cially in skeletally immature patients. The treat-
ment consists of prevention of pitches, bending, 
excessive force at the elbow, arm, and drop 
weightlifting [23]. Stable lesions should receive 
conservative treatment and healing process must 
be accompanied by radiographs. Surgical treat-
ment should be considered when there is no 
radiographic improvement at 3  months [17]. 
Matsuura et  al. analyzed 176 patients with a 
mean age of 12.8 years who played baseball and 
had ODE. Conservative treatment was carried out 
for 6  months and proposed to 101 patients, 84 
were diagnosed as stage I and 17 were in stage 
II. About 90% (76 cases) with radiolucent lesions, 
in stage I, healed on average of 14.9 months. In 
stage II, 52.9% of the 17 cases healed in approxi-
mately 12.3 months [18].

There are several surgical options for 
ODE.  Indications for operative treatment are 
failure in conservative treatment, unstable inju-
ries, mechanical symptoms such as crackles, 
stiffness, loose bodies, and pain for daily activi-
ties [23]. Arthroscopic loose bodies removal 
associated with abrasive chondroplasty and 
microfractures is a surgical option, but the results 
are variable. Takahara et al. found that patients 
undergoing the removal of the loose bodies, 
when greater than 50% of the surface (about 
12 mm) of the capitellum, were associated with 
worst outcomes [24]. Tis et  al. studied the 
arthroscopic treatment of ODE for debridement 
and microfractures, without reinsertion of the 
fragment to the subchondral bone. By this tech-
nique, pain persisted in 33% of patients and, 
although some returned to physical activity, 
many patients did not reach pre-injury activity 
levels [25]. Microfractures are still a very com-
mon procedure for focal lesions in arthroscopy 
procedure. New technologies and techniques, as 
autologous chondrocyte implantation, incorpo-
rate synthetic and biological grafts (with or with-
out the addition of cells) aiming better adhesion, 
organization, migration, and differentiation of 
mesenchymal cells into chondrocytes, enabling 
better cartilage regeneration [18].

Table 26.2 ICRS Classification [16]

Grade 
0

Normal

Grade I Nearly Normal (soft indentation and/or 
superficial fissures and cracks)

Grade 
II

Abnormal (lesions extending less than 50% of 
cartilage depth)

Grade 
III

Severely abnormal (cartilage defects >50% of 
cartilage depth)

Grade 
IV

Severely abnormal (cartilage defects 
extending through the subchondral bone)

C. Cohen et al.
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Bone fixation can be indicated when osteo-
chondral fragments are stable, and fixation is 
possible with bone plugs, metal screws, and bio-
absorbable screws. Success rate is approximately 
80% and reossification is observed in 44–100% 
[21].

Joint reconstruction osteochondral plugs 
from the knee indication include large lesions 
(>12  mm in diameter or more than 50% of 
articular surface) and unstable lesions. Takara 
et al. reviewed 33 patients who underwent joint 
reconstruction. At follow-up period of 
28.4  months, approximately 94% of the cases 
had returned to pre- injury game level with an 
average of 6.9  months [17], and a systematic 
review showed that 94% of the athletes at 

30.2 months follow-up, returned to sports with 
an average of 5.6 months [26]. Despite encour-
aging results, the procedures using grafts still 
show difficulties and morbidity in donor site, 
death of chondrocytes; mechanical and biologi-
cal integrity, cell viability, risk of  disease trans-
mission; loss of chondrogenic phenotype. As an 
alternative, osteochondral allograft transplanta-
tion (OCA) may be obtained from cadaveric 
capitellum or femoral condyle. OCA keeps 
most benefits of osteochondral autograft trans-
fer while cutting out the morbidity of donor 
site. In a study 9 baseball players treated with 
OCA, follow-up of 48.3  months, describe an 
improvement in pain and all clinical outcome 
scores [27]. Also, in the last few decades, 3D 

a b c

Fig. 26.3 A 16-year-old female, tennis player, with a 
grade II osteochondritis dissecans lesion of the right 
elbow with a closed capitellar growth plate. She com-

plained of 1–2 years of pain and mechanical symptoms. 
(a) Coronal view on MRI; (b) Sagital view; and (c) Axial 
view

a b c

Fig. 26.4 A female patient who complained of pain, blockage, and stiffness symptoms. (a) Coronal view on MRI with 
loose bodies; (b) Sagital view; and (c) Loose Bodies after arthroscopy procedure

26 Elbow Osteochondral Unit Function
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tissue engineering has emerged as a strategy for 
cartilage regeneration. The bioprinting 3D cut-
ting is a deposition process of blends of cells 
and biomaterials in layers to form ordered and 
predetermined tissue, recreating the physical 
environment, matrix, and elbow anatomy [28]. 
Treatment of ODE is summarized in Fig. 26.5.

26.7.2  Degenerative Joint Disease

The primary osteoarthritis (OA) of the elbow is 
rare, corresponding to less than 2% of all 
degenerative joints cases [29]. OA is character-
ized by loss of range of motion, chronic pain, 
stiffness, and impact on patient quality of life 
due to difficulty in performing daily activities 
and sports practices [30]. Although this condi-
tion in the elbow is uncommon compared to the 
knee and hip, can be common in young athletes, 
middle- aged patients, and heavy workers. 
Patients with initial OA claim pain in the 
extremes of flexion and extension movement, 
and later to blockage, stiffness, and cubital tun-
nel syndrome [31].

The pathological processes related to OA of 
the elbow is a fragile and fragmented cartilage 
that releases free bodies, forming reactive bone 
and osteophytes, sclerosis, subarticular cyst for-
mation, fibrosis, and the consequent progressive 
joint stiffness [32]. Its etiology has not yet been 

fully elucidated. The studies proposed environ-
mental factors as possible primary etiology since 
no morphological characteristics were recog-
nized as predisposition to the development of this 
pathology [33].

26.7.3  Joint Disease after High- 
Energy Trauma

High-energy elbow fractures, especially intra- 
articular fractures are associated with post- 
traumatic osteoarthritis (Fig. 26.6). The articular 
degeneration generally starts at radiocapitellar 
joint then goes to the ulnohumeral joint [21]. The 
mechanisms to develop osteoarthritis are com-
plex, there is an association between the injury 
pattern and the energy absolved. Chondrocyte 
death begins after joint damage. Apoptosis mark-
ers increase, changing the composition of syno-
vial fluid, resulting in necrosis and degradation of 
chondrocytes [34]. It is important to remember 
that associated with chondral injury, there is a 
large release of cytokines and pro-inflammatory 
metalloproteinases, that are involved in the direct 
or indirect activation of fibroblasts [35]. In addi-
tion to the response of the articular joint for 
unknown reasons, the injury can cause contrac-
ture of the joint capsule, bone formation in the 
capsule or musculature, so-called heterotopic 
calcification.

Treatment

Stable Unstable

Non-

Operative
Small Size

Microfracture
Bone

Fixation

Osteochondral

Autograft

Transplantation

Large Size

Fig. 26.5 Flowchart—Treatment of ODE
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26.7.4  Treatment Options for OA

Patients with OA are initially treated with medi-
cation, anti-inflammatory drugs, and physiother-
apy then, after 3–6  months, if there is no 
improvement in pain, surgery may be considered. 
Intra-articular corticosteroid and hyaluronic acid 
injections can be used; however, Van Brakel et al. 
reported pain relief with poor functional improve-
ment at 3  months and no benefits at 6  months 
with hyaluronic acid injections [36].

The possible procedures are arthroscopic 
release, open debridement with ulnohumeral 
arthroplasty, interposition arthroplasty, and total 
elbow arthroplasty (TEA). The literature recom-
mends treating with arthroscopy the milder cases 
of elbow osteoarthritis. Open debridement, elbow 
interposition arthroplasty (EIA), or total elbow 
arthroplasty for advanced OA or severe elbow 
deformity cases. In a systematic review, Cohen 
et al. showed that both procedures are powerful 
in improving pain, range of motion, and patient 
satisfaction [37].

Open debridement has historically been used 
in heavy workers and younger patients with pain 
and stiffness of the elbow, but with the advance-
ment in elbow arthroscopy, the scope allows a 
better joint evaluation minimizing soft-tissue 
damage, lower risk of infection, and pain after 
procedure. Sochacki et al. in a systematic review 
showed elbow arthroscopic debridement for pri-
mary degenerative osteoarthritis results in 
improvement in range of motion, function, clini-
cal outcomes of the elbow, while having low 
complication and reoperation rates [38].

The TEA is the gold standard treatment for 
severe osteoarthritis in elderly and low-demand 
patients demonstrating an increase in functional 
scores [39]. However, outcome reports of TEA 
for Rheumatoid arthritis (RA) and post- 
traumatic- related conditions reveal quite dis-
tinct results. The patients with post-traumatic 
arthritis have an increased risk of axle failure, 
component disassembly, component fracture, 
subsequent bushing wear, and lower risk of sep-
tic loosening [40].

Elbow interposition arthroplasty is indicated 
for patients with severe arthritis too young or 
active for TEA. The EIA could be more durable 
than TEA in these patients with less bone resec-
tion and is considered as salvage treatment for 
post-traumatic arthritis in patients with active 
lifestyles and heavy workers. In a series, 85% 
of EIAs performed for post-traumatic arthritis 
had good or excellent results. However, 37% 
demanded revision within a mean of 7  years 
[41].

26.8  Conclusion

There are few studies of elbow osteochondral 
injuries and literature on prevalence is scarce. 
Since it is a joint with low mechanical load, they 
are usually mild chondral lesions that may pres-
ent with few symptoms or be asymptomatic 
therefore being underdiagnosed. Once diag-
nosed, they are mostly treated conservative and 
indications for surgery are restricted for the treat-
ment of severe joint sequelae and joint incongru-
ity in young people.

Fig. 26.6 High energy trauma causing intra-articular 
fractures that results in post-traumatic osteoarthritis. 
Radio (R); Humerus (H); Fragments of radio (*)
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Wrist Osteochondral Unit Function 
and Treatment

Riccardo D’Ambrosi

27.1  Etiology

According to the American Academy of 
Orthopedic Surgeons (AAOS), wrist arthritis 
(WA) can be divided into three subcategories [1]:

 1. Primary osteoarthritis (OA): This is the most 
common cause of wrist pain in the elderly 
population, although it can affect any age 
group. Aging, hereditary factors, high body 
mass index (BMI), joint anatomy, and gender 
are the risk factors linked to the development 
of osteoarthritis.

 2. Rheumatoid arthritis (RA) is an inflammatory 
condition that affects the peripheral joints 
symmetrically. The exact etiology of rheuma-
toid arthritis remains unknown but is due to 
multifactorial factors [2, 3].

 3. Post-traumatic arthritis due to traumatic 
events such as injuries to the ligaments or 
fracture. Despite adequate treatment, damage 
to the cartilage increases the risk of develop-
ing arthritis over time [4].

Other causes of WA can be infection, crystal- 
induced arthritis, reactive arthritis, and systemic 
diseases like sarcoid arthropathy, myelodysplas-
tic, and leukemic disorders.

27.2  Epidemiology

Although the wrist is not a weight-bearing joint, 
it has a significant function in daily activities, and 
that predisposes it to trauma and fractures. On an 
estimate, one in seven persons in the United 
States reports WA (13.6%). The prevalence of 
RA affecting the wrist is 2.5 million people in the 
United States and approximately 75% in the gen-
eral population. Gout affects the wrist in 0.28% 
of the population [5].

27.3  Pathophysiology

The pathophysiology of wrist arthritis depends 
on the type of arthritis affecting the wrist.

• OA, a disease previously thought to be due to 
wear and tear, has more complex pathogenesis 
related to biomechanical and chemical factors 
such as matrices metalloproteinases (MMPs), 
cysteine proteinases, serine proteinases, and 
proinflammatory cytokines.

• RA results from a complex interaction 
between genetic and environmental factors 
that leads to a breakdown of immune toler-
ance and synovial inflammation.

• In post-traumatic OA, the mechanics of the 
wrist and ligaments will change, and loading 
factors are redirected or misdirected, resulting 
in damage to cartilage,R. D’Ambrosi (*) 
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27.4  Medical History

Patients with WA mainly refer pain that is diffuse 
in the whole joint. The character of the pain 
depends on the type of arthritis. For example, 
pain due to OA is worse with joint use and is 
relieved by rest. Pain due to RA is often associ-
ated with stiffness in the morning and gets better 
as the day goes on. Symmetric involvement of the 
joints is also more common in RA.  Other than 
pain, swelling is an important feature of arthritis. 
Swelling can be due to effusion or synovial 
hypertrophy. Redness and warmth of the joints, 
along with swelling in a nontraumatic wrist joint 
suggest an inflammatory disease or an infection.

27.5  Physical Examination

Physical examination includes inspection, palpa-
tion, range of motion, and special tests.

• Inspection: Swelling and deformities are the 
two important findings associated with 
WA. Regarding swelling, it is important to dis-
tinguish between a joint effusion from tenosy-
novitis or a localized mass. Arthritis usually 
produces a diffuse circumferential swelling. 
Chronic inflammation in diseases like rheuma-
toid arthritis can cause deformities like volar 
subluxation of the carpus, carpal collapse, and 
radial deviation of the carpus. It can also result 
in instability with dorsal subluxation of the 
ulnar head, which causes “piano key” like 
movement with downward pressure.

• Palpation: Palpation helps in identifying the 
specific painful area. The wrist is best pal-
pated in slight flexion and feeling the dorsal 
surface of the wrist with the thumb while sup-
porting the wrist with the fingers of both 
hands. Dorsal instability is a sign of joint effu-
sion. Instability can be tested by looking for 
transmission of pressure from one hand placed 
at one side of the joint to the second hand 
placed on the opposite side.

• Range of Motion (ROM): Clinicians should 
test the active range of motion first. The range 
of motion tested at the wrists is flexion, exten-

sion, radial, and ulnar deviation. The normal 
range of flexion is 65–80° of flexion, 55–75° 
of extension, 30–45° of ulnar deviation, and 
15–25° of radial deviation.

• Special tests: Tinel sign, Carpal compression 
test, Phalen test, Finkelstein test, etc., exclud-
ing causes other than arthritis in a patient with 
wrist pain.

27.6  Evaluation

Evaluation of wrist arthritis includes a complete 
medical history, starting from the onset of symp-
toms, location, nature, duration, aggravating, and 
easing factors. If the pain is chronic, triggers 
causing recent exacerbations should be enquired.

Radiographs of the joint: Conventional radi-
ography is the most widely used imaging modal-
ity and allows for the detection of bone 
pathologies like fracture, erosions, osteonecrosis, 
osteoarthritis, or a juxta-articular bone tumor. 
Characteristic features of OA include marginal 
osteophytes, joint space narrowing, subchondral 
sclerosis, and cysts.

Ultrasonography is unhelpful in checking the 
bones or deep parts of the joints and is operator- 
dependent, but it might show OA-associated 
structural changes, osteophytes, crystal deposi-
tion and is also useful for detecting synovial 
inflammation, joint effusion, and erosions [6, 7].

Laboratory tests: Leukocytosis supports the 
possibility of infection. Cultures of blood, urine, 
or other possible primary sites of infection are 
mandatory when a septic joint is being consid-
ered. Rheumatoid factor and anti-CCP (cyclic 
citrullinated peptide) antibodies should be 
ordered if there is clinical suspicion for rheuma-
toid arthritis. A serum uric acid level is often 
ordered by clinicians when gout is suspected, but 
it is not reliable as it may be spuriously elevated 
in acute inflammatory conditions or acutely 
diminished during a true gout attack.

Synovial fluid analysis: A joint arthrocentesis 
and synovial fluid analysis are mandatory if an 
infection is suspected. Such patients should also 
be started on empiric antibiotic therapy as soon as 
possible after the synovial fluid sample is obtained.

R. D’Ambrosi
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27.7  Treatment/Management

Like the pathogenesis, treatment of WA greatly 
depends upon the type of arthritis.

OA: Nonsurgical management includes, 
NSAIDs, and other analgesic medications, avoid-
ing activities causing exacerbation of the pain, 
immobilization of the joint with wrist splints, 
especially during daytime and during activities, 
physical therapy, and local corticosteroid injec-
tions. Systemic steroids have no role and should 
be avoided. Pills containing hyaluronic acid and 
glucosamine are ineffective and have a placebo 
effect [8].

RA: Disease-modifying antirheumatic drug 
(DMARD) therapy is the cornerstone in the man-
agement of RA.  Antiinflammatory therapies, 
including systemic and intra-articular glucocorti-
coids and NSAIDs, are used primarily as adjuncts 
for temporary control of disease activity in 
patients in whom treatment is being started with 
DMARDs or during disease flares and modifica-
tion of the DMARD regimen. Methotrexate, 
hydroxychloroquine, sulfasalazine, and lefluno-
mide are the major traditional DMARDs. 
Biologic agents like anti-TNF-alpha agents, 
including etanercept, infliximab, and adalim-
umab, tocilizumab(IL-6 inhibitor), tofacitinib 
(JAK inhibitor), and rituximab(anti-CD-20 
monoclonal antibody) are all used for the treat-
ment of RA.

Surgical treatment is indicated when disabling 
pain emerges despite conservative and nonsurgi-
cal treatments. There are many surgical 
approaches available, like wrist denervation, 
ulnar resection (removes the pressure from wrist), 
or synovectomy, but the ones used most often 
include proximal row carpectomy, wrist fusion, 
and wrist replacement [1].

Carpectomy involves the removal of the prox-
imal carpal bones close to the forearm to ease 
pain and sustain wrist motion. Fusion or arthrod-
esis is a welding process that removes the dam-
aged cartilage and attaches wrist bones to make 
sure they heal as a single and solid bone that does 
not cause pain. Fusion will reduce the range of 
motion but eliminate the pain. In wrist replace-
ment, the surgical procedure involves the removal 

of the damaged wrist cartilages and bones and 
replacement with plastic or metal joint. The goal 
is to restore function, regain range of motion, and 
reduce the pain. The implants have not resulted in 
gratifying results such as those with knee or hip 
replacement [9–12].

27.8  Arthroscopy in Arthritis

27.8.1  Arthrosis of the Proximal Pole 
of the Hamate (Uncinate 
Bone)

Cartilage erosion of the proximal pole of the 
hamate is a common site of arthrosis within the 
wrist. Viegas et  al. [13] described two types of 
lunate morphology based on the presence or 
absence of a separate hamate facet on the distal 
lunate articular surface. A type I variant (no 
hamate facet) was evident in 34.5% of the dis-
sected specimens, and a type II variant (distinct 
hamate facet) was evident in 65.5% of the dis-
sected specimens. Significant cartilage erosion at 
the proximal pole of the hamate was identified at 
dissection in 44.4% of the type II lunates but in 
none of the type I lunates [14]. Chondral lesions 
of the midcarpal joints in type I lunates were 
always associated with other ligamentous and/or 
osteochondral lesions, whereas the same lesions 
could be found isolated in type II lunates. Harley 
et al. noted a strong association between hamate 
arthrosis and lunotriquetral interosseous liga-
ment (LTIL) tears and coined the acronym 
“HALT” for hamate arthrosis lunate ligament 
tear. In a biomechanical study, they found that 
resection of 2.4 mm of the proximal pole of the 
hamate completely unloaded the hamato lunate 
articulation [15].

27.8.1.1  Indications
An arthroscopic resection of the proximal pole of 
the hamate is indicated in patients with persistent 
ulnar-sided wrist pain who have failed an ade-
quate trial of conservative treatment. The patients 
may have tenderness and swelling distal to the 
triangular fibrocartilage complex (TFCC) and 
pain with wrist extension and ulnar deviation. 

27 Wrist Osteochondral Unit Function and Treatment
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Plain radiographs have a low sensitivity for mak-
ing the diagnosis. An MRI is recommended, as 
the history and physical findings are not diagnos-
tic of the condition. Cartilage-sensitive sequenc-
ing will identify cartilage loss on the proximal 
hamate pole, and more severe cases will show 
edema within the hamate. Often the dual facet is 
diagnosed as an incidental finding at the time of 
arthroscopy and varying degrees of hamate chon-
dromalacia may be found in association with 
other ulnar-sided wrist pathology. In these cases, 
an arthroscopic resection is not indicated unless 
the patient has ulnar-sided pain and tenderness 
because it is often an asymptomatic finding.

27.8.1.2  Contraindications
Inflammatory arthritis, or autoimmune disease, 
that involves the wrist is a contraindication. There 
is no data to compare resection of the proximal 
pole of the hamate with subchondral drilling of 
the chondral lesion or nonoperative treatment in a 
patient with focal chondromalacia. Patients with 
midcarpal degenerative arthritis and/or interosse-
ous ligament tears will have compromised out-
comes and may be more suitable for partial 
fusions or a proximal row carpectomy.

27.8.2  Chondral Defects

27.8.2.1  Indications
Articular cartilage damage is a common cause of 
wrist pain and may result from post-traumatic 
osteochondral fractures, chronic carpal instabil-
ity, or attrition. Loose bodies commonly result 
from osteoarthritis, but may also be associated 
with AVN, primary synovial chondromatosis, or 
trauma. Loose bodies give rise to pain and lock-
ing, which is relieved following an arthroscopic 
removal. Articular defects are often undetected 
by preoperative imaging studies and are best seen 
at the time of arthroscopy. Culp et al. have pro-
vided a modified Outerbridge classification for 
chondral lesions in the wrist where grade I repre-
sents softening of the hyaline surface, grade II 
consists of fibrillation and fissuring, grade III 
represents a fibrillated lesion of varying depth in 
the articular surface, and grade IV has a full- 

thickness defect down to bone [16]. Grade I 
through III lesions are treated with debridement 
and localized synovectomy. Localized grade IV 
lesions are treated with abrasion chondroplasty 
and subchondral drilling.

27.8.2.2  Contraindications
These treatments are contraindicated if there is 
widespread cartilage loss.

27.9  Complications

The complications of wrist arthritis are mostly 
due to the various surgical treatments of the dis-
ease. Continued wrist pain due to a nonunion or 
fibrous union is a potential complication of fusion 
surgeries. As with all orthopedic surgical proce-
dures, there is a risk of prosthetic infection, neu-
rovascular injury as a complication of the 
procedure itself, and implant failure or 
loosening.

27.10  Conclusion

Wrist arthritis can be challenging in terms of both 
diagnosis and management. Since hand motions 
are essential for many higher functions, clini-
cians must pay close attention to details while 
addressing wrist arthritis in a time-sensitive man-
ner to prevent disability. One should consider an 
interprofessional approach involving rheumatol-
ogists, orthopedic surgeons, physical therapists, 
and occupational therapists whenever 
appropriate.
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Hip Osteochondral Unit Function 
and Treatment

D. Camacho and R. Mardones

28.1  Introduction

28.1.1  The Osteochondral Unit

Classically, there was the belief that joint disease 
and osteoarthritis (OA) was limited to articular 
cartilage injury, and treatment strategies were 
focused on the repair of the articular cartilage 
only. Currently, OA and other similar disorders 
are considered an “organ disease of the whole 
joint.” This has lead to an understanding that 
damage to the articular surface can lead to, be 
caused by, or occur in parallel with, damage to 
other tissues in the joint, such as underlying sub-
chondral bone [1].

The osteochondral unit (OCU), which is a 
functional unit represented by articular cartilage 
and underlying subchondral one, is essential to 
maintaining the integrity and health of the joint 
and is composed of (1) hyaline cartilage, (2) the 

boundary between hyaline and calcified cartilage 
(tidemark), (3) calcified cartilage (connected to 
the subchondral cortical bone), and (4) the sub-
chondral plate (subchondral cortical bone) which 
continues with the metaphyseal trabecular bone 
[1]. These tissue layers are interdependent 
mechanically, physiologically, and biochemi-
cally. Damage to one component of the OCU can 
impact the function of the other components, ini-
tiating a cascade of repair and remodeling pro-
cesses that often have detrimental effects on the 
long-term health and function of the joint, poten-
tially leading to OA.

It is well-known that there is a continuous 
exchange of nutrients, cytokines, prostaglandins, 
and other bioactive factors between bone and 
overlying cartilage. More than a decade ago, Pan 
[2] and other authors demonstrated the transpor-
tation of fluorescent dyes from the subchondral 
circulation to cartilage, and this diffusion is ele-
vated in OA due to the increasing subchondral 
bone porosity [1, 2].

Pain is typically the primary symptom of 
osteochondral lesions, including OA, and is 
closely related to the OCU. Healthy hyaline car-
tilage has no nociceptors therefore pain origi-
nates from the subchondral bone or associated 
joint soft tissues (joint capsule, synovium) [1]. It 
has been shown that subchondral bone lesions 
correlate better with joint pain compared to syno-
vitis [3].
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Chondral lesions do not have the capacity to 
fully self-heal. Full-thickness lesions with sub-
chondral bone involvement allow for some 
degree of healing, with migration of bone mar-
row mesenchymal cells (BM-MSC) and forma-
tion of an inflammatory “super clot.” Newly 
formed fibrocartilage tissue differs in structure 
from the original hyaline articular cartilage, con-
taining predominantly type I collagen as opposed 
to type II collagen which is ubiquitous in hyaline 
cartilage [4].

28.2  Hip Particularities

28.2.1  Anatomy

The human pelvis is adapted to the unique 
demands of bipedal locomotion. The characteris-
tic long and narrow pelvis of quadrupeds became 
short and wide to facilitate mediolateral balanc-
ing of the trunk in the single-standing phase of 
walking [5].

The hip is a ball-in-socket, weight-bearing 
joint; the femoral head is almost completely 
covered by cartilage, while the cartilage of the 
acetabulum is horseshoe-shaped, covering 
approximately 3/4 of its surface [6]. Normal 
hyaline cartilage thickness of the hip varies 
across the articular surface [7, 8]. Femoral 
head cartilage is thickest at the center, with a 
mean thickness of 2.8 mm (range 1.5–5 mm), 
while acetabular cartilage is thickest near the 
labrum, with a mean depth of 3  mm (range 
1.4–4.8 mm). The cartilage is thinner about the 
periphery of the femoral head (mean thickness 
of 1  mm) and at the medial-anterior-superior 
area of the acetabulum (mean thickness 
1.3 mm) [7, 8].

28.2.2  Hip Osteochondral Injuries

Osteochondral injuries in the hip can arise from 
multiple pathologic conditions such as femoroac-
etabular impingement (FAI), femoral head osteo-
necrosis (ON), developmental dysplasia (DDH), 
acetabular osteochondritis dissecans (OCD), 

traumatic injury, and osteoarthritis (OA) [9]. 
Each type of lesion can present with a character-
istic injury pattern.

Osteochondral lesions of the hip are not dis-
tributed evenly between the acetabulum and fem-
oral head. The acetabulum is the most common 
location of chondral damage in the hip, with the 
anterosuperior acetabulum reportedly involved in 
up to 88% of chondral defects [9]. In a cohort of 
FAI cases previously examined by our group 
[10], 100% of cases had chondral delamination in 
zones 2, 3, and 4 according to the geographic 
description [11] (Fig. 28.1). Furthermore, 88.2% 
suffered from labral tears at the adjacent labrum- 
cartilage junction.

Hip morphology in the presence of hip 
pathology directly influences the location of 
osteochondral damage. Kaya et  al. [12] 
described a hip morphology-specific pattern of 
cartilage damage. In FAI, they reported that the 
most affected areas were anterosuperior in the 
acetabulum and anterolateral in the femoral 
head. In cases of DDH, the most affected area 
was the acetabular margin, and in patients with 
borderline dysplasia, the pericotyloid fossa of 
the acetabulum and apex of the femoral head 
showed greater cartilage damage. Regarding the 
degree of chondral damage, full-thickness 

Fig. 28.1 Geographic acetabular zone description [11]
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defects are more frequent in FAI and DDH, 
while partial-thickness defects are more domi-
nant in cases of hip joint laxity [12].

Besides the classic chondral lesion descrip-
tions used for joints in general and classified 
by traditional systems (Outerbridge, ICRS, 
etc.), there is a chondral delamination type of 
lesion in the hip, with detachment of “healthy 
cartilage” from the underlying subchondral 
bone. This injury is practically exclusive to the 
hip.

Many advances in the imaging and treatment 
of knee cartilage injury have been extrapolated to 
the hip joint. Importantly however cartilage anat-
omy and biomechanics are disparate between the 
hip and knee joints, making it difficult to predict 
the outcomes of some cartilage repair techniques 
used within the hip that have been extensively 
studied in the knee.

28.3  Hip Osteochondral Unit 
Treatment

Biologic injection therapies and surgical proce-
dures have been used to treat hip OCU patholo-
gies. Biological injection treatments include the 
use of orthobiologics, which are tissue materials 
derived from biological substances that are natu-
rally present in blood. These biologic therapies 
aim to improve the regenerative capacity of tis-
sues associated with musculoskeletal injury. The 
most widely used and studied orthobiologics for 
osteochondral damage include hyaluronic acid 
(HA), platelet-rich plasma (PRP), stem cells iso-
lated from bone marrow as bone marrow aspirate 
concentrate (BMAC), and intra-articular injected 
expanded mesenchymal stem cells (MSC) [13]. 
Surgical treatments include microfracture alone 
or microfracture with augmentation, autologous 
chondrocyte implantation (ACI), matrix-induced 
autologous chondrocyte implantation (MACI), 
autologous matrix-induced chondrogenesis 
(AMIC), matrix-associated stem cell transplanta-
tion (MAST), mosaicplasty, osteochondral auto-
graft transfer (OATS) and allograft transplantation 
[14], and the development of prosthetic 
biocomposites.

28.4  Biological Treatments

28.4.1  Hyaluronic Acid (HA)

High molecular weight glycosaminoglycans play 
an essential role in joint lubrication and shock 
absorption. Intra-articular HA injections work 
through several mechanisms: inducing the pro-
duction of HA from chondrocytes and synovio-
cytes (viscoinduction); preventing cartilage 
fragmentation (chondroprotection) by interacting 
with CD44 receptors, inhibiting interleukin-1ß, 
and decreasing the production of matrix metallo-
proteinase and cartilage catabolism [13, 15]; and 
providing protection from mechanical stress (vis-
cosupplementation) [13, 15, 16].

Migliore et  al. [17] evaluated 120 patients 
and reported a significant reduction in Lequesne 
index scores and pain visual analog scale (VAS) 
at 3  months after HA injection. These results 
were maintained over time through cyclical 
repetition of intra-articular injections (one 
injection every 6  months). It is important to 
note that the wide variations in preparations of 
injectable HA, the heterogeneity in their char-
acteristics such as mean molecular weight, the 
paucity of randomized studies (particularly in 
the hip), and the lack of outcome consistency in 
the literature make clinical recommendations 
regarding this treatment difficult [18]. The 
American Academy of Orthopaedic Surgeons 
(AAOS) clinical practice guidelines for osteo-
arthritis (OA) state that the use of HA in OA is 
not supported [19].

28.4.2  Platelet-Rich Plasma (PRP)

PRP contains high concentrations of platelets, 
which release more than 300 proteins, including 
cytokines and growth factors involved in tissue 
healing and regeneration. These biologic factors 
impart a strong chemotactic effect on chondro-
cytes and mesenchymal stem cells/signaling 
cells, and inhibit the production of matrix metal-
loproteinase 13 and nuclear factor-kappa B, 
decreasing the inflammatory environment associ-
ated with OA [13, 15].

28 Hip Osteochondral Unit Function and Treatment
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The published results of clinical PRP use 
remain inconsistent, with conflicting results 
described in the treatment of the same patholo-
gies. There are several considerations related to 
clinical evaluation of PRP efficacy that likely 
influence results in the literature, such as patient 
demographic differences between trials, varia-
tions in commercial kit preparation, and variabil-
ity in the applied concentrations of PRP 
constituents [20].

The use of PRP in the treatment of chondral 
lesions has not been thoroughly examined in the 
literature, and evidence for use specifically in the 
hip joint is particularly lacking; however, the rel-
atively low-cost and minimal risk associated with 
the procedure in association with some promis-
ing published results support its use in clinical 
practice [13, 20].

An experimental study conducted in sheep 
demonstrated that the use of a PRP clot in asso-
ciation with microfracture achieved complete 
filling of chondral defects with macroscopic, bio-
mechanic, and microscopic characteristics of 
repair tissue similar to normal hyaline cartilage 
[21]. Clinical results and the quality of repair tis-
sue achieved by combining microfracture with 
PRP injection have demonstrated better results 
when compared to microfracture-only treatment 
[13]. Furthermore, Sanchez et al. [22] evaluated 
the effect of hip intra-articular injection of PRP 
in 40 patients with severe OA and reported a clin-
ically significant reduction in pain and improved 
function after short-term follow-up of 6 months.

28.4.3  Bone Marrow Aspirate 
Concentrate (BMAC) 
and Mesenchymal Stem Cells 
(MSCs)

Chahla et  al. [14] described the role of stem 
cells in cartilage regeneration to be similar to 
the director of an orchestra, providing mes-
sages to the rest of the tissues in order to repair 
the damage. BMAC is a source of MSCs, with 
stem cell concentrations estimated to be in the 
range of 0.001–0.01%. Additionally, BMAC is 
a rich source of growth factors that contribute 

to chondrogenesis and repair processes [14]. To 
achieve increased concentrations of stem cells 
for clinical use, stem cells are isolated from 
bone marrow aspirate and then seeded and 
expanded for 2–6 weeks. This procedure gener-
ates an isolate containing 20–200 million cells 
per milliliter. The ideal dose, frequency, and 
number of injections remain unclear, but some 
studies suggest that a higher concentration of 
stem cells results in improved clinical outcomes 
[14, 23]. As in the case of other treatments, 
most studies examining the use of stem cells to 
treat chondral injury have been performed in 
other joints, such as the knee, with very few 
hip-related studies.

Our group has examined the use of stem cell 
therapy to treat hip pathology. In a previous 
study [24], our group evaluated the use of 
expanded MSCs in focal chondral defects in 20 
patients (29 hips) with FAI and focal 
Outerbridge grade III–IV chondral injury, and 
with or without mild to moderate OA (Tönnis 
scale I–III). Mean follow- up was 24  months. 
All patients underwent arthroscopic FAI treat-
ment, and in the same surgical setting, 80 cc of 
BMA was aspirated from the anterior iliac 
crest. Mononuclear cells were isolated and 
seeded. When the differentiated cultures 
reached the required cell number (20 × 106 cells) 
(within 2–3 weeks), each patient received three 
intra-articular injections of 20  ×  106  cells in 
1.5  cc, once per week, 4–6  weeks postopera-
tively under radioscopic guidance. The modi-
fied Harris Hips Score (mHHS) and Western 
Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC) score improved 
from preoperative medians of 64.3 and 73 to 
postoperative medians of 91 and 97, respec-
tively, at final follow- up (p < 0.05). The median 
VAS score improved from 6 to 2. Thirteen per-
cent of the hips received a total hip arthroplasty 
(THA) at a median of 9  months (range 
6–36  months) postoperatively. There were no 
major complications.

Regarding hip OA, we recently described our 
results using the technique of intra-articular infu-
sion of ex  vivo expanded autologous bone 
marrow- derived MSCs for diffuse hip chondral 
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damage and mild to moderate osteoarthritis in 
active patients seeking a non-arthroplasty treat-
ment [20, 25]. Thirteen hips in 10 patients with a 
mean age of 49-years old (range 24–60  years), 
with radiological and symptomatic mild to mod-
erate hip OA were treated. All patients underwent 
bone marrow aspiration (30 cc) from the poste-
rior iliac crest (60  cc in bilateral cases). Bone 
marrow aspirates were sent to the tissue engi-
neering facility for mononuclear cell isolation 
and expansion by cell culture protocols. 20 × 106 
ex vivo expanded BM-MSC were infused into the 
damaged hip joint at days 0, 7, and 14 (total infu-
sion of 60x106 ex  vivo expanded autologous 
MSC). Mean VAS improved from 4.1 to 1; Mean 
HHS improved from 61.9 to 85; WOMAC 
improved from 48.1 to 27; and VAIL score 
improved from 61 to 78.2. No Tönnis grade pro-
gression was seen in postoperative X-ray imag-
ing at a mean follow-up of 27  months (range 
16–40).

28.5  Surgical Treatments

28.5.1  Microfracture

Microfracture is perhaps the most widely known 
surgical technique used to treat osteochondral 
injury. As previously discussed, the outcome of 
microfracture treatment has been studied in more 
detail in the knee [26, 27], and these results are 
often extrapolated to the hip. Certain conditions 
are typically required to achieve good results 
using this technique, such as younger patient 
selection (< 40 years of age), body mass index 
less than 30  kg/m2, none to mild OA (Tönnis 
0–1), and treatment of focal lesions less than 
4 cm2 in size [14, 28]. Another important factor to 
consider is the concomitant treatment of other 
hip pathology (DDH, FAI, etc.) to prevent recur-
rence of chondral damage.

The goal of microfracture is to release bone 
marrow cells and growth factors into the cartilage 
defect [14, 28]. Reported literature shows favor-
able clinical outcomes and adequate fill of focal 
hip chondral defects using microfracture. 
Karthikeyan et  al. [29] reported on 20 patients 

with FAI and acetabular chondral defects (mean 
size 1.54 cm2) treated with hip arthroscopy and 
microfracture, and described no OA progression 
at a mean follow-up of 21  months. Domb [30] 
reported on a series of 30 patients with a mini-
mum follow-up of 2  years treated with 
arthroscopic microfracture and showed a signifi-
cant clinical improvement in patient-reported 
outcome scores. In a classic study by Philippon 
et al. [31], 9 patients were treated with microfrac-
ture for acetabular chondral defects and subse-
quently underwent revision hip arthroscopy. 
Ninety-one percent of the defects were filled with 
good-quality cartilage in an average time of 
20  months between the initial arthroscopy and 
the revision procedure. With regard to literature 
that is currently available to guide clinical 
decision- making, larger sample sizes, longer 
term outcome analysis, and studies using control 
groups are needed to better evaluate the effective-
ness of microfracture for management of chon-
dral injuries in the hip [28].

Microfracture and Biologic Augmentation: 
Biologic injection therapy used as an adjunct to 
microfracture could improve cartilage regenera-
tion and may achieve better outcomes [32, 33]. 
Augmentation with HA, PRP, MSCs, or BMAC 
has been shown to enhance cartilage repair qual-
ity, with increased aggrecan content and tissue 
firmness [34]. Clinical results and repair tissue 
quality using microfracture in combination with 
PRP injection have demonstrated superior results 
compared to treatment by microfracture alone 
[13, 15].

28.5.2  Matrix-Induced Cell 
Implantation Techniques

There are several treatment options that combine 
biologic matrices with cell-based surgical proce-
dures, include autologous chondrocyte implanta-
tion (ACI), matrix-induced ACI (MACI), 
autologous matrix-induced chondrogenesis 
(AMIC), and membrane seeded with expanded 
MSCs.

ACI has been used predominantly to treat 
larger chondral lesions in the knee [35]. For the 
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treatment of hip chondral injuries using ACI, 
clinical studies are limited. Akimau et  al. [36] 
described a case report of a patient with severe 
chondrolysis and femoral head osteonecrosis 
after a fracture dislocation. This injury was 
treated with MACI 21 months after the injury. At 
1-year follow-up, the subjective hip score and 
range of motion improved. At 15 months follow-
 up, biopsy demonstrated 2  mm thick cartilage 
repair tissue, well populated with viable cells 
and integrated with the underlying bone [36]. 
Later, Fontana et al. described a 30 patient case-
control study (15 MACI and 15 debridement 
alone). At 5 years follow-up, HHS was signifi-
cantly better in the ACI group compared to the 
debridement group [37]. In another study, 
Mancini and Fontana [38] compared clinical 
outcomes of MACI and AMIC (in 26 and 32 
patients, respectively), for acetabular chondral 
defects. Both procedures showed comparable 
results however AMIC had the advantage of 
being a low-cost, single-stage arthroscopic pro-
cedure with reduced morbidity compared to two-
stage MACI [14, 38].

The use of membranes seeded with expanded 
MSCs has gained momentum as a treatment 
option, given some of the disadvantages of MACI 
such as donor site morbidity and insufficient cov-
erage of the defect area due to some shrinkage 
effect [20]. Techniques using MSC concentrates 
have been extensively studied in the knee in asso-
ciation with many types of matrices, including 
type I/III collagen, hyaluronic acid-based scaf-
folding, and others [39–41], and have been used 
in a minimally invasive fashion to treat both 
chondral and osteochondral defects [42, 43]. 
Regarding techniques that utilize expanded iso-
lates of MSCs, the matrix-associated stem cell 
transplantation (MAST) technique involves the 
culturing of stem cells for 28  days, which are 
then transferred to a matrix for 1  week with a 
non-differentiated medium, followed by a chon-
drogenic medium for 21 days. The seeded matrix 
implantation is performed arthroscopically. In 
the experience of our group in 15 patients treated 
with this technique, clinical improvement was 
achieved, with improved HHS at 2-year follow-
 up in all patients.

28.5.3  Mosaicplasty 
and Osteochondral Autograft 
Transplantation (OATS)

Mosaicplasty is an autologous osteochondral graft 
transplantation technique. It is widely used in the 
knee and, essentially, consists of the transplanta-
tion of autologous osteochondral cylindrical grafts 
harvested from a healthy articular area, to fill osteo-
chondral defects in an affected joint. It begins with 
the measurement and preparation of the defect 
area, creating stable and healthy cartilage edges 
about the lesion and then removing cylindrical 
bony segments by penetrating the subchondral 
bone, creating holes within the defect. 
Osteochondral graft is then harvested from a 
healthy area (most commonly from the lateral 
trochlea of the knee, or from the lateral aspect of 
the involved femoral head), which is then implanted 
into the previously created holes. In the hip, this 
technique is used for femoral head osteochondral 
lesions, and typically requires an open surgical hip 
dislocation for adequate exposure [28].

Girard et  al. [44] treated 10 young patients 
suffering from femoral head osteochondral 
defects with an average lesion size of 4.8  cm2. 
After 30 months follow-up, the Merle d’Aubigné 
Postel score and the HHS improved. There was 
excellent graft incorporation reported and none 
of the patients required THA.  Sotereanos et  al. 
[45] published a case report of a young patient 
who underwent mosaicplasty to treat femoral 
head ON, after previously being treated with free 
fibular grafting. Mosaicplasty was performed 
using grafts from the inferolateral aspect of the 
femoral head. The pain score decreased from 90 
to 9 (scale from 0 to 100), and pain-free status 
was maintained at the final postoperative follow-
 up of 5  years. In another case report, Kocadal 
et  al. [46] described surgery in a 27-year-old 
male patient who had a symptomatic osteochon-
dral defect of the femoral head treated with 
arthroscopic-assisted retrograde mosaicplasty, 
without surgical hip dislocation. At the final fol-
low- up (26 months), the patient had painless full 
range of motion, and near-complete  incorporation 
of the graft with preservation of the joint space 
radiographically.
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Johnson and the Mayo Clinic group published 
their results in five patients treated with femoral 
head osteochondral autograft transfer from the 
anteroinferior medial and lateral portions of the 
ipsilateral femoral head [47]. Clinical outcome 
and radiographic progression of disease were 
assessed. The mean follow-up was 53.8 months. 
Four patients reported complete symptom relief 
and returned to baseline activities. HHS improved 
from 60.8 to 86.6 and there was no radiographic 
evidence of progression.

In a recent study, Viamont-Guerra et al. [48] 
evaluated clinical outcomes of mosaicplasty 
using ipsilateral femoral head autografts through 
a minimally invasive anterior approach in 22 
cases, using the mHHS and WOMAC scores at a 
minimum follow-up of 1  year. The mHHS 
improved from 56.3 to 88.4 and WOMAC scores 
improved from 45.1 to 80.6. There were two 
patients (8%) who required subsequent hip 
arthroscopy to treat FAI due to cam deformity.

28.5.4  Osteochondral Allografts 
Transplantation

Fresh osteochondral allografts allow for treat-
ment of large defects (>2.5  cm) with a single- 
stage procedure that would otherwise be difficult 
to treat using alternative techniques [49]. 
Additionally, this technique eliminates donor site 
morbidity, provides an immediately functioning 
joint surface, and provides a hyaline cartilage 
replacement [28]. A potential downside concerns 
the maintained viability of chondrocytes from the 
time of graft procurement to the time of implan-
tation. This may be impacted by the duration of 
storage time after graft procurement. Some 
reports suggest that there is a substantial reduc-
tion in graft viability after 28  days of storage 
[28].

Khanna et al. [50] reported, in a prospective 
study, the outcomes of 17 patients treated with 
fresh osteochondral allograft. At the end of fol-
low- up (41.6  months), 13 patients had fair to 
good outcomes. One patient required a repeat 
allograft transplantation and three patients 
required a total hip replacement.

In a recent study, Chen et  al. [51] described 
their experience with fresh osteochondral 
allograft using the anterior (Smith Peterson) 
mini-open approach and anterior surgical hip dis-
location. They concluded that the use of allograft 
avoids donor site morbidity and that the anterior 
approach avoids the need for a trochanteric oste-
otomy (and its potential complications), and 
reduces the potential risk of iatrogenic injury to 
the medial femoral circumflex artery. 
Furthermore, this treatment method may allow a 
faster rehabilitation and earlier return to function 
[51].

Krych et al. [52] reported on management of 
osteochondral defects of the acetabulum in two 
patients. The first patient had a superior acetabu-
lar cyst and the allograft was taken from a donor 
acetabulum. The second patient had fibrous dys-
plasia of the acetabulum and the allograft was 
taken from a donor tibial plateau. In the first 
patient, mHHS improved from 75 to 97 at 2-year 
follow-up. In the second patient, the mHHS 
improved from 79 to 100 at 3-year follow-up. 
MRIs (obtained after 1-year in the first patient 
and at 18-months in the second) showed graft 
incorporation and hip joint congruity in both 
patients.

28.5.5  Prosthetic Biocomposites 
for Osteochondral Defect 
Repair

Mardones, Mrosek, and the Mayo Clinic group 
[53, 54] reported the development of a biologic 
prosthetic composite that contains a porous tanta-
lum (TM) or poly-e-caprolactone (PCL) scaffold 
combined with an “articular” surface coating of 
periosteum from 2-month-old rabbits (cultured 
under chondrogenic conditions), that forms a 
robust hyaline-like cartilage. Cylindrical osteo-
chondral defects were created on the medial and 
lateral condyles of 10 rabbits and filled with TM/
periosteum or PCL/periosteum biosynthetic com-
posites. The regenerated osteochondral tissue was 
then analyzed histologically and with blinded 
evaluation. The mechanical properties of these 
prosthetic biocomposites were shown to be very 
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similar to a normal osteochondral graft. Most of 
the regenerates were well integrated with the sur-
rounding bone and showed a partial restoration of 
the tidemark. A hyaline-like surface was reported, 
although the cartilage yields were inconsistent.

In a more recent study from the same group 
[55], results were published using TM with autol-
ogous periosteum to reconstitute large osteo-
chondral defects in sheep models. They divided 
24 sheep into three groups: (1) trabecular metal/
periosteal graft (TMPG), (2) trabecular metal 
(TM), and (3) empty defect (ED). At 16 weeks 
postoperatively, histological findings among the 
three groups were not statistically different. The 
neo-cartilage yield was lower compared with the 
contralateral articular cartilage controls. The 
authors concluded that TM enables excellent 
bony ingrowth and fast integration. However, 
combined with autologous periosteum, such a 
biocomposite failed to promote satisfactory neo- 
cartilage formation.

28.6  Summary

Management of injuries to the articular cartilage 
is complex and challenging, particularly in young 
and active patients. Pathological processes were 
classically thought to affect only one component 
of the osteochondral unit; however, due to the 
structural and functional interaction and bio-
chemical crosstalk, it is now understood that 
alterations in a single tissue will ultimately affect 
all components of the unit.

The hip is a complex joint that routinely 
manages the distribution of substantial forces 
through a single weight-bearing compartment. 
Preserving osteochondral tissue in the injured 
hip is a very challenging objective, and there is 
no single ideal treatment option. The use of 
microfracture, ACI, mosaicplasty, osteochon-
dral grafting, and other methods of articular car-
tilage repair have been described, with variable 
success rates reported. The literature related to 
osteochondral repair strategies in the hip is lim-
ited to small case series and case reports, and 
there is lack of control groups and studies with 
long-term follow-up. Further investigation of 

these treatment options as they apply to the hip 
is necessary to provide appropriate clinical rec-
ommendations for management of chondral 
injuries of the hip joint.
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Nontraumatic Hip Osteochondral 
Pathologies
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29.1  Introduction

Nontraumatic osteochondral injury to the hip 
resulting in joint damage and end-stage joint 
failure is a frequently encountered musculo-
skeletal condition and can be associated with a 
profound reduction in quality of life. 
Components of the osteochondral unit are 
closely associated and interdependent [1]. 
Development of osteoarthritis is a complex 
pathologic process, and treatments to halt or 
slow the progression of osteochondral injury 
are advancing, recognizing that the pathologic 
processes that impact subchondral bone are 
similarly important to processes that impact 
overlying articular cartilage [2].

There are many pathologic conditions associ-
ated with progressive degenerative joint injury 

in the hip. The understanding of various forms 
of intra- and extra-articular impingement is 
advancing rapidly, as are surgical methods to 
treat these conditions. Regarding well-studied 
forms of hip osteochondral abnormality, such as 
Legg-Calvé- Perthes disease, slipped capital 
femoral epiphysis (SCFE), developmental dys-
plasia of the hip (DDH), and osteonecrosis, 
there are a number of widely available and 
understood treatments described, in addition to 
newly developed therapies that are constantly 
evolving. Differences in hip morphology that 
are associated with a number of pathologic pro-
cesses result in patterns of articular cartilage 
injury that are specific to the hip disorder [3]. 
Bony realignment procedures to normalize hip 
joint alignment and to properly balance joint 
reaction forces can be combined with intra-
articular procedures to repair cartilage or treat 
other soft tissue injuries in the hip, using cell-
based methods of repair or techniques that 
incorporate biologic scaffolding and mesenchy-
mal stem cells/signaling cells. Complex surgical 
methods to address malalignment and focal 
areas of osteochondral injury have been exten-
sively studied in the knee [4], and some of these 
strategies can be applied to the hip joint. 
Targeted, individualized, and comprehensive 
surgical treatments are often required to pre-
serve the native hip joint, to increase the longev-
ity of the functional hip, and to improve quality 
of life.
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29.2  Diagnostic Imaging 
of the Hip

29.2.1  Anteroposterior Pelvis 
Radiograph

Anteroposterior (AP) pelvis plain radiography is 
routinely used to examine a number of anatomic 
parameters and features that will assist with diag-
nosis of nontraumatic conditions affecting the 
hip joint. This film is taken supine or standing, 
with the lower extremities internally rotated 15°. 
Joint space narrowing and periarticular changes 
consistent with degenerative chondral injury are 
often readily identifiable. Close examination of 
the articulating subchondral bone may identify 
focal osteochondral abnormalities. There should 
be particular attention paid to alignment and fem-
oral head coverage. Lateral center-edge angle 
(LCEA) and the acetabular index (AI) should be 
evaluated on each AP pelvis radiograph. The 
measurement of LCEA was originally described 
by Wiberg to evaluate lateral coverage of the 
femoral head [5], and this can be used to screen 

for and to diagnose developmental dysplasia of 
the hip. This measurement is made by determin-
ing the angle between a line drawn from the cen-
ter of the femoral head representing the vertical 
axis of the pelvis and another line drawn from the 
femoral head to the lateral border of the sourcil 
(Fig. 29.1a). A normal LCEA is considered to be 
greater than 25°. Borderline or mild dysplasia 
may be considered with a measurement between 
20° and 25°, depending on clinical presentation 
and soft tissue considerations such as excessive 
ligamentous laxity. The AI is another measure-
ment used to assess coverage and was described 
by Tönnis [6]. This measurement is made by 
determining the angle between the transverse 
pelvic axis and a line connecting the medial and 
lateral extents of the sourcil. An AI between 0° 
and 10° is considered within the normal range.

29.2.2  False Profile Radiograph

The false profile radiograph is particularly help-
ful to examine for posterior degenerative joint 

a b

Fig. 29.1 (a) Lateral center-edge angle (LCEA) mea-
sured on the AP pelvis radiograph for a right hip. The 
LCEA corresponds to the angle between a line drawn 
from the center of the femoral head representing the verti-
cal axis of the pelvis and a line drawn from the center of 
the head to the lateral extent of the condensed acetabular 

line (sourcil). (b) Anterior center-edge angle (ACEA) 
measured on the false profile radiograph for a right hip. 
The ACEA corresponds to the angle between a line drawn 
to represent the vertical axis from the center of the femo-
ral head and a line drawn from the center of the femoral 
head to the anterior extent of the sourcil
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changes and to assess anterior femoral head cov-
erage by measuring the anterior center-edge 
angle (ACEA). This radiograph is taken with the 
patient standing and the pelvis rotated 65°. 
Measurement of the ACEA on the false profile 
radiograph is made by determining the angle 
between a vertical line drawn from the center of 
the femoral head and a second line drawn from 
the center of the head to the anterior extent of the 
sourcil (Fig.  29.1b) [7]. Normal anterior cover-
age as determined by the ACEA is considered to 
be an angle greater than 25°, with borderline 
undercoverage in the range of 20°–25°.

29.2.3  Elongated-Neck Lateral 
(Dunn) Radiograph

The Dunn radiograph, also known as an elongated- 
neck lateral view, is taken in the AP plane with the 
affected hip in neutral rotation, abducted 20°, and 
flexed to either 45° (45° Dunn view) or 90° (90° 
Dunn view). This radiograph is performed rou-
tinely to examine the sphericity of the femoral 
head-neck junction. There is variability in the 

ability of different plain film views to identify 
femoral head-neck asphericity [8]. Asphericity of 
the femoral head-neck junction has been shown in 
some literature to be better identified on the 45° 
Dunn radiograph [9], as this view will profile the 
femoral head-neck junction closer to the 1:00–
1:30 o’clock region, as opposed to the 90° Dunn 
view which will usually provide a profile more 
anteriorly at the femoral head- neck junction. 
Contour of the femoral head-neck junction is 
assessed on the Dunn view using the alpha angle. 
To measure this angle, a circle of best fit is created 
around the femoral head and a line is drawn along 
the femoral neck axis through and the center of 
the femoral head. A second line is then drawn 
from the center of the head to the point on the 
femoral head-neck junction that deviates outside 
the circle of best fit. The angle between these two 
lines is the alpha angle (Fig. 29.2). There is a wide 
range over which the degree of cam deformity 
may contribute to femoroacetabular impingement 
(FAI), as acetabular or femoral version abnormal-
ities may impact the severity of impingement at 
any given measurement of alpha angle. There is 
no definitive consensus as to the specific value of 

a b

Fig. 29.2 Measurement of the alpha angle is performed 
by determining the angle between a line drawn along the 
femoral neck axis to the center of the femoral head and a 
line drawn from the center of the femoral head to the point 
where the head/neck deviates from a circle of best fit 

around the femoral head. This is a measure of femoral 
head-neck asphericity and is demonstrated on a 45° Dunn 
(elongated-neck lateral) view (a) with the hip abducted 
20° and flexed 45°, and on a 90° Dunn view (b) with the 
hip abducted 20° and flexed 90°
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alpha angle measurement that defines a cam 
lesion, although measurement of 60° or greater is 
often used [10]. Importantly, other anatomic 
parameters about the hip, such as acetabular or 
femoral version, may impact the clinical impor-
tance of femoral head- neck asphericity of any 
given degree. For instance, an alpha angle less 
than 60° when associated with relative femoral 
retroversion may be associated with more severe 
FAI compared to a hip with an alpha angle greater 
than 60° that has increased femoral anteversion.

29.2.4  Cross-Table Lateral and Frog- 
Leg Lateral Radiographs

The cross-table lateral view is taken with the 
patient supine and the contralateral limb flexed 
and elevated. The lower extremity is internally 
rotated 15° and the X-ray beam is directed at an 
angle of 45° to the affected hip. For the frog-leg 
lateral view, the hip is flexed, abducted, and 
externally rotated such that the heal of the 
affected extremity is positioned at the contralat-
eral knee, with the patient supine and the X-ray 
beam directed anterior to posterior. Both the 
cross-table lateral and frog-leg lateral views are 
used to assess contour of the femoral head and 
the femoral head-neck junction anteriorly and 
posteriorly. With regard to assessing asphericity 
in cases of cam deformity, the Dunn lateral view 
is often considered superior for examining the 
anterolateral head-neck junction [11].

29.2.5  Computed Tomography 
of the Hip Joint

Computed tomography (CT) is an excellent 
imaging modality to assess bony alignment about 
the hip and to detail bony abnormalities associ-
ated with osteochondral injury. Determining the 
extent of subchondral bony involvement and 
accurately measuring the dimensions of such 
injury can be performed on CT examination. This 
is particularly useful for surgical planning when 
repairing osteochondral lesions. Regarding the 
assessment of intra- and extra-articular impinge-

ment about the hip joint, CT with three- 
dimensional reformatting provides many 
advantages over plain radiography and magnetic 
resonance imaging (MRI). Areas of asphericity 
about the femoral head-neck junction can be 
accurately identified and measured on CT, which 
is especially valuable in cases of subtle cam 
deformity that may not be well visualized on 
plain film, and in cases where the asphericity 
extends across several segments of the clock face 
[12]. Measurements of acetabular and femoral 
versions are most accurate on CT examination. A 
low-lying prominence at the anterior inferior 
iliac spine associated with subspine impingement 
is often difficult to assess on plain radiography 
and is easily visualized on CT with three- 
dimensional reformatting. Coverage abnormali-
ties can be assessed using the coronal center-edge 
angle and sagittal center-edge angle on CT. For 
diagnosing anterior and lateral undercoverage 
associated with dysplasia, it must be appreciated 
that the numerical values of the angle measure-
ments of LCEA and ACEA used to diagnose cov-
erage abnormalities are based on plain X-ray 
imaging and do not correlate exactly with the 
numerical values of coverage assessed by center- 
edge angle measurements on coronal and sagittal 
CT slices.

29.2.6  Magnetic Resonance Imaging 
(MRI) of the Hip Joint

MRI is ideally suited to examine for nontrau-
matic osteochondral pathologies affecting the hip 
articulation and is used routinely. Gadolinium 
contrast may be used in conjunction with MRI in 
order to better visualize a number of pathologic 
conditions; however, with advances in high-field 
MRI, many pathologies are examined in detail 
without the use of contrast. In cases of injury 
associated with intra-articular impingement, 
labral injuries are readily assessed with MRI, in 
addition to focal areas of bony edema that may be 
identified at locations of impingement. To exam-
ine and characterize osteochondral abnormali-
ties, proton density, T2 weighted, and fast spin 
echo techniques may be used. Recent advances in 
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techniques of delayed gadolinium-enhanced MRI 
of cartilage (dGEMERIC) and T2 relaxation time 
mapping are used to evaluate abnormalities of 
articular cartilage.

29.3  Nontraumatic 
Osteochondral Pathologic 
Processes of the Hip Joint

29.3.1  Intra-Articular Impingement

29.3.1.1  Asphericity of the Femoral 
Head-Neck Junction

Asphericity of the femoral head-neck junction, 
otherwise known as a “cam deformity” or “cam 
lesion,” is associated with intra-articular impinge-
ment that results from insufficient offset of the 
head-neck junction. This type of impingement 
most commonly occurs anterolaterally about the 
hip articulation as the hip flexes and internally 
rotates, resulting in FAI. This condition is associ-
ated with focal labral injury in addition to delam-
inating chondral injury at the acetabular 
periphery. As the area of cam deformity repeti-
tively contacts the chondrolabral junction and 
chondral tissue about the acetabular periphery, 
labral tearing may occur later in the course of this 
condition, with chondral tissue sometimes bear-
ing the initial brunt of injury. On the femoral 
side, the initial chondral injury occurs at the 
head-neck junction; however, later in the course 
of disease, there may be involvement of the 
weight-bearing femoral head. Larger cam lesions 
will have a greater alpha angle and tend to be 
associated with higher grade labral and chondral 
injury at the acetabular periphery anterolaterally.

It has been reported that femoral head-neck 
asphericity is an acquired deformity that devel-
ops in adolescent years prior to physical closure 
[13]. The development of cam morphology has 
been associated with particular loading patterns 
across the hip articulation [14]. Males tend to 
have greater cam deformity and higher grade 
intra-articular pathology related to FAI compared 
to females [15]. Large cam deformity and limita-
tion of internal rotation have been associated 
with rapid progression of articular cartilage 

injury and eventual joint failure [16, 17]. 
Furthermore, increased alpha angles have been 
shown to affect gait kinematics [18]. It is impor-
tant to note however that while cam morphology 
is associated with the development of hip pain, 
significant cam deformity may be identified inci-
dentally on imaging in those without hip pain, 
and the true prevalence is not clear [19, 20].

Surgical treatment of cam deformity is associ-
ated with superior clinical outcomes when per-
formed prior to the development of significant 
osteochondral injury. This may be accomplished 
arthroscopically or with the open technique of 
surgical hip dislocation as described by Ganz 
[21]. While repair of labral tear injury and treat-
ment of associated chondral injury is often per-
formed in conjunction with treatment of cam 
deformity, it is critical that the asphericity at the 
femoral head-neck junction is adequately recon-
toured during the surgical procedure in a manner 
that decompresses the area of impingement 
(Fig. 29.3). This is confirmed by intra-operative 
dynamic examination under arthroscopic visual-
ization. Revision surgery to treat FAI is most 
commonly performed to treat residual cam defor-
mity, regardless of the status of labral repair. 
Full-thickness chondral defects at the periphery 
of the acetabulum anterolaterally are not uncom-
monly identified at the time of arthroscopy, even 
without a long clinical history of hip pain [22]. 
Marrow stimulation techniques that disrupt sub-
chondral bony architecture are not the preferable 
cartilage repair technique, as the goal with articu-
lar cartilage repair is to encourage the restoration 
of durable repair tissue [23, 24]. Although bio-
logic scaffolds with or without augmentation 
using stem cells and other bioactive factors have 
been studied more extensively to treat injury in 
the knee joint [25–28], many of these strategies 
can be expanded for use in the hip and may be 
used to treat full-thickness delaminating articular 
cartilage injury at the acetabular periphery.

29.3.1.2  Acetabular Rim 
Impingement

Acetabular rim impingement involves what is 
termed a “pincer lesion.” This impingement most 
often occurs anterolaterally at the acetabular rim 
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and is associated with impingement of the femo-
ral neck at a focal area of the rim. This can occur 
secondary to a prominent downsloping of the rim 
or retroversion of the acetabulum. A “cross-over 
sign” involving the anterior and posterior acetab-
ular walls is indicative of this type of impinge-
ment and is a radiographic finding identified on 
the AP pelvis radiograph. It is important to note 
that when the “cross-over sign” is seen more 
proximally on the AP pelvis radiograph, this may 

not be specifically attributable to acetabular ret-
roversion, as a prominent anterior inferior iliac 
spine (AIIS) can also be associated with a cross- 
over sign and is suggestive of subspine impinge-
ment. In cases of acetabular rim impingement, 
the injury pattern tends to involve the labrum ini-
tially, with chondral injury occurring later in the 
disease course. Pathology related to both cam 
and pincer deformities has been reported to lead 
to osteoarthritis [29, 30].

a b

c d

Fig. 29.3 Arthroscopic surgical treatment of femoroace-
tabular impingement (FAI) depicting increased alpha 
angle and abnormal femoral head-neck asphericity (a) 
that is corrected by osteochondroplasty to normalize con-

tour and decompress the area of impingement (b). Labral 
tear injury (c) associated with the FAI and the subsequent 
labral repair (d) are depicted
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Surgical treatment of acetabular rim impinge-
ment is performed using an arthroscopic or open 
approach in similar fashion to the treatment of 
cam deformity. Femoroacetabular impingement 
may involve “combined” lesions with both a cam 
and pincer deformity, and these are treated con-
currently. Treatment of a pincer lesion involves 
recontouring the acetabular rim at the focal area 
of impingement and often repairing labral injury. 
The clinician must be keenly aware of acetabular 
coverage measurements, as articulating acetabu-
lum should not be resected if there is concern of 
acetabular undercoverage of the femoral head. 
Additionally, subspine impingement can present 
in similar fashion to acetabular rim impingement, 
and in such cases there is no need to resect any of 
the articulating rim if sufficient decompression is 
accomplished by treating the subspine 
prominence.

29.3.1.3  Version-Related 
Impingement

Version abnormalities of the acetabulum and/or 
femur may be directly associated with FAI or 
may be a contributing factor to acetabular rim 
impingement or impingement caused by femo-
ral head-neck asphericity. Retroversion of the 
femoral neck, or femoral anteversion that is 
lower in degree than normal, can lead to 
impingement of the femoral head-neck junction 
or femoral neck about the acetabular rim, lead-
ing to labral or chondral injury in a similar pat-
tern seen in typical FAI when the hip is flexed 
and internally rotated. Likewise, a retroverted 
acetabulum, or an acetabulum with anteversion 
that is reduced compared to normal parameters, 
may be associated with similar intra-articular 
impingement. Depending on the degree of ver-
sion abnormality, injury to labral and chondral 
tissue may develop, even in the presence of 
more subtle cam or pincer deformity. Cam or 
pincer lesions that may be considered minimally 
clinically significant can be associated with sig-
nificant FAI and result in osteochondral injury 
in the setting of acetabular or femoral retrover-
sion, or relative retroversion.

29.3.2  Extra-Articular Impingement

29.3.2.1  Subspine Impingement
The AIIS is a bony tubercle that is the site of 
attachment for the tendinous origin of the direct 
head of rectus femoris. This bony tubercle lies 
extra-articularly, just above the joint capsule at 
the anterior acetabulum. The morphology of the 
AIIS varies, and depending on how distal the 
tubercle extends and protrudes, may be associ-
ated with what is termed “subspine” impinge-
ment. On the AP pelvis radiograph, a proximal 
cross-over sign may be mistaken for focal acetab-
ular retroversion in cases of a prominent AIIS. In 
such cases, the contour of the wall associated 
with the cross-over sign may be seen to extend 
more proximally above the rim, suggesting that 
this radiographic finding may represent the 
AIIS. Importantly, however, it has been reported 
that acetabular retroversion is associated with a 
significantly increased prevalence of subspine 
impingement [31]. CT imaging with three- 
dimensional reformatting is ideal in cases where 
there is suspected extra-articular impingement 
related to subspine impingement, as CT will 
clearly delineate the bony anatomy about the 
acetabulum and AIIS. While this is considered an 
extra-articular form of impingement, clinical pre-
sentation is similar to typical FAI, as the femoral 
head-neck junction or femoral neck will contact a 
prominent subspine of the AIIS with deep flexion 
as well as flexion and internal rotation of the hip, 
potentially leading to osteochondral injury that 
worsens over time.

Although the AIIS is an extra-articular struc-
ture, subspine impingement is treated similarly to 
FAI involving intra-articular anatomy. This form 
of extra-articular impingement is typically 
addressed arthroscopically by elevating the joint 
capsule at the anterior acetabulum to expose the 
impinging prominence of AIIS, identified at the 
1:30–2:00 o’clock position, and then decom-
pressing the bony prominence about the rim with 
a burr. Surgical treatment of subspine impinge-
ment is readily performed in conjunction with 
treatment for FAI with cam or pincer deformity.
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29.3.2.2  Trochanteric-Pelvic 
Impingement

Trochanteric-pelvic impingement is a term used 
to describe abnormal contact between the greater 
trochanter and the pelvis that is usually repro-
duced by abduction and extension of the hip. 
Developmental abnormalities that affect the rela-
tive growth of the greater trochanter and femoral 
head can lead to a prominent and high-riding 
greater trochanter, often secondary to disruption 
of normal blood supply to the femoral head/neck, 
while the blood supply to the greater trochanter is 
maintained. Legg-Calvé-Perthes disease is fre-
quently associated with this type of developmen-
tal malformation. Varying degrees of such 
deformity may also be seen in several other 
pathologies, such as SCFE or osteonecrosis of 
the femoral head related to other conditions.

Surgical treatment of trochanteric-pelvic 
impingement is often accomplished in conjunc-
tion with treatment of other anatomical abnor-
malities or joint injuries. When there is associated 
coxa vara, a valgus-producing osteotomy may 
substantially alter the position of the greater tro-
chanter to such an extent that the impingement is 
relieved. When associated with a condition that is 
treated by the method of surgical hip dislocation, 
such as cam deformity or full-thickness articular 
cartilage injury undergoing a cartilage repair pro-
cedure, a relative neck lengthening can be per-
formed by advancing the osteotomized portion of 
the greater trochanter and fixating it more 
distally.

29.3.2.3  Ischiofemoral Impingement
Ischiofemoral impingement occurs when there is 
decreased distance between the ischium and the 
lesser trochanter of the femur, leading to com-
pression and inflammation of the quadratus fem-
oris muscle. The impingement is typically most 
severe with hip adduction, extension, and exter-
nal rotation. Pain will be located posteriorly or 
deep in the groin.

Surgical treatment of ischiofemoral impinge-
ment can be accomplished endoscopically or in 
an open manner. Commonly performed surgical 
technique involves recontouring of the lesser 
trochanter using a burr. If resection is substan-

tial enough to impact the stability of the ilio-
psoas tendon insertion, the tendinous insertion 
may be secured using suture anchor fixation. 
The clinician must ensure to avoid disruption of 
the medial femoral circumflex artery when per-
forming bony resection at the lesser trochanter, 
as this vessel is in close proximity and there is a 
risk of avascular necrosis of the femoral head if 
injured.

29.3.2.4  Iliopsoas Impingement
The iliopsoas tendon inserts at the lesser trochan-
ter and crosses the hip articulation anteriorly at 
the 3 o’clock position. At the level of the acetabu-
lum, the iliopsoas tendon is positioned directly 
adjacent to the capsulolabral junction and associ-
ated tissues. At this level, tendinous tension and 
associated focal compression at the capsulolabral 
complex can result in a repetitive type trauma, 
potentially resulting in significant labral ery-
thema, swelling, and tear injury. A significantly 
greater proportion of those affected by iliopsoas 
impingement are female. While MRI findings 
may clearly indicate iliopsoas tendinitis and focal 
injury consistent with iliopsoas impingement, 
MRI is not always diagnostic. Physical examina-
tion findings that are consistent with iliopsoas 
impingement include pain with active hip flex-
ion, pain with passive hip extension, and clicking 
anteriorly at the hip that may or may not be pain-
ful. Given the anatomic location of inflammation 
and injury about the hip, provocative tests consis-
tent with a diagnosis of FAI may be positive. 
Image-guided corticosteroid injection into the 
iliopsoas tendon sheath has great diagnostic 
benefit.

Treatment of iliopsoas impingement will ini-
tially focus on conservative measures such as 
activity modification, oral analgesic medication, 
physical therapy, and image-guided therapeutic 
injection. In cases of intense pain and functional 
limitation related to iliopsoas impingement that 
is refractory to conservative treatment modali-
ties, release or lengthening of the iliopsoas ten-
don is readily performed arthroscopically through 
a transcapsular approach. Associated pathology 
related to iliopsoas impingement, such as labral 
tear injury, is treated concurrently.
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29.3.3  Dysplasia of the Adult Hip

Developmental dysplasia of the hip is most com-
monly associated with lateral and anterior under-
coverage of the femoral head. This condition is 
frequently identified at the time of skeletal matu-
rity and can lead to early end-stage osteoarthritis 
and total joint arthroplasty when left untreated 
[32]. The abnormal alignment of the hip articula-
tion that is seen in hip dysplasia results in the 
inability of the joint to normally distribute stress 
and balance reactive forces across the articular 
surface. Osteochondral injury is initially more 
focused and then progresses over time to become 
diffuse, often leading to osteoarthritis and joint 
failure.

Treatment of hip dysplasia that is associated 
with joint pain and functional limitation is 
focused on normalization of femoral head cover-
age, which can be accomplished surgically in the 
skeletally mature hip, with minimal complica-
tion risk when performed by the experienced 
surgeon. Ganz et  al. reported on a cohort or 
patients treated with a periacetabular osteotomy 
to correct coverage in skeletally mature patients 
suffering from dysplasia, and this technique has 
been used with increasing frequency since the 
first description in 1988 [33]. Due to the strong 
association of advanced osteoarthritis and hip 
dysplasia [34], early treatment is preferable to 
avoid or slow progression of osteochondral 
injury. There may be intra-articular injury such 
as labral tear or focal osteochondral injury in 
association with hip dysplasia that can be treated 
concurrently with periacetabular osteotomy 
realignment. Labral injury is common in dys-
plastic hips and may be treated arthroscopically 
[35] however the clinician must be able to recog-
nize the presence of hip dysplasia when treating 
any labral injury, as repairing labral injury in a 
dysplastic hip without addressing the alignment 
abnormality is not likely to result in a long-term 
benefit, and may result in clinical worsening if 
the hip is further destabilized during an 
arthroscopic procedure [36]. Surgical hip dislo-
cation may be performed in conjunction with 
periacetabular osteotomy to safely access the 
intra-articular space in order to repair labral tis-

sue and to repair high-grade areas of chondral or 
osteochondral injury (Fig. 29.4).

29.3.4  Slipped Capital Femoral 
Epiphysis (SCFE)

Slipped capital femoral epiphysis is a disorder 
that occurs when there is separation of the femo-
ral epiphysis from the underlying metaphysis. 
The slip occurs through the hypertrophic zone of 
the physis. The metaphysis displaces anteriorly 
and externally rotates, with the epiphysis remain-
ing fixed within the acetabulum. Due to the 
appearance on plain film, the displacement is 
sometimes less correctly described as posterome-
dial displacement of the epiphysis. This condi-
tion leads to prominence of the metaphysis 
anteriorly and anterolaterally, and this alignment 
is maintained through skeletal maturity. 
Metabolic and endocrine disorders may be asso-
ciated with SCFE, particularly when the condi-
tion is diagnosed outside of the usual age range. 
Idiopathic SCFE is the most frequent form and 
the disorder occurs more commonly in males. An 
association between SCFE and obesity has been 
demonstrated widely in the literature. Those aged 
10–16  years old are most at risk, with females 
more commonly affected at ages of 10–14 years, 
and males more commonly 12–16 years.

SCFE can be categorized as acute (presenta-
tion less than 3  weeks), chronic, or acute on 
chronic. Additionally, categories of stable and 
unstable SCFE have been described, with unsta-
ble defined as cases where the individual is 
unable to weight-bear, with or without crutches 
[37]. The surgical treatment most commonly 
used for SCFE, whether stable or unstable, is 
single screw fixation. The screw is positioned at 
the center of the femoral head and perpendicular 
to the epiphysis. The goal is to stabilize the 
epiphysis on the metaphysis to prevent further 
displacement and to induce physeal arrest. With a 
greater displacement of the epiphysis relative to 
the metaphysis, screw placement will be more 
anterior at the femoral neck. Slips with greater 
displacement can be considered for epiphyseal 
reduction prior to stabilization, although there is 
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controversy as to when this is necessary, and this 
type of surgical treatment must be performed 
with great expertise to minimize the risk of vas-
cular disruption and avascular necrosis.

After the healed phase, those treated for SCFE 
are at risk of several forms of hip pathology that 
may lead to progressive osteochondral injury. 
Resultant deformity that persists into skeletally 
mature years can contribute to both extra- articular 
and intra-articular impingement. Femoroacetabular 
impingement is frequently encountered in those 
who have suffered SCFE due to the prominence 
anteriorly and anterolaterally of the metaphysis. 
The pathologic process involving SCFE has been 
shown to be distinct from typical idiopathic cam 
deformity, and it is not likely that “subclinical” 
SCFE is associated with a significant number of 

typical FAI cases [38]. The healed SCFE defor-
mity is often associated with prominent impinge-
ment that may lead to early and rapidly progressive 
labral and chondral injury. Associated femoral ret-
roversion or relative retroversion will contribute to 
more rapidly developing intra-articular injury. 
Additionally, the single screw that is used for fixa-
tion in SCFE may leave a proud screw head at the 
femoral neck and can contribute to impingement, 
particularly in cases where the screw was placed 
more anterior and proximal at the femoral neck in 
order to treat an epiphysis that was situated more 
posteromedially relative to the metaphysis. 
Arthroscopic surgery or open treatment using sur-
gical hip dislocation can be used successfully, 
depending on the specific pathology and extent of 
injury requiring treatment. Mild SCFE deformity 
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Fig. 29.4 Hip dysplasia in a skeletally mature right hip 
with a reduced lateral center-edge angle (a) in association 
with focal osteochondral injury to the femoral head (b). 
Normalization of femoral head coverage is accomplished 

by periacetabular osteotomy (c). Bioabsorbable headless 
compression screw fixation of a large osteochondral 
lesion of the femoral head using the approach of surgical 
hip dislocation in the same surgical setting is depicted (d)
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that is associated with a more typical FAI-type 
clinical picture can be readily treated with 
arthroscopic labral repair and osteochondroplasty. 
Additionally, the single screw commonly used to 
treat SCFE may be removed arthroscopically 
(Fig. 29.5). When needed for adequate exposure, 
open treatment using surgical hip dislocation will 
allow for osteochondroplasty, labral repair, treat-
ment of articular cartilage injury, and relative neck 
lengthening when indicated.

29.3.5  Legg-Calvé-Perthes Disease

Idiopathic avascular necrosis of the femoral head 
epiphysis in children is known as Legg-Calvé- 
Perthes disease. This pathologic process involves 
the interruption of the blood supply (lateral 
epiphyseal vessels) to the femoral head epiphy-
sis. This more often affects males than females 
and most commonly affects children of ages 
4–8 years, with those less than 6 years old having 
the best prognosis. Later in the course of disease, 
blood supply to the epiphysis is reestablished; 
however, there are varying degrees of resultant 
anatomic changes affecting the femoral head and 
neck, such as coxa magna, depending on the age 
of onset and the degree of developmental defor-
mity. Blood supply to the greater trochanter is 

uninterrupted during the pathologic process, 
resulting in varying degrees of coxa brevis and 
trochanteric prominence. After the healed phase, 
femoral head deformation and disruption of the 
normal articulation with the acetabulum may 
result in significant morbidity related to progres-
sive osteochondral injury and eventual joint fail-
ure, in addition to trochanteric-pelvic 
impingement. Many of those affected by Legg- 
Calvé- Perthes disease are treated without surgi-
cal intervention, particularly when affected at a 
younger age. After skeletal maturity however sur-
gical treatment is often considered in the young 
adult due to worsening hip pain and dysfunction 
related to deformity about the hip articulation.

Surgical treatment in young adult affected by 
deformity of the femoral head and abnormal 
articulation of the hip joint secondary to Legg- 
Calvé- Perthes disease is dependent on the extent 
of deformity. Proximal femoral osteotomy may 
be utilized, such as a valgus-producing osteot-
omy in cases of coxa brevis, and osteotomy at the 
pelvis may be utilized, such as periacetabular 
osteotomy to normalize femoral head coverage. 
Deformity secondary to Legg-Calvé-Perthes dis-
ease often results in both intra-articular and 
extra-articular impingement. Surgical dislocation 
of the hip can be performed safely to address 
femoral head-neck asphericity, labral tear, and 
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Fig. 29.5 Skeletally mature left hip in an individual 
suffering from femoroacetabular impingement (FAI) 
after previously undergoing single screw fixation at a 
younger age to treat a slipped femoral capital epiphysis 
(SCFE). (a) Retained screw and femoral head-neck 
asphericity/cam deformity are depicted on intra-opera-

tive fluoroscopy. (b) Arthroscopic removal of the 
retained single screw implanted previously to treat 
SCFE. (c) Intra- operative fluoroscopic view depicting 
screw removal and normalization of the femoral head-
neck offset performed arthroscopically by 
osteochondroplasty
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focal chondral or osteochondral injury. 
Concurrent relative neck lengthening may be 
used when performing surgical dislocation with 
trochanteric osteotomy to advance the greater 
trochanter distally to treat trochanteric-pelvic 
impingement.

29.3.6  Osteonecrosis of the Femoral 
Head in the Adult Hip

The primary pathogenic mechanism involved in 
osteonecrosis of the femoral head in the skele-
tally mature hip is disruption in vascular supply. 
Osteonecrosis of the hip is more frequently iden-
tified by the fourth decade of life, although it is 
not uncommon for a diagnosis to be made in the 
fifth and sixth decades. It is estimated that 8–12% 
of total hip arthroplasty procedures are performed 
to treat end-stage osteoarthritis secondary to 
osteonecrosis [39]. Osteonecrosis may occur sec-
ondary to trauma, such as proximal femoral frac-
ture or hip dislocation, due to the disruption in 
blood supply to the femoral head. Osteonecrosis 
of the hip secondary to nontraumatic etiology has 
been associated with a number of predisposing 
factors. Corticosteroid use is a risk factor, partic-
ularly for those undergoing long-term treatment 
as opposed to shorter courses. Alcohol is thought 
to affect metabolic processes within bone mar-
row and is associated with osteonecrosis of the 
femoral head. Gaucher’s disease, hemoglobinop-
athies such as sickle-cell disease, coagulation 
disorders, smoking, hyperlipidemia, and autoim-
mune disorders such as systemic lupus erythema-
tosus have all been described as associated risk 
factors. While a detailed history is routinely taken 
to identify potential underlying causes, in many 
cases of nontraumatic osteonecrosis of the femo-
ral head in the adult the etiology remains uniden-
tified. The Ficat and Arlet classification of 
osteonecrosis of the femoral head has undergone 
several modifications and is frequently cited in 
the literature. A more recent publication by Ficat 
detailing the early stages, transition phase, and 
late stages is summarized in Table 29.1 [40].

Plain film imaging and MRI are routinely used 
to identify and to stage femoral head osteonecro-

sis. MRI is required to accurately diagnose ear-
lier stages, which has prognostic implications 
given that greater success is expected when treat-
ing the disease during earlier stages. Additionally, 
transient osteoporosis must be excluded from the 
list of potential diagnoses. Treatment of femoral 
head osteonecrosis leads to varying degrees of 
clinical success and the outcomes primarily 
depend on the size and location of osteochondral 
injury. While oral analgesic medication and 
restriction of weight-bearing are often recom-
mended for symptomatic control, these are not 
considered therapies that will significantly alter 
the progression of the disease. Additionally, 
investigational pharmacologic therapies such as 
lipid-lowering medications, anticoagulants, and 
bisphosphonates have not demonstrated the abil-
ity to consistently and significantly alter the dis-
ease course.

Surgical treatment at the time of end-stage 
joint failure resulting from the progression of 
osteochondral pathology is typically total hip 
arthroplasty. Prior to end-stage disease, however, 
there are an array of joint-preserving surgical 
techniques used in earlier stages of osteonecrosis, 
when the disease remains more localized. Core 
decompression is a procedure that involves drill-
ing holes into the area of femoral head osteone-
crosis, creating pathways for vascular supply and 
reducing intraosseous pressure. This may be 
 performed by drilling a single larger channel or 
drilling several smaller channels. Core decom-

Table 29.1 Stages of Osteonecrosis of the Femoral Head 
Summarized from Ficat (1985) [40]

Stage Radiographic Findings Clinical Findings
Early 0 Normal None
I Normal or subtle 

change in trabecular 
pattern

Pain, ↓ range of 
motion

II Osteopenia, cysts, or 
sclerosis

Signs persist or 
worsen

Transition Crescent sign, segmental flattening
Late III Sequestrum, change of 

femoral head contour, 
collapse, joint space 
maintained

Worsening pain, 
dysfunction, and 
loss of motion

IV Advanced collapse, 
flattened contour, loss 
of joint space

Worsening pain 
and progressive 
motion loss
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pression may be augmented by the application of 
biologic growth factors to the lesion, such as 
bone marrow aspirate concentrate or other cellu-
lar isolates. These types of biologic isolates pro-
vide cell signaling trophic factors and other 
cytokines that may be beneficial in the reparative 
cascade [41–43]. Core decompression with bio-
logic augmentation is depicted in Fig.  29.6. 
Outcomes of core decompression are superior 

when performed at an earlier stage of osteonecro-
sis, precollapse. Vascularized or nonvascularized 
bone grafting procedures are commonly cited 
treatment options for femoral head osteonecrosis. 
Osteochondral grafting procedures such as osteo-
chondral allograft transplantation may be used 
and can result in excellent outcomes in cases of 
focal osteochondral injury. More recently devel-
oped methods involving scaffolds and stem cell/

a b

c d

Fig. 29.6 (a) AP plain film of a skeletally mature left hip 
with an early-stage osteonecrosis lesion. (b) Area of femo-
ral head osteonecrosis is visualized on a coronal slice of 
proton density-weighted fat-suppressed MRI (arrow). Core 
decompression is performed under fluoroscopic guidance 
by advancing an expandable reamer to the femoral head 
lesion over a guide pin (c). Biologic augmentation of the 

core decompression is depicted in (d); stem cells sourced 
from bone marrow aspirate concentrate are combined with 
demineralized bone matrix and demineralized cancellous 
bone allograft sponges, which are then implanted into the 
site of core decompression. Calcium phosphate graft is 
used distally to retain the biologic augmentation construct 
within the reamed channel and at the site of osteonecrosis

29 Nontraumatic Hip Osteochondral Pathologies
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growth factor biologic augmentation have been 
described to repair osteochondral lesions in other 
joints, such as the knee and ankle [44–46], and 
certain cases of femoral head osteonecrosis may 
benefit from similar procedures. In cases where 
there is associated alignment abnormality about 
the hip that may contribute to increased focal 
osteochondral stresses and injury, outcomes are 
best when the alignment is corrected and the 
forces are shifted away from the affected osteo-
chondral area. This may involve a varus- or 
valgus- producing proximal femoral osteotomy or 
periacetabular osteotomy.

29.3.7  Osteochondritis Dissecans 
(OCD) of the Hip Joint

Osteochondritis dissecans (OCD) is a pathology 
involving subchondral bone, with varying degrees 
of bony resorption. Progression of this condition 
leads to the involvement of overlying articular car-
tilage and chondral delamination. A fragment of 
subchondral bone and the associated articular car-
tilage separates from surrounding osteochondral 
tissue. OCD is usually considered to be an idio-
pathic condition that most commonly affects the 
knee joint [47–49]. OCD rarely affects the hip 
joint. This condition may affect the femoral head 
or acetabulum, with acetabular involvement being 
the rarest form [50]. Excluding those cases 
reported to be OCD that are associated with other 
pathologic conditions that alter the anatomy of the 
femoral head, isolated OCD affecting the femoral 
head is rare, and like acetabular OCD, is primarily 
discussed in case reports. OCD is not a well-
understood pathology in the hip joint. There is lit-
erature to suggest that when OCD develops in the 
hip, there is sometimes an association with a previ-
ous diagnosis of Legg-Calvé-Perthes disease, with 
the diagnosis of OCD occurring years after the 
diagnosis of Legg-Calvé-Perthes disease [51]. It is 
not agreed upon whether OCD occurring subse-
quent to a diagnosis of Legg-Calvé- Perthes dis-
ease is a separate entity that undergoes a different 
pathologic process than typical idiopathic OCD.

Surgical treatment options for OCD lesions 
involving the hip joint include the removal of 
loose bodies and fixation of the lesion. 
Osteotomies about the hip are also considered to 
offload the affected area of articular surface, 
depending on lesion size and location, and the 
presence of associated malalignment. 
Arthroscopic and open procedures used to recon-
struct or repair focal areas of injured osteochon-
dral tissue in cases of OCD are similar to those 
used to treat focal osteonecrosis.

29.4  Summary

Nontraumatic osteochondral pathologies 
affecting the hip joint are associated with great 
morbidity and reduction in quality of life. 
These conditions frequently lead to progres-
sive joint injury and, in more advanced cases, 
end-stage osteoarthritis and joint failure. There 
is variation in the patterns of osteochondral 
injury, depending on the hip morphologic char-
acteristics associated with each particular 
pathologic process. To provide comprehensive 
hip-preserving surgical treatment of these con-
ditions and to maximize hip joint longevity, 
several strategies are frequently used concur-
rently to treat these complex hip disorders. 
Treatments often involve repairing or recon-
structing osteochondral tissue, potentially 
incorporating more recently developed bio-
logic therapies including scaffolds, stem cells, 
or cell-based therapies. Additionally, realign-
ing abnormal bony anatomy about the hip 
articulation to improve the distribution of 
stresses across the articular surface and to bet-
ter manage joint reaction forces is often 
required to optimize outcomes. Surgical treat-
ments can be effective for a wide range of hip 
disorders associated with nontraumatic osteo-
chondral pathology, including forms of intra-
articular impingement, extra- articular 
impingement, and other conditions that are 
known to lead to progressive degenerative joint 
injury and failure, such as osteonecrosis.
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Knee Osteochondral Lesions 
Treatments

Ignacio Dallo and Alberto Gobbi

30.1  Introduction

Articular cartilage has limited intrinsic healing 
potential attributed to the presence of a few spe-
cialized and undifferentiated cells with low 
mitotic activity, and a lack of vessels that can pro-
mote tissue repair. Therefore, once an injury 
occurs, surgical intervention is necessary to max-
imize the chances of articular cartilage repair. A 
good cartilage repair will lead to good long-term 
functional outcomes and will avoid subsequent 
cartilage degeneration that could otherwise lead 
to the development of osteoarthritis (OA) [1]. 
The etiology of symptomatic knee osteochondral 
pathology is multifactorial. Causes include a 
traumatic impact, joint instability events, repeti-
tive microtrauma, chronic overload in the setting 
of malalignment, obesity, and osteochondritis 
dissecans (OCD) lesions [2].

Osteochondral lesions are frequently found 
during knee arthroscopy. Curl et  al. [3], in a 
review of 31,516 knee arthroscopies, found over 
53,000 hyaline cartilage lesions in over 19,000 
patients. A retrospective study of 5233 knee 
arthroscopies found that more than half of 

patients had chondral defects, with 5.2% having 
Outerbridge grade III or IV lesions [4]. Several 
surgical procedures for the repair and regenera-
tion of the osteochondral unit have been proposed 
(Table 30.1). Among them, osteochondral auto-
graft or allograft transplantation (OAT) [5], two- 
step procedures like autologous chondrocyte 
implantation (ACI), and matrix-induced autolo-
gous chondrocyte implantation (MACI), have 
been shown to provide good results, promoting 
the formation of new hyaline-like cartilage tissue 
[6–8]. Single-step cell-based procedures are an 
attractive treatment option, given the potential for 
cost savings and the requirement for the patient 
to undergo only one surgical procedure instead of 
two.

Multipotent stem cells sourced from bone 
marrow aspirate concentrate (BMAC) in combi-
nation with a biologic scaffold have demon-
strated good to excellent clinical outcomes at 
long-term follow-up as with ACI [9–11]. 
Optimization of knee biomechanics through 
concomitant bony and/or soft tissue procedures 
will maximize the results when osteochondral 
treatment is indicated. In this chapter, we 
describe the current and emerging surgical pro-
cedures that can be used to treat osteochondral 
knee injuries in a wide range of patient age and 
lesion sizes in the knee joint.
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30.2  Osteochondral Autograft 
and Allograft 
Transplantation

Osteochondral autograft or allograft transplanta-
tion may be used to reconstitute the pathologic 
osteochondral unit in cases of osteochondral 
lesions. This treatment modality has the advan-
tage of restoring the hyaline cartilage, while at 
the same time providing osseous support that is 
biomechanically strong and is capable of inte-
grating into the native surrounding subchondral 
bone.

Osteochondral autograft transplantation 
(OAT) is typically used for lesions smaller than 
2 cm2. It is a single-stage procedure which may 
be performed arthroscopically or in open fashion. 
Cylindrical plugs are harvested from donor sites 
localized to non-articulating regions from within 
the knee joint such as the intercondylar notch or 
the superior medial/lateral femoral condyle. 
Single or multiple osteochondral plugs, of vary-
ing sizes up to 10 mm in diameter, are harvested 
and then transferred to the affected area. A nota-
ble disadvantage of this procedure is the techni-
cal difficulty of recreating the anatomic radius of 
curvature of the articular surface, as any disrup-
tion in articular congruity may lead to increased 
contact pressures and focused shear forces. Wu 
et  al. demonstrated that osteochondral plugs 
within the knee that are 1 mm prominent result in 
significantly increased contact pressures, while 
plugs recessed 0.25 mm decrease these pressures 
by 50% [12]. Furthermore, treatment using the 
OAT technique is limited by the availability of 
autologous tissue, as donor site morbidity is an 
essential concern if multiple grafts are used.

Fresh osteochondral allograft transplantation 
has been studied extensively in the treatment of 

osteochondral injury and may be used to treat 
lesions greater than 2 cm2 in surface area. This 
procedure is a reasonable option in both primary 
and revision surgery to treat osteochondral knee 
injuries [13]. The advantages of using allograft 
include the flexibility of graft sizing and the abil-
ity to use a single transplanted plug to treat the 
entire lesion, without the worry of donor site 
morbidity. Some disadvantages include reduced 
chondrocyte viability as a result of storage and 
processing, potential immunogenicity concerns, 
and disease transmission. Moreover, as with 
osteochondral autograft transfers, there may be 
difficulty matching the radius of curvature of the 
graft to the native articular surface, and promi-
nence or recession of the graft leads to a subopti-
mal distribution of contact forces.

30.3  Autologous Cell-Based 
Scaffolds

30.3.1  Two-Stage Procedure: 
ACI-MACI

Autologous cell-based repair methods such as 
autologous chondrocyte implantation (ACI) are 
considered a preferred method to repair extensive 
osteochondral injuries. Concerning the knee 
joint, osteochondral lesions larger than 2–3 cm2 
should be considered for treatment by these 
methods. Second- or third-generation ACI tech-
niques, with or without subchondral bone graft-
ing, are currently preferentially used to treat a 
range of osteochondral pathology.

Histologic studies have shown that ACI results 
in hyaline-like Type II collagen [14]. While fem-
oral lesions had acceptable outcomes, the patients 
with patellar injuries showed poor results [15]. 

Table 30.1 Knee osteochondral treatment studies

Author, year Treatment N Age Follow-up Results
Gobbi et al. (2019) [11] HA-BMAC 48 10 years Good to Excellent Cl
Gomol et al. (2014) [18] ACI 110 33 4 years Good to Excellent Cl
Levy et al. (2013) [53] OC Allograft 129 33 13.5 years Survivorship 66%
Berruto et al. (2014) [50] MioRegen 1 39 2 years Signif. Improv.   Cl/MRI
de Windt et al. (2017) [47] IMPACT 6 30.8 1.5 years Signif. Improv.   Cl/MRI
Shimomura et al.  (2018) [51] TEC 1 35 2 years Signif. Improv.   Cl/MRI

I. Dallo and A. Gobbi



339

However, when malalignment and other comor-
bidities are corrected concurrently or in a staged 
fashion, findings by the different authors were 
shown to be similar to femoral lesions of the knee 
[16–18].

Nonetheless, the apparent complexity of this 
technique, needing the sacrifice of periosteal tis-
sue, the uncertain distribution of chondrocyte 
solution, and complications such as periosteal 
patch hypertrophy and arthrofibrosis prompted 
the scientific community to develop second- 
generation ACI [7, 19].

Studies of matrix-induced autologous chon-
drocyte implantation (MACI) for knee osteo-
chondral lesions also show good results when 
appropriate concomitant procedures are per-
formed [20]. Filardo et al. have reported the out-
come’s differences between patellar and trochlear 
injuries when treated by MACI [21]. Some stud-
ies have shown better results with MACI com-
pared to ACI [22, 23].

At our institution, treatment of osteochondral 
injuries using MACI has been accomplished using 
a bioengineered scaffold that is entirely structured 
on the benzylic ester of hyaluronic acid (Hyalofast, 
Anika Therapeutics, Srl, Abano Terme, Italy). This 
material is composed of a network of fibers, 20 μm 
thick, with interstices of variable size. This scaf-
fold has been shown to provide excellent physical 
support to enable cell- cell contact, cluster forma-
tion, and extracellular matrix deposition.

Patients with knee osteochondral lesions 
treated with this MACI technique have signifi-
cant improvements in clinical outcome, as mea-
sured by objective and subjective assessment 
instruments at medium-term follow-up. 
Furthermore, second-look arthroscopy and MRI 
examination of available cases at our institution 
have typically demonstrated high-quality osteo-
chondral repair tissue [7, 24].

Usually, where the depth of bony involvement 
is more than 8 mm, strong consideration should 
be given to bone grafting, which will better 
restore the anatomic radius of curvature of the 
articular surface.

However, primarily it remains a two-step pro-
cedure including an arthroscopic biopsy and 
subsequent implantation of the cultured chon-

drocytes. Apart from donor site morbidity, the 
risks of two surgical procedures, and the limited 
quantity of cartilage that could be harvested, the 
total cost of surgeries, scaffold, and in vitro cul-
ture still represent the major limitation of this 
technique [25, 26].

30.3.2  One-Stage Procedure: 
HA-BMAC and BIOR

The evolution of cartilage repair technique leads 
to the development of new scaffolds that allowed 
cell proliferation but did not avoid the chondro-
cyte harvest and cultivation.

Performing a one-step procedure avoids the 
two-step surgical procedures and reduces the 
costs of the operation by approximately five 
times.

Bone marrow aspirate concentrate (BMAC) 
contains bone marrow stem cells (BMSCs) and 
growth factors that are a promising option for 
cartilage repair and regeneration because of their 
differentiation potential to cartilage [27–30]. 
Bone marrow-derived stem cells (BMSCs) inter-
act with a nonwoven scaffold, the HYAFF 11, 
that supports cellular adhesion, migration, and 
proliferation, promoting the synthesis of extra-
cellular matrix components under static culture 
conditions [31–33]. Nejadnik et al. compared the 
clinical outcomes of patients treated with first- 
generation ACI and patients treated with autolo-
gous BMSCs and he concluded that BMSCs are 
as effective as chondrocytes for articular cartilage 
repair [34]. In our institution, we compared 
patients treated with matrix-induced autologous 
chondrocyte implantation (MACI) with patients 
treated with BMSCs combined with the same 
scaffold. We did not notice, at 3 years follow-up, 
any significant statistical differences between the 
two groups, concluding that these techniques 
were viable and effective [24]. It has been shown 
in many clinical studies that the hyaluronic acid- 
based scaffold with activated bone marrow aspi-
rate concentrate (HA-BMAC) technique is a 
valuable method for the treatment of full- 
thickness cartilage lesions of the knee [35]. 
Different sizes of osteochondral lesions can be 
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treated, from small injuries to significant defects 
up to 22 cm2 showing good clinical outcomes at 
long-term follow-up [11, 36]. The HA-BMAC 
technique has proven to be effective in treatment 
for patients over 45 years of age [10].

30.4  The Procedure

The entire procedure is performed under general 
anesthesia. The patient is positioned supine for 
standard knee arthroscopy. The ipsilateral iliac 
crest is prepared and exposed for bone marrow 
aspiration. Examination of the knee under anes-
thesia is done to recognize the concomitant 
pathologies that will be addressed during the sur-
gery. All cartilage lesions are then identified dur-
ing diagnostic arthroscopy. At the time of the 
procedure, it is necessary to choose whether the 
procedure will be performed arthroscopically or 
via an arthrotomy. Arthroscopic intervention is 
only possible if the lesion can be fully visualized 
with the arthroscope and reached with instru-
ments. If not, the procedure should be continued 
through an arthrotomy. Thorough debridement of 
the loose chondral tissue is necessary, ensuring 
that the border of the lesion is vertical to the sub-
chondral plane. The calcified cartilage layer 
overlying the subchondral bone is removed. Care 
must be taken not to violate the subchondral 
plate. BMAC preparation is started after the 
lesion is prepared. Approximately 60 mL of bone 
marrow from the ipsilateral iliac crest is har-
vested, using a dedicated aspiration kit. The aspi-
rate is centrifuged with a commercially available 
system to obtain the concentrated bone marrow 
(Angel, Arthrex, Cytomedix, Gaithersburg, MD). 
The dimensions of the lesion have to be measured 
to prepare the matching implant using a three- 
dimensional hyaluronic acid-based scaffold 
(Hyalofast, Anika Therapeutics, Bedford MA 
USA Srl, Abano Terme, Italy). It is also possible 
to prepare an aluminum foil template of the 
lesion, and then cut the scaffold to correspond to 
the contour of the aluminum foil model. When 
the scaffold is ready, BMAC is activated with 
batroxobin enzyme (Plateltex Act, Plateltex SRO, 
Bratislava, Slovakia). The activation process is 
necessary for BMAC to form a clot, which is then 

applied onto the prepared scaffold forming a 
sticky implant that is easy to apply to the lesion.

According to the chosen approach, previously 
prepared HA-BMAC is then implanted into the 
lesion. If an open technique is selected, the sur-
geon should apply HA-BMAC directly onto the 
defect. If needed, fibrin glue is added to secure the 
graft further. The knee is then flexed and extended 
to check graft stability. If the surgeon chooses an 
arthroscopic approach, fluid needs to be com-
pletely drained, and the lesion should be inspected 
arthroscopically after fluid drainage to ensure that 
the circumferential border is stable. The scaffold 
is introduced into the joint via the working portal 
through a valveless cannula using a grasper. The 
implant is placed gently filling the cartilage 
defect. A hook can be used to press-fit the scaffold 
into the lesion. The crucial part of the procedure is 
to check the implant stability. The joint is moved 
through a range of motion several times while the 
scaffold is observed with the arthroscope. If 
needed, fibrin glue is applied to improve implant 
stability. The working portals are sutured, but a 
drain should not be inserted into the joint [26, 36].

A recently described technique by Sadlik et al. 
[37] to repair osteochondral injury using mor-
selized bone grafting and mesenchymal stem 
cells sourced from bone marrow aspirate has 
been termed Biologic Inlay Osteochondral 
Reconstruction (BIOR). This technique uses a 
hyaluronic acid-based scaffold embedded with 
BMAC in association with a malleable bone graft 
inlay. Although only preliminary clinical out-
come data is currently available for osteochon-
dral pathology treated with BIOR, this type of 
cell-based, single-stage reconstruction procedure 
is expected to become a preferred method of sur-
gical treatment, given the cost-effective nature 
and technical versatility of the technique.

30.5  Emerging Osteochondral 
Treatments

30.5.1  Allograft Cell-Based Scaffolds

DeNovo NT Natural Tissue Graft (Zimmer 
Biomet) is an off-the-shelf human tissue allograft, 
consisting of juvenile hyaline cartilage pieces 
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with viable chondrocytes with promising prelim-
inary outcomes. The immature chondrocytes 
have been shown to have increased metabolic and 
proliferative activity when compared to adult 
chondrocytes and are intended for the repair of 
articular cartilage lesions in a one-step procedure 
[38]. One study showed significant improve-
ments in MRI scores and clinical outcomes at 
over 2 years follow-up [39]. A more recent study 
showed that lesion fill at 6, 12, and 24  months 
was 82%, 85%, and 75%, respectively [40]. A 
clinical study in patellofemoral cartilage lesions 
showed significant improvements in KOOS 
scores at 8  months [41]. A prospective trial 
showed improvements in radiographic appear-
ance, histology, and clinical scores at 2  years 
follow-up [42]. However, randomized controlled 
trial and long-term data are needed.

Cartiform (Osiris Therapeutics, Inc.) is a cryo-
preserved viable chondral allograft. It is currently 
available in a 2 cm2 size to treat smaller lesions. 
The main advantage is that the cells remain via-
ble, up to 70%, at 2 years [43]. This can facilitate 
surgical planning and elective scheduling, rather 
than waiting for a fresh, stored graft traditionally. 
There are very few clinical data of this technique; 
only one case report is published [44].

BioCartilage (Arthrex, Naples, FL) is a new 
product containing dehydrated micronized allo-
geneic cartilage scaffold implanted with platelet- 
rich plasma and fibrin glue added over a contained 
microfracture-treated defect can be used in the 
knee for small lesions. There are limited clinical 
studies of short- or long-term outcomes [45, 46].

IMPACT (D. Saris’s Team, Utrecht) is another 
promising one-step, cell-based cartilage regen-
eration technique [47]. With this procedure, the 
authors prepare the cartilage defect in the stan-
dard fashion. The cartilage is then partially 
digested to separate the chondrons and the extra-
cellular matrix. These are then combined with a 
precise ratio of allogeneic MSCs. The findings 
of the first study in 35 patients demonstrate good 
short-term clinical, MRI, and histological 
results. The authors conclude that allogeneic 
MSCs can be a safe cell source to augment or 

facilitate tissue regeneration through paracrine 
mechanisms and cellular communication in a 
clinical setting [48].

30.5.2  Cell-Free Scaffolds

Cell-free scaffolds have been developed with the 
aim of promoting and inducing tissue regenera-
tion. To date, there are few clinical studies on 
knee osteochondral lesions. MaioRegen (Fin- 
Ceramica Faenza SpA, Faenza, Italy) is a nano-
structured three-layer biomimetic scaffold with a 
porous composite structure. The device mimics 
the entire osteochondral structure with a carti-
laginous type I collagen-based layer with a 
smooth surface, an intermediate tidemark-like 
layer consisting of a combination of type I colla-
gen and hydroxyapatite, and a bottom layer com-
posed of a mineralized blend of type I collagen 
and hydroxyapatite. Clinical studies using the 
MioRegen scaffold for osteochondral lesions 
have shown good clinical and MRI outcomes as 
reported by. Kon et al. [49] at 5 years follow-up 
and Berruto et al. [50] at 2 years in a cohort of 49 
knees.

30.5.3  Scaffold-Free Tissue- 
Engineered Construct

The Tissue-Engineered Construct (TEC) tech-
nique is an autologous three-dimensional (3D) 
biologic structure made through simple-cell cul-
ture methods of synovial MSCs. The TEC con-
tains an extracellular matrix, synthesized by the 
cells, composed of fibrillar collagen (type I–III). 
The construct is pliable and highly adherent to 
healthy cartilage because of the adhesion mole-
cules, such as fibronectin and vitronectin, that are 
present in it. Shimomura et al. [51] published the 
first in-human, “early proof of concept,” trial in 
five patients. They reported positive clinical and 
morphologic outcomes across all patients 
involved, without any significant adverse events 
at 2 years follow-up.
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30.6  Concomitant Surgical 
Procedures

Irrespective of osteochondral repair technique, 
particular attention should be paid to bony 
malalignment, even in cases of subtle deformity. 
Ensuring the involved compartment is suffi-
ciently off-loaded will provide the optimal envi-
ronment for cartilage repair tissue to remodel and 
mature. Realignment procedures that are often 
required in cases of extensive cartilage injury 
include distal femoral osteotomy, high tibial oste-
otomy (HTO), and tibial tubercle osteotomy. 
Depending on the deformity, these procedures 
may be performed independently or in combina-
tion. Care should be taken to avoid shifting the 
loading forces to compartments with significant 
cartilage injury, mainly if reliable cartilage repair 
treatments are not used.

Combining advanced cartilage repair tech-
niques with corrective osteotomy has demon-
strated impressive improvements in clinical 
outcomes compared to previously published 
series, where little attention was paid to cartilage 
restoration. In cases of patellofemoral maltrack-
ing treated with tibial tubercle osteotomy alone, 
poor outcomes have been demonstrated in cases 
with associated cartilage injury [52]. In contrast 
to this, several centers, including ours, have dem-
onstrated that successful outcomes may be 
achieved with tibial tubercle osteotomy in cases 
of extensive patellofemoral cartilage injury, if 
appropriate cartilage repair treatment is per-
formed [6, 18, 24, 35]. This highlights the poten-
tial for substantial clinical improvement when 
cartilage defects are addressed with tissue repair 
techniques, in addition correcting bony malalign-
ment and optimizing the loading forces across 
knee compartments. While corrective osteoto-
mies are traditionally used with caution in cases 
of cartilage lesions affecting multiple compart-
ments, improvements in cell-based cartilage 
repair techniques have the potential to enable 
successful treatment of articular injury in cases 
that may have previously been contraindicated 
for joint-preserving procedures, such as those 
considered to be early osteoarthritis.

30.7  Conclusion

Given the variety of lesion types and demo-
graphic factors that influence prognosis, no 
single technique is considered the preferred 
treatment. An individualized approach based on 
the patient’s goals and the surgeon’s prefer-
ences is crucial. Pathological background fac-
tors such as malalignment, meniscus deficiency, 
or ligament laxity have to be addressed to pro-
vide an optimal environment for cartilage 
repair.

Single-step cartilage repair eliminates the 
need for a two-step procedure thereby reducing 
the cost and morbidity to the patient.

HA-BMAC is a safe and accessible procedure 
that provides good to excellent clinical outcomes 
at long-term follow-up in small or large lesions, 
single or multiple injuries, and various 
compartments.

Recent treatment developments that employ 
biomaterials and cell-based therapy have demon-
strated encouraging medium-term results.

We need future studies on cartilage repair 
based on biological and imaging biomarkers test-
ing the inflammatory and degenerative environ-
ment of a joint to better estimate survival and 
success (Boxes 1 and 2).

Box 1 Surgical pearls of HA-BMAC procedure
●   Complete exposure of the patellofemoral 

cartilage lesion is critical.
●  Use traction methods as needed to provide a 

comfortable working space.
●  An aluminum foil template is used to measure 

the prepared cartilage defect.
●  Place the HA-based scaffold against the 

subchondral bone on either side.
●  Fibrin glue is applied to improve implant 

stability.
●  All arthroscopic techniques can be performed 

only in cases where the entirety of the defect is 
appreciated.

●  Cycle the knee under arthroscopic 
visualization to confirm the graft seating 
within de defect.

● A drain should not be inserted into the joint.
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Ankle Osteochondral Pathologies 
and Treatment

Gian Luigi Canata, Valentina Casale, 
Valentina Rita Corbo, and Alberto Vascellari

31.1  Introduction

Osteochondral lesions of the talus (OCLT) occur 
in the articular cartilage and subchondral bone of 
the talus. They are usually associated with ankle 
injuries, such as sprains and fractures [1, 2]. In 
the absence of a history of trauma, there could be 
a biomechanical cause [1].Nowadays, OCLTs 
remain a challenge for orthopedic surgeons. 
These lesions are in fact associated with vague 
and nonspecific symptoms [3], often affecting 
young patients with high functional demands. 
There are several therapeutic options, and it is 
challenging to evaluate treatment results using 
classical diagnostic techniques, such as com-
puted tomography (CT) and magnetic resonance 
imaging (MRI) [3].

During normal gait, the ankle joint supports 
up to five times the weight of the body, whereas 
during sprinting, cutting-in, or stumbling these 
forces increase to up to 13 times the body weight 
[4]. The chronic consequences, in the case of pre-

vious trauma or altered biomechanics, include 
the development of mechanical instability, osteo-
chondral lesions, and impingement [5].

31.2  Epidemiology

Osteochondral and transchondral lesions of the 
talus are relatively common injuries, occurring in 
up to 50% of acute ankle fractures and sprains [2, 
6–8]. Considering ankle fractures, the rates of 
secondary chondral injury have been reported as 
high as 73% [9].

With respect to foot and ankle injuries in track 
and field athletes, more than 60% of injuries 
occur during training, while only 20% develop 
during competition [10]. Sprints and hurdling 
disciplines are more prone to injury than middle- 
distance run or jumping. Furthermore, the ankle 
joint is more frequently involved in jumping inju-
ries, while the foot is more often injured during 
sprints [10].

Recently, the number of diagnosed OCLTs has 
grown, thanks to the increased use of CT and 
MRI scans which has allowed the diagnosis of 
small lesions or injuries involving only the sur-
face of the cartilage [3].

Osteochondral lesions of the distal tibia are 
less frequent than the OCLT [11–13]. In spite of 
their low incidence, it is important to have a high 
level of suspicion when ankle pain is persistent 
and there is a history of ankle injuries [14]. 
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Conventional radiographs may miss up to 50% of 
cases [14] therefore the diagnosis is often delayed 
or missed, causing a delay of surgery by on aver-
age 22 months [15].

31.3  Pathomechanics 
and Pathophysiology

Sports-related injuries causing inversion, forced 
dorsiflexion, plantarflexion, or lateral rotation of 
the tibia may lead to traumatic ankle lesions [16]. 
The traumatic insult is widely assumed as the 
most important etiologic factor for the develop-
ment of OCLT [2]. Hintermann et al. observed in 
fact the presence of ankle cartilage lesions in 
66% of lateral ligament injuries, as well as in 
98% of deltoid ligament injuries [5].

The tibiotalar joint is highly congruent and 
characterized by articular cartilage with an aver-
age thickness of 1.1 mm in women and 1.35 mm 
in men [2]. This results in a lack of cartilage elas-
ticity, leading the talus to a higher risk of micro-
fractures in the underlying bone when exposed to 
high impact forces [3]. A possible consequence 
of an ankle fracture malunion is the loss of the 
joint congruence, with an increase of nonuni-
formly distributed contact pressures at the talar 
dome [3, 17, 18].

Therefore, varus and valgus malalignment 
play a role too causing the development of high 
pressures on the medial and the lateral border of 
the talus, respectively [1].

The loss of the natural tibiotalar joint congru-
ence is also a characteristic of chronic lateral 
ankle instability, making it one of the most pre-
disposing factors for developing OCLT [19–21]. 
Ferkel and Chams reported in fact that 95% of 
patients undergoing a modified Broström proce-
dure for chronic lateral instability had intra- 
articular pathology [20].

The location of the OCLT may also be corre-
lated to the mechanism of injury, when an acute 
trauma occurs [22, 23]. It has been reported in 
fact that dorsiflexion and inversion mechanisms 
usually contribute to the development of antero-
lateral talar dome lesions [6], while plantar flex-
ion and inversion, with or without external 

rotation, frequently cause medial talar dome inju-
ries [6, 24].

The damage to the articular cartilage may fol-
low a traumatic event, such as an ankle sprain or 
a fracture. The thin and less elastic talar cartilage 
is then susceptible to cartilage lesions and micro-
fractures, and weight-bearing worsens the dam-
aging process by enhancing the synovial pressure 
and therefore the lesion size or depth as well [2]. 
It has been reported in fact that intermittent or 
continuous high local pressure may inhibit the 
normal bone perfusion, leading to osteonecrosis, 
bone resorption, and the development of lytic 
areas in the bone [25–28].

The pain in OCLT is most probably due to an 
intermittent local rise in intraosseous fluid pres-
sure developing during weight-bearing and con-
sequently sensitizing the highly innervated 
subchondral bone [2]. The fluid forms from the 
damaged cartilage and may be forced into the 
microfractured subchondral bone plate, with an 
inversely proportional relationship between the 
diameter of the defect and the fluid pressure. The 
consequences may be osteolysis and the eventual 
formation of a subchondral cyst [2].

Etiologic factors in nontraumatic OCLT may 
be ischemic events, subsequent necrosis, and 
genetics [29]. OCLTs show in fact a higher inci-
dence among twins, suggesting a familiarity or 
hereditary association [30, 31]. Furthermore, a 
correlation has been identified between dominant 
familiar osteochondral lesions and a missense 
mutation in the aggrecan C-Type Lectin domain 
in Chromosome 15 [32].

31.4  Diagnosis

31.4.1  Clinical Evaluation

Symptoms of OCLT are not specific and their 
diagnosis remains challenging. A high suspicion 
is critical when even a minor trauma has been 
experienced, yet fails to improve after several 
weeks [3]. Therefore, the first step of the diag-
nostic process should be the collection of infor-
mation on the patient’s history. Nevertheless, the 
diagnosis of OCLT may be elusive during the 
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early clinical stages, because it is not unusual that 
an ankle inversion injury resolves after few 
weeks, but then evolves into chronic pain, stiff-
ness, instability, or locking [24]. For this reason, 
in the acute situation, the OCLT may be misdiag-
nosed, as long as the swelling and pain from the 
lateral ligament lesion prevail [2].

Patients usually report ankle pain with or after 
weight-bearing and sports activity with rates up to 
94% of OCLT presenting with ankle pain during 
activity, as well as 89% of cases reporting a previ-
ous ankle injury [33]. Locking and catching are 
usually symptoms of a displaced fragment [2].

Lesions involving the cartilage surface may 
present with mild symptoms, while those involv-
ing the underlying highly innervated subchondral 
bone are often more symptomatic, especially in 
the presence of subchondral cysts [34].

During the clinical evaluation, the talar dome 
should be palpated with the ankle in both dorsi-
flexion and plantar flexion [22]. Physical exami-
nation may be relatively nonspecific in OCLT, 
but the most frequently detectable finding is ante-
rior joint line tenderness [3]. Nevertheless, 
patients with OCLT often report diffuse, nonspe-
cific tenderness, and its location is not a reliable 
method for locating the lesion [3].

Ankle joint stability may be assessed with 
both the anterior and posterior drawer tests, as 
well as with the inversion and eversion tests [22]. 
It is important always to compare the plantar 
flexion and dorsiflexion motion with the unin-
volved side, both in active and passive modes 
[22].

Range of motion should be assessed with 
flexed knee, to eliminate any restriction caused 
by shortened gastrocnemius muscles [3].

Conditions such as soft tissue injuries, ankle 
fractures or stress fractures, arthritis, or syndes-
motic injury should always be considered in the 
differential diagnosis of OCLT [3].

31.4.2  Imaging and Classification

Although it has been reported that only half of 
OCLTs are detected with plain films alone [33], 
they are a fundamental starting point to rule out 

other pathologies, such as fractures, arthrosis, 
exostoses, and neoplasm [22].

Plain radiographs should include weight- 
bearing anteroposterior, lateral, and mortise 
views [3]. Stress radiographs may show associ-
ated instability [3]. Radiographs give clear infor-
mation in the case of detached osteochondral 
fragments and areas of compression of the sub-
chondral bone [3]. However, it cannot identify 
nondisplaced lesions or cartilage defects [35] 
thus its use is limited [36].

The magnetic resonance imaging (MRI) 
allows multiplanar evaluation and the ability to 
visualize the articular cartilage surface and sub-
chondral bone, as well as bone edema and other 
features of the surrounding tissues [29]. 
Furthermore, it can detect early subchondral 
damages [37]. MRI is also effective in evaluating 
the stability of a minimally or nondisplaced frag-
ment, and this characteristic may be important 
when choosing or avoiding surgical fixation [3].

The gold standard for measuring the exact size 
and morphology of an OCLT is computed tomog-
raphy (CT) [38], especially because MRI may 
often overestimate the size of the lesion because 
it considers the perilesional edema [3]. CT allows 
the evaluation of the integrity of the subchondral 
bone in multiple planes [29] and can delineate 
possible associated cystic changes [3]. For these 
reasons, it is considered invaluable in preopera-
tive planning [38].

Several classifications for OCLT have been 
proposed, beginning with Berndt and Harty’s 
classification, based on radiographic findings [6]. 
Afterward, Ferkel and Scaglione introduced the 
use of CT details [39]. Anderson suggested an 
MRI-based classification [40] and Cheng and 
Ferkel proposed the use of arthroscopic findings 
to better classify OCLT [41]. More recently, the 
ISAKOS consensus group has questioned the 
importance of these classification systems, intro-
ducing a therapy-based classification [42]:

 1. Asymptomatic or low symptomatic lesions: 
conservative treatment.

 2. Symptomatic lesions up to 15 mm: debride-
ment and drilling/microfracturing/bone mar-
row stimulation.
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 3. Symptomatic lesions larger than 15  mm: 
fixation.

 4. Cystic lesions in tibial roof or large talar cys-
tic lesions: retrograde drilling and bone 
transplantation.

 5. Failed primary treatment: osteochondral 
transplant, hemicap, or calcaneal osteotomy.

31.5  Treatment

31.5.1  Conservative Treatment

In most cases, a trial of nonoperative treatment is 
warranted. This consists of activity modification, 
protected weight-bearing, rehabilitation, bracing, 
and the use of nonsteroidal anti-inflammatory 
drugs (NSAIDs) [43, 44]. This trial is usually 
suggested for asymptomatic or low symptomatic 
OCLT [42]. The goal is not to regenerate the car-
tilage, in fact, but to obtain pain relief [3].

According to the International Consensus 
Meeting on Cartilage Repair of the Ankle, con-
servative treatment may be attempted for 
3 months before surgery, except in the presence 
of an acute, displaced osteochondral fragment 
which can be fixed immediately and when large 
lesions with edema and/or ligamentous instabil-
ity are detectable. In those cases, surgery should 
be considered at 6–8 weeks if there is no response 
to conservative treatment. However, conservative 
management should not be prolonged to 
6 months, except in the presence of a demonstra-
ble improvement in symptoms and unresolved or 
uncontrolled medical comorbidities [45].

It is important to consider that this approach is 
more successful in the pediatric population than 
among adults [46].

31.5.2  Surgical Treatment

A wide variety of surgical procedures have been 
described [47–51]; however, it has been recently 
concluded that no superior treatment exists for 
both primary and secondary OCLT [52, 53]. Each 
surgical technique is based on one of the follow-
ing principles [42]:

• Debridement and bone marrow stimulation 
(BMS), using procedures such as microfrac-
turing, abrasion arthroplasty, or drilling.

• Securing a fragment to the talar dome through 
retrograde drilling or fixation.

• Preservation of the hyaline cartilage using 
osteochondral autografts, allografts, or autolo-
gous chondrocyte implantation (ACI).

Which procedure to choose mainly depends 
on the duration and intensity of symptoms, the 
size of the lesion, and if it is a primary or second-
ary OCLT [42].

Assessing the presence of a malalignment or 
chronic ankle instability is crucial. In the pres-
ence of these conditions, the concomitant treat-
ment of the osteochondral lesions is critical. In 
the case of chronic ankle instability, an additional 
surgical procedure should be planned, such as 
lateral ligament repair or reconstruction. In the 
case of malalignment, it may be useful planning 
an additional surgical procedure to correct the 
hindfoot axis [2].

The main surgical procedures available for the 
management of OCLT are:

• Arthroscopic bone marrow stimulation (BMS):
 – Debridement.
 – Drilling.

• Retrograde drilling.
• Internal fixation.
• Tissue transplantation [53]:

 – Osteo(chondral) transplantation.
Osteochondral autograft transfer sys-
tems (OATS).
Mosaicplasty.
(autogenous) bone grafting.
Autologous osteoperiosteal cylinder 
grafting.
Osteochondral allograft transplantation.

 – Autologous chondrocyte implantation.
Periosteum-covered technique (ACI).
Matrix-associated technique (MACI).

 – Chondrogenesis-inducing techniques.
 – Autologous collagen-induced chondro-

genesis (ACIC).
 – Autologous matrix-induced chondro-

genesis (AMIC).
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31.5.2.1  Bone Marrow Stimulation 
(BMS)

The BMS is the most frequently used technique 
for primary OCLT, because of its relatively low 
costs, high effectiveness, low morbidity and it 
allows an early return to sports [48, 53, 54]. 
Techniques such as arthroscopic debridement, 
microdrilling (MD), and microfracturing (MF) 
are especially suggested when the OCLT is com-
pletely detached and the lesions are <10 mm in 
diameter, <100 mm2 in area, and <5 mm in depth, 
as the International Consensus Meeting on 
Cartilage Repair of the Ankle has recently estab-
lished [43, 48, 55–61].

The primary objective of BMS is the removal 
of unstable cartilage and underlying necrotic 
bone, then creating perforations in the healthy 
bone. The result is the mobilization of progenitor 
cells from the bone marrow. The marrow ele-
ments come from microfractures and form a 
regenerative fibrous cartilage repair tissue in the 
osteochondral defect [60]. Even when a subchon-
dral cystic lesion is present, several studies have 
reported good to excellent results following BMS 
alone [48, 62, 63]. In particular, large cystic 
lesions should be addressed by retrograde drill-
ing, which allows lowering of the pressure within 
the cyst and this defect is then filled with bone 
graft, if necessary [64].

Retrograde drilling is also an effective proce-
dure when an OCLT with an intact articular carti-
lage surface is present. To solve this problem, in 
fact, drill holes may be placed through a retro-
grade/transtalar approach, instead of the trans-
malleolar/transarticular one [65–67]. This 
method allows in fact to access the lesion from 
above, by drilling through the sinus tarsi, not dis-
rupting the articular surface [68, 69]. Retrograde 
drilling may be performed using an anterolateral 
approach, but an injury of the talar attachment of 
the anterior talofibular ligament (ATFL) may 
develop, so the posterolateral approach is pre-
ferred [55].

Further aspects to be considered are the 
dimension and the placement of both MF and 
MD, because they may influence the postopera-
tive results. The International Consensus Meeting 
on Cartilage Repair of the Ankle, in fact, has sug-

gested an awl or a low-speed drill of ≤2 mm in 
size, with a depth of holes which results in sub-
chondral bone bleeding or fat droplets visualiza-
tion to obtain better outcomes after BMS [61].

An OCLT may be debrided to a depth of 5 mm 
before bone grafting is required [61].

31.5.2.2  Internal Fixation
According to the International Consensus 
Meeting on Cartilage Repair of the Ankle, in the 
presence of an intact osteochondral fragment 
with a diameter larger than 10  mm or a bony 
fragment with a thickness of at least 3  mm, 
internal fixation is recommended [70]. The “lift 
the defect, drill the bone, fill the defect with 
bone graft, fix the fragment with bioabsorbable 
or metallic screws or pins” concept is funda-
mental in these cases [71]. It is important to 
highlight that adolescents may require fixation 
even if the fragment is smaller than 15 mm [42], 
as long as the procedure does not damage the 
growth plate and a medial malleolar osteotomy 
is not required [70].

If the fragment does not fit in the original site, 
the osteochondral unit can be shaped by remov-
ing sclerotic bone first, then the unstable carti-
lage. If the fragment is still too big, the expanded 
cartilage can be trimmed away with a blade [70]. 
If the lesion is purely cartilaginous, fixation is not 
recommended [70].

At least one bioabsorbable compression screw 
is required, then additional bioabsorbable darts or 
pins may be useful. As an alternative, 2 mm or 
2.7 mm steel screws or a bone peg may provide 
satisfying results [70].

31.5.2.3  Cartilage Transplantation 
and Chondrogenesis-
Inducing Techniques

Scaffold-based procedures are an effective alter-
native to the reparative techniques, such as the 
BMS, especially in the presence of cartilage 
lesions greater than 1  cm, with or without the 
presence of cysts [72].

Thanks to the recent advancements in tissue 
engineering and biomaterial science, scaffolds are 
currently available for treating OCLT [73]. They 
may be used both in two-step techniques, such as 
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ACI and MACI, and in the more recent one-step 
techniques, such as the autologous matrix-induced 
chondrogenesis (AMIC) and the bone marrow-
derived cell transplantation (BMDCT) [73, 74].

Although ACI, MACI, AMIC, and scaffolds 
have become popular in recent years, they have 
shown satisfying results only in the short- and 
mid-term. For this reason, and considering their 
high costs, they are a good option for revision 
surgeries or large injuries, if fixation is not pos-
sible and previous procedures have failed [64].

31.5.2.4  Osteo(Chondral) 
Transplantation

The osteochondral autologous transplantation 
surgery (OATS) consists of harvesting osteo-
chondral cylinders from the knee to fill an ankle 
defect [64].

It is usually indicated for symptomatic large, 
cystic OCLT of >1 cm in diameter [75], including 
lesions that have failed previous reparative proce-
dures, such as BMS [76–78]. The main advan-
tage of this technique is that it can replace a talar 
lesion with hyaline cartilage and subchondral 
bone native to the host [75].

Despite a high rate of successful outcomes 
reported [79], several areas of controversy still 
exist, when considering postoperative complica-
tions such as donor site morbidity [80, 81].

Osteochondral allograft transplantation may 
be a valid treatment option when the size of the 
OCLT is >1.5 cm in diameter, as well as when 
knee osteoarthritis of the donor is present or there 
is a history of infection [82]. Furthermore, other 
variables that influence the postoperative out-
comes are the type of OCLT, the chosen allograft 
and the preferred storage parameters [82]. 
Despite promising results which have been 
reported, the success rate of this procedure still 
ranges from 20 to 100% [53]. Further research on 
this issue is still needed.

31.6  Rehabilitation

A four-level activity scheme has been recently 
proposed for a safe return to sport after debride-
ment and BMS of OCLT [83]. These four stages 

correspond to different levels of increasing 
activity.

Level 1: early mobilization and partial weight- 
bearing should be allowed from the day of sur-
gery, by both active and passive dorsi- and plantar 
flexing motions. Return to normal walking is 
usually achieved in 4–8 weeks, according to the 
gravity of the lesion. At the end of this phase, 
proprioception exercises can be started to regain 
normal active stability.

Level 2: training of proprioception, endur-
ance, and technical skills should help achieve 
controlled sideways movements. Pain and swell-
ing after increased activity should subside within 
24 h at the end of this phase. Return to running is 
usually allowed 12 weeks after surgery [84–86].

Level 3: training of speed, force, and endur-
ance guarantees the ability to safely run or sprint 
on even ground. Pain may still develop after 
increasing activity but should be relieved within 
24 h. Return to noncontact sports can be allowed 
4–6 months after surgery, when muscle strength 
is regained [56, 87].

Level 4: training of explosive force and sports- 
specific skills makes it possible to run on uneven 
ground, sprint, twist, and turn usually within 
4–6 months after surgery [58, 88].

Age <50  years [56, 67, 87], low body mass 
index [56], a defect size <15 mm2 [56, 87], and 
early mobilization [83] can be considered as pos-
itive influencing factors.

Since MRI T2 mapping provides qualitative 
information on the regenerated tissue by evaluat-
ing its water and glycosaminoglycan content 
[89], it may be an adjunctive guiding tool in 
determining the progression of the rehabilitation 
phases.

31.7  Prevention

Strategies for ankle osteochondral pathologies 
are mainly focused on ankle sprains and chronic 
ankle instability prevention. Prevention modali-
ties for ankle sprains may target modifiable risk 
factors that increase the risk of sustaining an 
ankle sprain, such as limited dorsiflexion and 
overall ankle joint ROM, reduced proprioception, 
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strength and coordination, and deficiencies in 
postural control/balance [90–94].

Prophylactic interventions to minimize the 
risk of ankle sprains can be stratified into inter-
ventions capable of affecting mechanical func-
tion and those designed to improve proprioceptive 
ability and neuromuscular function about the 
joint [95].

Injury-prevention programs focused on mus-
culoskeletal strengthening, stretching, neuromus-
cular training, and improved dynamic ankle 
stability have been established to prevent lower 
extremity musculoskeletal injuries [96]. Each 
component may highlight an important role in 
ankle sprains prevention. For example, stretching 
of the triceps surae can reduce the limitation of 
ankle dorsiflexion, which has been associated 
with chronic ankle instability [90, 95]. Although 
neuromuscular training has been shown to pre-
vent recurrent ankle sprains [97], the evidence for 
their effect in reducing first-time ankle sprains is 
less robust. Foss et  al. performed a prospective 
randomized control study implementing a neuro-
muscular training program among middle school 
and high school aged athletes and found reduced 
overall injury rates, but no significant difference 
in ankle injuries specifically [98].

Balancing and proprioceptive exercises may 
enhance both the static and dynamic postural 
control, necessary for athletic performance, by 
optimizing the body’s ability to sense and correct 
mild deviations in joint motion [95]. Therefore, 
they have an important role in preventing first- 
time and especially recurrent ankle sprains [99–
104]. Schiftan et al. in their meta-analysis found 
an overall significant reduction of ankle sprain 
incidence after proprioceptive training (relative 
risk = 0.65), with results supporting the interven-
tion both for participants with a history of ankle 
sprain and those without a history of sprain [100].

31.8  Conclusion

Osteochondral pathologies of the talus are not 
uncommon in track and field athletes. Acute and 
chronic instability is a clear risk factor. Preventive 

measures and a careful prompt evaluation and 
management of these injuries are important 
issues.

When conservative treatment fails, 
arthroscopic debridement and drilling or micro-
fracture are effective noninvasive techniques. 
When these first-line treatments cannot ade-
quately stimulate healing, cartilage replacement 
surgeries like OATS, ACI, and MACI are 
efficacious.

A dedicated rehabilitation program respecting 
the biological healing processes and including 
neuromuscular training is a mandatory comple-
ment to ease a full functional recovery.
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At-AMIC: A Reliable Solution 
for Talar Osteochondral Lesions

Cristian Indino, Rossella De Marco, 
Federico G. Usuelli, and Riccardo D’Ambrosi

32.1  Surgical Technique 
and Indications

Ankle sprains and fractures are common injuries 
that can occur in active young persons. They can 
develop an osteochondral lesion of the talus 
(OCLT) that means a defect of the talar articular 
cartilage and the subchondral bone. Sprains can 
be often recurrent and cause chronic instability of 
the ankle. In such type of patients, OCLTs can 
occur in up to 70% of cases. Debridement and 
microfracture therapy are the most described 
techniques for this condition but in lesions larger 
than 1.5  cm they have poorer outcomes. 
Autologous Matrix-Induced Chondrogenesis 
(AMIC®) combines microfractures with the use 
of Chondro-Gide® (Geistlich Pharma, Wolhusen, 
Switzerland), a type I-type III porcine collagen 
matrix, used to hold bone marrow-derived mes-
enchymal stem cells retained in a regeneration 
chamber. Usually this treatment is performed in 
arthrotomy with medial malleolar osteotomy. An 
all-arthroscopic AMIC®(AT-AMIC®) technique 

has been developed, less invasive, with less 
comorbidities and with a faster recovery for 
patients.

Indications and contraindications for 
AT-AMIC technique are listed in Table 32.1.

Preoperative planning involves clinical exami-
nation with the evaluation of both ankles and 
alignment of the hindfoot, preoperative weight- 
bearing radiographs of the foot and ankle, and a 
magnetic resonance imaging (MRI) of the inter-
ested ankle to evaluate the cartilage defect.

The procedure is performed with the patient 
under either general or spinal anesthesia in the 
supine position and with feet sticking out of the 
surgical table, using a high tight tourniquet for all 
the duration of the procedure. The entire surgical 
procedure is performed arthroscopically with an 
anteromedial and anterolateral portal approaches 
for the ankle. The anteromedial portal is placed 
immediately medial to the anterior tibialis tendon, 

C. Indino · R. De Marco · F. G. Usuelli (*)  
Humanitas S. Pio X, Milan, Italy 

R. D’Ambrosi 
IRCCS Istituto Ortopedico Galeazzi, Milan, Italy

32

Table 32.1 Indications and contraindications for 
Arthroscopic Autologous Matrix-Induced Chondrogenesis 
Technique

Indications Contraindications
Osteochondral 
lesion
Lesion >1.0 cm2

Age 18–55 year.
Primary or revision 
procedure

Metabolic arthropathy
Kissing lesions
Major defects (i.e., defects that 
cannot be reconstructed)
Non-correctable hindfoot 
malalignment
Systemic disorders
Obesity
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just distal to the joint line, taking care to avoid the 
saphenous vein. The anterolateral approach is 
placed lateral to the extensor digitorum tendon 
and medial to the lateral malleolus, being careful 
to avoid a superficial peroneal nerve damage 
(Fig. 32.1).

It is required to arthroscopically confirm the 
presence and the dimension of the cartilage dam-
age. An Hintermann spreader (Integra 
LifeScience, Plainsboro, NJ) is percutaneously 
positioned to distract the ankle joint, with two 
2.5 mm K-wires, placed one in the tibia and the 
other in the talar bone, medially or laterally, 
depending on the lesion side (Fig. 32.2).

a b

c

Fig. 32.1 Arthroscopic surgical planning: frontal view (a), anterolateral view (b), anteromedial view (c)

Fig. 32.2 Hintermann spreader with two 2.5  mm pins 
positioned on the medial side of the ankle
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After identification of the lesion, the damaged 
cartilage with the associated necrotic and scle-
rotic bone is removed with a standard arthroscopic 
curette, in order to obtain a regular-shaped site. 
After that, an aluminum template provided with 
the matrix kit is introduced by a 5.5 mm cannula, 
inserted through the closest portal to the lesion, 
and adjusted on the lesion area.

Microfractures are performed on the subchon-
dral bone underneath the entire size of the lesion 
(Fig. 32.3). If necessary to fill subchondral bone 
defect, cancellous bone is harvested from the 
ipsilateral calcaneus with an accessory lateral 
approach on the calcaneus cortex. The harvested 

bone is introduced through the cannula and 
impacted into the bony defect.

Now the intra-articular water is removed by 
dedicated suction. The membrane is prepared 
according to the shape of the template; it is 
inserted through the cannula and positioned on 
the lesion site. It is useful to mark the top of the 
matrix with the dermographic pen before the 
implantation, to avoid the upside-down position-
ing. Once the perfect coverage is obtained, the 
edges of the membrane are glued with a synthetic 
fibrin glue (Tisseel; Baxter, Deerfield, IL) intro-
duced by a needle (Fig. 32.4). At this point, the 
Hintermann spreader is released and the position 

Fig. 32.3 Arthroscopic view. Microfractures made at the level of the osteochondral lesion covering the entire surface

a b

Fig. 32.4 View from anteromedial portal. (a) Positioning of the collagen membrane at the level of the osteochondral 
lesion. (b) The collagen matrix is fixed with a synthetic fibrin glue injected with a syringe through the 5.5 mm cannula
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of the membrane is arthroscopically checked dur-
ing the normal ankle range of motion. 
Postoperative management requires movement 
limitation for 15  days to avoid mobilization of 
the membrane and no weight bearing for 40 days. 
An MRI scan is required at 6 months follow-up to 
monitor the healing process.

Possible complications related to AT-AMIC® 
are matrix detachment, unknown collagen 
allergy, early membrane mobilization, hyperpro-
liferative healing reaction with subsequent joint 
impingement, common ankle arthroscopy com-
plications [1].

32.2  2-years Follow-up

During the follow-up period, patients need to be 
evaluated clinically and radiologically at 6, 12, 
and 24 months. Radiological evaluation includes 
MRI and CT scans; the lesional area is measured 
and defined for each patient both on CT scan and 
on MRI scan, according to Choi [2], using coro-
nal length, sagittal length, depth, and area. At 12 
and 24  months postoperatively, the MOCART 
(Magnetic Resonance Observation of Cartilage 
Repair Tissue) score can be performed. In 2018, 
Usuelli et al. [3] published a study reporting the 
outcome of 20 patients: at the end of the observa-
tional period, all lesions were filled with autolo-
gous bone, and no infections occurred in the 
postoperative period. Only in one case a single 
adverse event occurred: 8 months after surgery a 
patient developed an anterior osteophyte due to 
hypertrophic proliferation, causing impingement 
and restricted range of motion, that needed to 
repeat an arthroscopy in order to remove it. At 
2-years follow-up, the patient was pain-free, with 
full range of motion and with the reduction of the 
lesion, as documented by CT and MRI scans.

In the first 6  months, CT examination can 
show an increased lesion area due to debridement 
and microfractures performed during the surgical 
procedure (Fig. 32.5) but, at the end of 2 years, 
the lesion area is reduced. On the other hand, 
MRI scans show a reduction of the lesion already 
at 6  months postoperatively, with progressive 
improvement up to 2 years (Fig. 32.6).

32.3  Population Analysis

Independent prognostic factors such as age, size 
of the lesion, body mass index, history of trau-
mas, presence of osteophytes can negatively 
affect the outcome of OCLT treatment. In litera-
ture, it is shown that young age is related to better 
healing of these lesions. In a study published in 
2016 [4], two groups of patients were compared: 
one (G1) 33 years old or younger, and the other 
(G2) older than 33  years. The aim of the study 
was to show that both patients older and younger 
than 33 years would benefit from AT-AMIC® pro-
cedure, and that younger patients would develop 
a greater healing rate and a greater functional 
gain than older patients. The 33-year old cut-off 
was chosen according to the existing literature on 
the same argument. The study showed that 
AT-AMIC® procedure is useful in both popula-
tions, considering that the area of the lesions 
measured with MRI and CT scan reduced signifi-
cantly at each follow-up. There was a significant 
clinical improvement in both groups, in particu-
lar related to starting conditions of the ankles. We 
found that the functional score was higher in 
younger patients before and after surgery, show-
ing a better ankle function before surgery.

There is no general consensus about the role of 
body mass index (BMI) in the healing process of 
OCLTs, considered to be a negative prognostic 
factor. A study has been conducted in 2017 [5], in 
order to assess healing and the functional outcome 
after AT-AMIC in 2 weight groups of patients: one 
with BMI ≥25 (OG: Overweight Group) versus 
the other with BMI <25 (HG: Healthy Group). In 
this research, it was observed that the lesion mea-
sured with MRI in the preoperative assessment in 
the OG was greater than HG, but not with CT scan. 
It is supposed that weight plays a role in the perile-
sional edema, increasing the size of the lesion 
measured with MRI.  Furthermore, all patients 
showed a significant improvement in all clinical 
parameters at the final follow-up in spite of the 
edema around the lesion. AT-AMIC can be consid-
ered as a safe and reliable procedure even in over-
weight patients, with a significant improvement in 
quality of life. Being over-weight is not a negative 
predictor of outcome for this kind of procedure.
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Considering that OCTLs are common entities 
resulting from ankle sprains or fractures in young 
adults who actively practice sports, return to 
activity seems to be a challenge. Symptomatic 
patients with talar chondral lesions left untreated 

are often unable to return to previous life and to 
practice sports without pain, or it results even 
impossible due to the high ankle functional 
demands. D’Ambrosi et  al. in 2017 analyzed 
return to sports for patients after AT-AMIC pro-

a b

c d

Fig. 32.5 Osteochondral lesions on the talar dome: MRI compared with CT image in coronal view. Preoperative MRI 
(a), 2-years follow-up MRI (b), preoperative CT scan (c), 2-years follow-up CT scan (d)
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cedure for outcomes 2 years after surgery. Of 26 
patients at 24-month follow-up analyzed, 80.8% 
returned to the same preinjury sport: all parame-
ters showed a significant improvement both for 
physical activity and for functionality scales at a 
minimum follow-up of 24  months. An athletic 
and active population can achieve good outcomes 
with AT-AMIC procedure, improving ankle func-
tionality and sports performance [6].

32.4  Take-home Message

AMIC technique is classically performed in open 
surgery with medial malleolar osteotomy. A new 
all-arthroscopic technique has been developed, 
with lower complication rates, less invasivity, 
less comorbidities and a faster recovery. Return 
to sports is possible in 80.8% of patients with 
good outcomes. To be older than 33 years and to 
be overweight are not absolute contraindications: 
good results are possible even in these groups of 
patients. Further studies will have to focus on the 
role of preoperative and postoperative bone 
edema in this kind of surgical procedure.
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Osteochondral Lesions 
of the Ankle: Talus and Distal Tibia

Edward L. Baldwin III, Sachin Allahabadi, 
Brian C. Lau, and Annunziato Amendola

33.1  Introduction

Osteochondral lesions of the ankle are impor-
tant injuries to recognize with osteochondral 
lesions of the talus (OLT) specifically being the 
most common form of this injury [1]. The over-
all prevalence of OLT is <1% without an appar-
ent increase with age [2]. Of those who do have 
OLT, between 50% and 70% of these lesions 
can be attributed to trauma, such as ankle sprains 
or fractures [2]. Chondral injuries can be painful 
and result in significant deleterious impact on 
patients’ daily lives and function. As such, 
patients who have persistent pain following 
sprains beyond the anticipated duration of 
recovery should be evaluated for possible chon-
dral lesions. Due to the limited regenerative 
potential of articular cartilage, it is important to 
recognize these injuries early and treat them 
appropriately.

33.2  Ankle Anatomy

The ankle joint is comprised of the articulation 
between the distal tibia and talar dome, with a 
lateral strut provided by the fibula and its syndes-
motic attachments with the tibia. This inherent 
bony stability is augmented by the ligamentous 
structures about the ankle. The tibiotalar articula-
tion is lined with articular type 2 hyaline carti-
lage. However, the tibiotalar joint cartilage differs 
from that of the knee. Most notably, the thickness 
of talar cartilage is 1–2 mm [3]. In contrast, the 
thickness of the articular cartilage of the knee can 
be up to 6 mm thick depending on the location of 
the knee [3].

The surface of the talus can be divided into 9 
equivalent surface-area zones. The zone descrip-
tion was originally described by Raikin and Elias 
to quantify incidences of OLT based on repro-
ducible location [4]. This grid system is not uni-
versally accepted, and often lesions of the talus 
are described in standard anatomical terms, i.e., 
anteromedial.

Studies have shown that the incidence and 
severity of OLT vary based on location on the 
talus [2, 5]. The most common location as 
described by Dahmen et  al. are medial lesions 
with an incidence of 77%, followed by lateral 
lesions at 21%. Central lesions account for 2% 
and 0.4% of lesions are combined medial and lat-
eral. Medially based lesions are generally larger 
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and deeper and occur more insidiously while lat-
eral lesions tend to be traumatic in nature [2, 6].

The varying size of OLTs dependent on lesion 
location is likely related to the forces causing the 
lesions. When there is shear force across the 
joint line, the resulting damage is usually to the 
superficial cartilage without damage to the 
underlying subchondral plate. The resulting 
shape of these lesions will be narrow and oval 
shaped, as with traumatic lateral lesions [2]. On 
the other hand, when forces are more axial in 
nature or there is torsional impaction about the 
ankle joint, the resulting osteochondral lesion is 
more likely to be more medially based and 
deeper and broader [2].

33.3  Treatment

Once OLTs have been identified, the next step is 
to develop the most appropriate treatment plan 
individualized for the patient. An initial course of 
non-operative management is generally appropri-
ate in most cases. Conservative treatment can 
consist of regimens that include rest, immobiliza-
tion, activity modification, or NSAIDs [1]. These 
conservative measures can also be augmented by 
physical therapy that focuses on lower extremity 
stability, balance, and proprioception since the 
majority of OLT have a traumatic component and 
a component of ligamentous injury [1].

Other more invasive but non-surgical options 
can include intra-articular injections. Mei-dan 
et al. evaluated the use of intra-articular hyaluronic 
acid and platelet-rich plasma (PRP) [7]. The study 
found short-term (over a period of 28  weeks) 
improvement in pain as measured by Visual Analog 
Scale (VAS) scores as well as American 
Orthopaedic Foot & Ankle Society (AOFAS) 
ankle-hindfoot scale functional scores [7]. 
However, the lasting effectives of injections are not 
known as most of the data regarding these treat-
ments is only short- to mid-term with studies of 
approximately 6–12 months [7]. The lack of long-
term follow-up in conjunction with the knowledge 
that these injections do not treat the underlying 
structural defects makes this treatment option less 
fitting for those seeking longer- term relief.

Operative management is reserved for when 
conservative management fails.

The two general categories of surgical treat-
ments are repair and replacement [1]. Repair 
treatments include, but are not limited to, micro-
fracture and bone marrow stimulations tech-
niques and Autologous Chondrocyte Implantation 
(ACI), and replacement techniques include, but 
are not limited to, osteochondral allograft/auto-
graft transfer. The goal of these treatments is to 
attempt to reproduce as best as possible the native 
mechanical, structural, and chemical properties 
of hyaline cartilage that was lost [1]. We will 
examine some of these different forms that this 
can take in the remainder of this chapter.

33.3.1  Reparative Procedures

33.3.1.1  Microfracture (Bone Marrow 
Stimulation)

Historically, microfracture or bone marrow stimu-
lation was considered the first-line treatment for 
osteochondral lesions of the talus. The goal for 
microfracture is to breach the underlying subchon-
dral bone at the area of the defect in order to release 
bone marrow elements with its healing factors to 
restore cartilage. Bone marrow stimulation may 
also be achieved by other means such as curettage 
deep to the subchondral plate to stimulate bleeding 
at the base of the lesion. Lesions that are most 
amenable to this treatment are generally small, less 
than 15  mm2 [1, 8]. A recent systematic review 
suggests that lesions sized 10 mm2 should be the 
maximum size indication for microfracture [9].

Microfracture is generally performed 
arthroscopically. The first step is to perform a 
thorough debridement of the lesion, including 
removal of damaged unstable cartilage and 
necrotic bone as well as the calcified cartilage 
layer (Figs. 33.1 and 33.2). Once an appropriate 
amount of debridement has been completed with 
a stable border and base, attention is then turned 
to the subchondral plate. An awl or micro-drill is 
used to penetrate the subchondral plate to a depth 
of 3–4 mm or until fat droplets from underlying 
bone marrow are visible. Microfracture through 
the subchondral plate yields a bleeding base 
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which (Fig. 33.3) is believed to promote healing 
factors into the defect to promote healing of the 
cartilage. Generally, the cartilage that regenerates 
is more fibrous in nature and has less biomechan-
ical strength than normal hyaline cartilage [1]. 
Although the cartilage is not normal structurally, 
studies have shown that there are good short- 
(2 years) term outcomes of this procedure in the 
ankle, with up to 85% excellent clinical outcomes 
[1]. VanBergen et  al. demonstrated average 
AOFAS ankle-hindfoot scores of 88 at 
141 months following OLT microfracture.

Additionally, microfracture or bone marrow 
stimulation can be performed with biologic adju-
vants. These include PRP, demineralized bone 
matrix (DBM) (e.g., BioCart, Arthrex Inc., Naples 
FL) (Fig.  33.4), or juvenile chondrocytes (e.g., 
DeNovo, Zimmer Inc., Warsaw, IN) (Fig. 33.5). 
Currently, the literature is limited in outcomes on 
the synergistic effects of microfracture with juve-
nile chondrocytes or DBM. Hogan et al., however, 
reviewed the use of PRP and hyaluronic acid 
(HA). Three of the studies they highlighted were 
randomized control trials with 10–24 months of 
follow-up. This compilation of studies demon-
strated that microfracture with augmentation from 
HA or PRP showed improved outcomes when 
compared to microfracture alone (Figs.  33.1, 
33.2, 33.3, 33.4, 33.5, 33.6, 33.7, 33.8, 33.9, 
33.10, 33.11, and 33.12) [10]. Regarding the use 
of juvenile cartilage compared to microfracture, 
Karnovsky et  al. evaluated their series of 50 
patients, of which 30 were treated with microfrac-
ture and 20 augmented with juvenile chondro-
cytes. The average follow-up was 30.9  months 
and there was no significant difference demon-
strated in VAS pain scores or Foot and Ankle 
Outcome Score (FAOS)  post- operatively between 
the groups [11]. There is a paucity of data on the 
use of DBM with PRP or bone marrow aspirate 
and further evidence is needed.

Fig. 33.1 This image is flap of cartilage from medial/
shoulder talus

Fig. 33.2 This image is the area debrided

Fig. 33.3 Debrided osteochondral defect with bleeding 
base
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Fig. 33.4 This is after microfracture with bone grafting 
and BioCart placement

Fig. 33.5 Osteochondral defect distal tibia after micro-
fracture and DeNovo placement

Fig. 33.6 OATS work station for harvesting allograft 
plug

Fig. 33.7 Osteochondral Allograft plug pending 
implantation

Fig. 33.8 Defect after coring, pending implantation of 
allograft

Fig. 33.9 Implanted Allograft donor plug
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33.4  Autologous Chondrocyte 
Implantation (ACI)

ACI initially developed for the treatment of 
osteochondral lesions of the knee, but this tech-
nique may also be used for larger OLTs or when 
a prior bone marrow stimulation procedure has 
been unsuccessful. The goal of ACI is to regener-
ate native hyaline cartilage using one’s own cells. 

This is done in a two-step process, with initial 
procedure to harvest healthy cartilage from the 
patient. These chondrocytes are then cultured 
in vitro. After 6–8 weeks, once appropriate matu-
ration has been achieved in the lab, the chondro-
cytes can be re-implanted into the talar defect 
where they continue to mature and fill in the void 
left by the defect [12]. To promote stability of the 
re-implanted cells, a periosteal sleeve that can be 
harvested from the ipsilateral distal tibia can be 
placed over the cells. Giannini et al. reviewed a 
series of 46 patients who underwent ACI for OLT 
with mean of 7.1 years follow-up, AOFAS scores 
were evaluated pre-op and at designated intervals 
post-op. They showed continued improvement of 
mean score until final follow-up (average of 
87.2 months with final AOFAS score mean 92), 
although there were 3/46 (6.5%) treatment fail-
ures [13]. Of those three failures all demonstrated 
an irregular articular surface with fibro cartilagi-
nous tissue.

33.5  Matrix-induced Autologous 
Chondrocyte Implantation 
(MACI)

MACI represents the second generation of autol-
ogous chondrocyte implantation. This again is a 
two-step process. The chondrocytes are harvested 
from the patient and placed on a scaffolding 
matrix. On the matrix, the chondrocytes are also 
grown in vitro and in a second surgery is replaced 
within the defect. The difference between MACI 
when compared to ACI is the polymer scaffold-
ing in which the chondrocytes are cultured in 
with MACI [1]. This scaffolding negates the need 
for a periosteal component, as the scaffolding 
provides the stability necessary for the chondro-
cytes within the defect. Giza et al. retrospectively 
reviewed their series of 10 talar lesions treated 
with MACI.  All patients had 2-year follow-up 
and they demonstrated statistically significant 
improvement in AOFAS hindfoot scores from 
61.2 avg. to 73.3 [14]. The average size of the 
lesions treated was 12.9 × 10.7 mm (138.0 mm2) 
[14] Kreulen et al. evaluated 10 patients undergo-
ing MACI with 7-year follow-up and similarly 

Fig. 33.10 Chaput osteotomy

Fig. 33.11 Chaput Osteotomy follwing screw fixation
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found improvement in AOFAS scores of 78.3 
compared to 61.8 pre-operatively. They also 
demonstrated improvements in physical func-
tioning, social functioning, and lack of bodily 
pain [15].

33.5.1  Replacement Procedures: 
Osteochondral Autograft/
Allograft Transfer

Osteochondral autograft transfer in management 
of OLT includes re-implanting the patient’s own 
native cartilage from a donor site into the defect 
of the talus. The donor site for the autologous 
graft is generally a non-weight bearing portion of 
the ipsilateral lateral femoral condyle. Once the 
cartilage is harvested from the donor site it is 
then transplanted to the lesion of the talus. This 
procedure may be utilized not only when defects 
are larger (>150 mm2), but also if the defect has a 
cystic component in the subchondral bone [16]. 
These autologous transplantations have shown 
good outcomes within both the general popula-
tion and the athletic population. Kennedy et  al. 
demonstrated a mean FAOS increase from 52.67 
to 86.19  in 72 patients with avg. 28 months f/u 

[17]. Hangody et al. showed good outcomes in 39 
high level athletes (with in a larger group of 354 
patients) suffering from talar OCDs, including 
good-to-excellent outcomes in 92% of the talar 
lesions treated based on Hannover scores [18].

When defects begin to progress beyond the 
shoulder or larger portion of the talus then an 
allograft may be the preferred method of treat-
ment of the osteochondral defect. Allografts can 
be obtained from a size-matched donor following 
pre-operative CT scans (Fig. 33.6) talar harvest-
ing table. These allografts allow for filling of 
larger or irregularly shaped (Figs. 33.7, 33.8, and 
33.9) defects in which trying to use an autograft 
may yield increased donor site morbidity [19]. 
Generally, use of allograft is considered a salvage 
procedure for larger and irregular lesions. 
Allografts have also been shown to be a viable 
treatment option in the short- and medium-term. 
Gaul et  al. reported on 20 ankles undergoing 
osteochondral allograft transfer with average 
graft size of 3.8 cm2. This study showed a mean 
30-point improvement on the Olerud–Molander 
Ankle Score [20].

Frequently, osteotomies are needed to provide 
adequate access for autograft or allograft place-
ment. A medial malleolar osteotomy is commonly 

Fig. 33.12  Radiograph of Repaired medial malleolar osteotomy with fully threaded screws
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used for medial lesions. A Chaput osteotomy may 
be used for laterally based lesions (Figs.  33.10, 
33.11, and 33.12). (Reference Am J Sports Med. 
2006 Sep;34(10):1457–63. Epub 2006 Apr 24.
Talar dome access for osteochondral lesions. Muir 
D1, Saltzman CL, Tochigi Y, Amendola N.)

Shimozono et  al. retrospectively compared 
groups receiving autograft (25 patients) vs. 
allograft (16 patients) through a follow-up of 
22–26 months. They showed that there was a sig-
nificant improved FAOS and Short Form-12 (SF- 
12) scores with both groups [1]. However, the 
improvement of these scores was statistically sig-
nificantly better in the autograft group as com-
pared to the allograft group [1].

33.6  Osteochondral Lesions 
of the Distal Tibia

33.6.1  Epidemiology and Injury 
Patterns

The large majority of osteochondral lesions in 
the ankle are located in the talus, with early 
reports of distal tibial lesions beginning in the 
late 1980s [21, 22]. On the other hand, the pro-
portion that occur in the distal tibia is thought to 
be much smaller, with sources citing a ratio of 
14:1 to 20:1 of talar:tibial lesions and a rate of 
2.6% in a series of 880 ankle arthroscopies [23–
25]. One report exists on a case of bilateral distal 
tibial lesions [26].

Osteochondral lesions of the distal tibial pla-
fond (OLTP) are thought to be rarer than OLTs in 
part due to differing cartilage biology and 
mechanics. Distal tibial articular cartilage has 
shown to be stiffer than talar articular cartilage, 
with the anteromedial tibia having the largest 
modulus relative to the softest locations noted in 
the posterolateral and posteromedial talus [27]. 
Furthermore, the convexity of the talus may con-
tribute to differential loading than the concavity 
of the distal tibia [23, 25, 28].

OLTP may present either in isolation or coex-
isting with OLT.  The incidence of coexisting 
OLT and OLTP lesions has been cited between 
15.8% and 35% [25, 29, 30]. However, variances 

in study design may make interpretation of these 
numbers less reliable; some studies exclude non- 
operatively managed patients, some evaluate for 
coexisting OLTs in those with OLTPs, and some 
evaluate for coexisting OLTP in known OLTs.

OLTPs have been characterized by lesion 
location in a 3 × 3 grid creating 9 zones of equiv-
alent surface area as described by Elias et al. [25, 
31]. A zone 10 has also been described as an 
osteochondral lesion of the fibula [30]. “Kissing” 
coexisting lesions refers to lesions that occur in 
the same zone of injury on both the talus and tibia 
[29, 32].

In its original description in a study of 38 MRI 
scans with OLTP, 14 (37%) were medial (zones 
1, 4, and 7), 11 (29%) were lateral (zones 3, 6, 
and 9), and 13 (34%) were central (zones 2, 5, 
and 8) [25]. In the AP plane, 9 (24%) were ante-
rior (zones 1–3), 15 (39%) were posterior (zones 
7–9), and 14 (37%) were central (zones 4–6) 
[25]. The most frequent individual zones affected 
were zone 4 (medial central plafond, 21%) and 
zone 7 (posterior medial plafond, 16%) [25].

One case series of 83 patients undergoing sur-
gical management for OLT found 26 (31%) of 
patients to have coexisting lesions and 9 of those 
26 (35%) were kissing lesions [29]. The most 
common affected zones in this study were zones 
2, 4, and 5 of the tibial plafond, with 5 lesions in 
each of these zones (19%) [29]. Zones 2 and 4 
were also shown to be the most common coexist-
ing lesion locations (over 35% together) in 
another study of 297 OLTs on MRI [30]. 
However, lesion location may ultimately be vari-
able [33].

Some studies have evaluated potential risk 
factors for or associations with coexisting lesions. 
Those with coexisting lesions may be of older 
age (p = 0.009) and more likely to have lateral 
talar OCL (p = 0.012) on multiple linear regres-
sion [29]. In addition, there may be an associa-
tion of higher grade of talus cartilage damage, 
with coexisting lesions associated with ICRS 
grade 4 talar changes (p  =  0.034) [29]. 
Furthermore, existing posterior tendon pathology 
or ankle ligamentous injury may be more likely 
in those with coexisting lesions compared to iso-
lated OLT (p < 0.05) [30].
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While some OLTPs may be recognized on 
radiographic imaging [23], MRI is the study of 
choice for evaluation osteochondral lesions in 
general.

33.7  Outcomes

Due to the relative rarity of reports on OLTP, 
high-quality outcome studies are limited. Most 
studies are retrospective in nature or are case 
reports/series.

33.7.1  Patient/Lesion Factors

Studies thus far have not demonstrated an asso-
ciation between lesion location and functional or 
imaging outcomes [24, 25, 34]. Furthermore, 
those with coexisting OLT and OLTP do not 
appear to have statistically significant differences 
in functional outcomes compared to those with 
isolated OLTP or compared to those with isolated 
OLT [24, 29, 33, 34].

33.7.2  Surgical Factors/Procedures

Similar cartilage repair and cartilage restoration 
procedures have been trialed in the distal tibial 
plafond as in the talus.

33.7.2.1  Microfracture
Arthroscopic microfracture has been trialed and 
reported in several studies. In general, microfrac-
ture is utilized for smaller-sized osteochondral 
lesions [42].

A retrospective study of 31 ankles undergoing 
arthroscopic microfracture with average lesion 
size 38  mm2 and minimum two-year follow-up 
demonstrated significant improvements in FAOS 
from 50.5 to 74.2 (p  <  0.01) and SF-12 scores 
from 38.7 to 59.5 (p < 0.01) [34]. AOFAS Ankle- 
Hindfoot scores also demonstrate significant 
improvements after microfracture, from 35.2 to 
50.4 (p  <  0.05) in another study in which 3/13 
(23.1%) had repeat surgery and 1/13 had persis-
tent pain and disability [33].

Tibial articular cartilage healing after micro-
fracture has been assessed with Magnetic 
Resonance Observation of Cartilage Repair 
Tissue (MOCART) in 23 of the ankles; increas-
ing age (r  =  −0.43, p  =  0.04) and increasing 
lesion size (r = −0.44, p = 0.04) were associated 
with lower MOCART scores [34]. One downside 
to microfracture is that results demonstrate infe-
rior repair tissue relative to normal hyaline carti-
lage on MRI evaluation [34].

33.7.2.2  Excision, Curettage, 
Abrasion Arthroplasty

Mologne and Ferkel described a cohort of 17 
patients with mean follow-up of 44 months with 
OLTP that were treated with excision, curettage, 
and abrasion arthroplasty [24]. Of these, some 
patients had additional treatments based on sur-
geon choice: two underwent microfracture, five 
underwent transmalleolar drilling of the lesion in 
cases with deeper lesions, and two had autolo-
gous iliac crest bone graft to fill larger cystic 
cavities [24]. Significant improvements were 
noted in AOFAS Ankle-Hindfoot scores from 
pre- (52) to post-operatively (87, p < 0.001) [24]. 
Subjective questionnaires noted some improve-
ment in 15/17 patients though five patients had 
restriction of ankle ROM with mean loss of 13 
degrees of arc of motion [24]. Degenerative 
changes were noted in 8/15 patients with radio-
graphs at final follow-up [24].

33.7.2.3  Bone Marrow-Derived Cell 
Transplantation (BMDCT)

BMDCT is performed under the premise of uti-
lizing bone marrow cells (from bone marrow 
aspirate concentrate) with wide cell differentia-
tion capabilities and stimulation with specific 
factors as may be seen in platelet-rich fibrin 
(PRF). The goal is for a one-step procedure to 
serve as a scaffold and stimulate osteochondral 
growth more similar to native hyaline cartilage 
[10]. The extent of studies on this technique and 
its application to the distal tibial plafond is lim-
ited. However, one study of 27 patients found 
improvement in mean AOFAS scores from 52.4 
to 80.6 at final follow-up of up to 72 months [10]. 
It is important to note that the authors found a 

E. L. Baldwin III et al.



371

significantly higher rate of improvement in 
AOFAS scores in those with smaller lesions 
<150 mm2 compared to those with larger lesions 
at 36 months follow-up (p  =  0.038) and higher 
increase in scores for more shallow lesions 
<4  mm compared to deeper lesions at all time 
points (72 months, p = 0.003) [10]. Therefore, the 
effects of BMDCT in management of OLTP may 
be most beneficial for smaller and shallower 
lesions, but further studies and comparisons are 
needed to draw conclusions.

33.7.2.4  Osteochondral Autograft/
Allograft Transfer

Osteochondral auto- or allograft transfer is used 
in management of osteochondral lesions in gen-
eral for larger size lesions and, for instances, 
when prior procedures such as bone marrow 
stimulation with microfracture were unsuccess-
ful [40, 41]. A case report by Chapman and Mann 
describes the use of osteochondral allografting 
(graft from the talus) in the distal tibia in a patient 
who had previously failed arthroscopic micro-
fracture [35]. That patient had improvement post- 
operatively with radiographic incorporation of 
the graft and maintenance of joint space [35]. 
Ueblacker et  al. reported on two patients with 
OLTPs utilizing retrograde autografts (obtained 
from the femoral trochlea) with placement guided 
by an anterior cruciate ligament drill guide [36]. 
Both of these patients had post-operative healing 
of the plug and congruent chondral surfaces on 
MRI [36]. Osteochondral auto- and allograft 
transfers warrant more investigation for OLTP, 
particularly as a salvage procedure when other 
procedures are unsuccessful.

33.7.2.5  Other Techniques
Several other surgical techniques to manage 
OLTPs have been described in case reports. Each 
of these techniques mentioned involves cases 
with improvement in patient outcome, however 
much larger numbers and comparative studies are 
needed to evaluate the true effects and determine 
the appropriate indications [43].

Autologous chondrocyte transplantation has 
been utilized to treat distal tibial lesions. One 
report describes taking an arthroscopic cartilage 

biopsy from the femoral condyle, culturing the 
chondrocytes, and implanting the chondrocytes 
with a periosteal patch sealed with fibrin glue 
[37].

Autologous Matrix-Induced Chondrogenesis 
(AMIC) utilizes a collagen matrix and autolo-
gous bone graft to stimulate chondrogenesis. 
AMIC has been described in a case report for use 
in the distal tibia with use of collagen type I and 
III matrix, iliac crest autograft, and fibrin glue 
[38]. That patient returned to sport 2  months 
post-operatively and had maintained benefits at 
3  years with intact and healthy cartilage at the 
three-year quantitative analysis MRI [38].

One case report describes the use of a syn-
thetic osteochondral plug, another one-step pro-
cedure utilizing osseous and cartilaginous 
substitutes in attempt to induce healing of more 
hyaline-like cartilage [39]. In that report, while 
the patient had improvement in function and 
return to activities, follow-up MRI demonstrated 
more of a fibrous cartilage composition than hya-
line [39].

In summary osteochondral defects of the talus 
and distal tibia can cause significant disability to 
those patients who are living with it. The treat-
ment of these lesions is multifactorial depending 
on size of lesion, stability of underlying subchon-
dral bone, as well as previous treatments. The 
overarching goal is to restore the cartilage sur-
face of the talus to as close to the native condition 
as possible.
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34.1  Introduction

The goal of cartilage repair is to restore the artic-
ular surface and prevent the progression of the 
focal cartilage injury to end-stage osteoarthritis. 
Several clinical studies have shown the impor-
tance of restoring a smooth superficial sur-
face, and promoting the restoration of a normal 
bone cartilage interface with acceptable subchon-
dral flexibility.

Different treatment options are available to 
prevent and delay the progression of osteoarthri-
tis. A broad spectrum of treatments are available, 
from non-pharmacological modalities to dietary 
supplements and pharmacological therapies. 
Generally, patients should be treated with the 
less invasive therapies before proceeding to a 
possible surgical treatment [1]. Prevention is 
crucial to delay the pathology’s progression and 
avoid arthroplasty at an early stage (Fig. 34.1).

This chapter will focus on the non-surgical 
treatments, including non-pharmacological ther-
apies, such as exercise, nutraceuticals, and the 
huge world of pharmacological therapies.

34.2  Non-Pharmacological 
Treatment

34.2.1  Exercise

Exercise, a cornerstone of the treatments for 
osteoarthritis, has shown to have enough evi-
dence in order to achieve a better recovery, with 
less pain and cartilage protection.

One of the aims is to improve altered knee 
joint biomechanics, and excessive joint loading 
achieved mainly with strength exercises. This 
applies primarily to acute lesions or early osteo-
arthritis, but in later stages of osteoarthritis, stud-
ies report a positive but short-term effect in 
interventions to “unload” the medial compart-
ment [2, 3].

There is enough evidence that physical activ-
ity and joint loading promote an increase in carti-
lage volume, and by itself, it does not correlate 
with joint narrowing [4]. However, overload and 
excessive training prompt joint degeneration, as 
well as an unload correlate with a decrease in car-
tilage thickness.

Range of motion, neuromuscular exercises, 
and stretching have benefits in pain modulation. 
It also reduces soft tissue inflammation, improves 
repair, extensibility, or stability of contractile and 
non-contractile tissues, facilitates movement, and 
improves function.

These interventions are safe, inexpensive, 
and should be encouraged [5, 6]. The choice 
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will depend upon the patient’s characteristics, 
and they should follow an individualized pro-
gram [4].

34.2.2  Physical Therapies

34.2.3  Pulsed Electromagnetic Fields 
(PEMF)

Stimulation, particularly low frequency (i.e., 
3–50  Hz) with long durations of treatment 
(3–10 h a week), may exert a chondroprotective 
effect on articular cartilage by increasing proteo-
glycan synthesis and counteracting the catabolic 
activity of pro-inflammatory cytokines, together 
with positive effects also by inhibiting subchon-
dral bone sclerosis, particularly in early OA 
stages [3, 7].

34.2.4  Low-Intensity Pulsed 
Ultrasound (LIPUS)

This may also stimulate chondrocyte prolifera-
tion and matrix production, with dose-dependent 
effects and greater attenuation of cartilage degen-
eration in the early OA phases [4]. It has promis-
ing results in vitro and has shown benefits in pain 
relief and knee functional recovery [8].

34.2.5  Extracorporeal Shockwave 
Therapy (ESW)

Has shown to downregulate in vitro the intracel-
lular levels of TNF-α and IL-10, thus suggesting 
that ESW might restore TNF-α and IL-10 pro-
duction by osteoarthritic chondrocytes at normal 
levels. It has a potential in reducing pain and 
improving knee function; the therapeutic effects 
may peak at 8  weeks after the completion of 

Consider corticosteroids injections 

for acute exacerbation of knee 

osteoarthritis

Discuss a possible surgical

treatment

Consider hyaluronic acid 

injections for persistent knee 

osteoarthritis

Consider opioid therapy, but monitor 

carefully for dependence and abuse

Add combination glucosamine and chondroitin for moderate to severe 

knee osteoarthritis; discontinue if no change after three months, but 

continue if effect is noted

Start NSAID therapy, beginning with over-the-counter ibuprofen or naproxen; switch 

to different NSAID if initial choice is not effective; use generic if possible 

Begin with acetaminophen and continue if still effective, or step up to NSAIDs

Encourage regular exercise throughout treatment and encourage weight loss if patient is overweight or 

obese. Consider physical therapy referral for supervised exercise, consider bracing and splinting

Mild osteoarthritis Moderate osteoarthritis Severe osteoarthritis

Fig. 34.1 Different approaches for the treatment of knee osteoarthritis
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treatment. Further research is needed to arrive at 
a definitive conclusion [4, 9].

Other treatments such as transcutaneous elec-
trical nerve stimulation (TENS) [3, 9], acupunc-
ture, valgus braces, or lateral wedge insoles for 
pain and function in the knee appear limited [9], 
as well as diathermy, low-level laser therapy 
(LLLT), short-wave therapy, or magnetic stimu-
lation [10]. More conclusive is the recommenda-
tion for neuromuscular electrical stimulation 
[11], which there is enough evidence to say is not 
appropriate for osteochondral treatment.

34.3  Nutraceuticals

34.3.1  Glucosamine

Glucosamine is an amino monosaccharide pre-
cursor of the  synthesis of glycosaminoglycans, 
hyaluronic acid, and aggrecan. In vitro studies 
have demonstrated that glucosamine sulfate 
inhibits gene expression of OA. Moreover, long- 
term oral administration of glucosamine in 
guinea pigs reduces the destruction of cartilage 
and the inflammatory process [12]. The adminis-
tration of oral glucosamine sulfate has shown to 
improve significantly pain and movement limita-
tion in patients with OA over a 4-week treatment 
course [13].

Nevertheless, the evidence in the scientific lit-
erature is not well defined, and despite it is wide 
use, glucosamine showed inconsistent results 
between industry-sponsored and independent tri-
als. Thus, heterogeneity among the different 
studies does not allow for scientific evidence in 
OA prevention. Whereas several clinical studies 
have described a symptomatic effect, indepen-
dent placebo-controlled studies have not shown 
protective effects, alone or in combination with 
chondroitin sulfate, and the disease-modifying 
effect is controversial as well [4].

34.3.2  Chondroitin Sulfate

Chondroitin sulfate is a sulfated glycosaminogly-
can, which is also an important component of the 

extracellular matrix. Similar to glucosamine, it 
presents unclear findings and recommendations 
for symptom relief [14]. A Cochrane review of 
randomized trials supports some benefits in pain 
relief in the short term, but most studies are of 
low quality. The proposed mechanism of action 
includes the restoration of the extracellular 
matrix of cartilage, the prevention of cartilage 
degradation, and overcoming a dietary deficiency 
of sulfur-containing amino acids, essential for 
extracellular matrix molecules [15].

Besides possible sponsor-based bias, it has 
been suggested that differences in origin and lev-
els of purity may affect the clinical results of the 
substance.

OARSI OA recommendation guidelines state 
that treatment with glucosamine or chondroitin 
sulfate may provide symptomatic benefit in 
patients with knee OA. However, if no response 
is obtained within 6  months of treatment, it 
should be discontinued [16].

34.4  Pharmacological Therapies

34.4.1  Acetaminophen

Acetaminophen has been historically used as 
first-line therapy for pain in early osteoarthritis. It 
acts mainly through the downregulation of cyclo-
oxygenase (COX) and its inhibitory action on 
nitric oxide [14]. Although there are studies that 
show that acetaminophen is superior to placebo 
in overall pain reduction, a recent Cochrane sys-
tematic review indicated that there is strong evi-
dence to suggest that acetaminophen provides 
minimal clinically important improvement in 
pain and life function as a single treatment. It also 
evidences that pain and function do not change 
when using different doses of acetaminophen 
[17]. In the same study, they make a call to recon-
sider osteoarthritis treatment guidelines in their 
recommendation of acetaminophen as a first-line 
treatment [18].

Overall, when used for short periods of time it 
is considered to be safe, as the incidence of 
adverse events has shown to be similar to pla-
cebo, yet the risk of adverse events after long 
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periods of administration is uncertain [19]. 
Patients could experience abnormal liver func-
tion, but the clinical importance of this finding is 
uncertain [14]. When used for prolonged periods, 
it has been related to produce greater risks such 
as gastrointestinal disorders or multi-organ fail-
ure [14]. Therefore, it is recommended to be 
administrated for short periods, with conserva-
tive dosing [14].

34.4.2  Non-Steroidal Anti- 
Inflammatory Drugs (NSAIDs)

NSAIDs are the most widely used pharmaceu-
ticals in treating OA since many trials have 
confirmed their superiority related to acet-
aminophen for pain relief, but with a higher 
toxicity profile [14].

The increased expression of tissue-destructive 
enzymes and cytokines during osteochondral 
damage supports the rationale for their adminis-
tration to control both inflammation and pain. 
The therapeutic effect of NSAIDs derives from 
their ability to reduce prostaglandin biosynthesis 
by competitively inhibiting cyclooxygenase 1 
(COX-1), or COX-2 upregulated during  the 
inflammatory response.

A frequent cause for concern when treating 
bone inflammatory lesions, such as contusions, 
subchondral fractures, or microfractures is the 
negative effect of NSAIDs on bone healing. It is 
thought that osteoblast behavior may be con-
trolled by the concentration of Prostaglandin E2 
(PGE2) through the relative expression of the 
Benjamin1 receptor activator of nuclear factor 
kappa-B ligand and osteoprotegerin, which is 
regulated through the enzymes cyclooxygenase 
(COX)-1 and COX-2. Even though there is 
enough evidence  to support this, the negative 
effect may be dose or time- dependent because 
low-dose and short-duration exposure have not 
shown to affect union rates [20, 21].

It is proposed that PGE2 at a low dose switches 
osteoblast’s biology in favor of bone union, 
inducing OPG gene expression by increasing 
RANKL gene expression, reducing PGEs syn-
thesis, and increasing bone alkaline phosphatase 

gene expression. An opposite effect is expected 
when the concentration of NSAIDs exceeds cer-
tain levels [20]. Despite these findings, they 
should be avoided in patients with an increased 
risk of nonunion [21].

A common adverse reaction is gastrointestinal 
toxicity, caused by the inhibition of COX-1 in gas-
tric epithelial cells, thus lowering the cytoprotec-
tive prostaglandin production. They also may 
expose patients to severe side effects in the renal 
and cardiovascular systems. COX-2 inhibitors have 
been developed with the aim of long-term treat-
ment, but they create a prothrombotic state with an 
increased cardiovascular risk, which is contraindi-
cated in patients with ischemic heart or cerebrovas-
cular diseases. Non-selective NSAIDs with 
gastroprotective agents provide a similar analgesic 
effect with comparable gastrointestinal risk at less 
cost, making them the best option [14, 16].

Published guidelines and expert opinion are 
divided over the relative role of acetaminophen 
and NSAIDs as first-line pharmacologic therapy; 
their comparative safety is also important to con-
sider [18]. Thus, the choice should be made after 
carefully assessing the risks according to  the 
patient’s history and characteristics and should 
be considered as treatment option when acet-
aminophen alone is ineffective for pain relief.

34.4.3  Corticosteroids

Glucocorticoids are steroid hormones usually 
used in early OA for pain relief. It has also been 
postulated that during the initial phase of post- 
traumatic joint damage, they may decrease the 
early inflammatory response and post-traumatic 
alterations that lead to early OA [22].

They act by binding and activating glucocorti-
coid receptors; this produces an upregulation of 
anti-inflammatory proteins that suppress the 
expression of local and systemic pro- 
inflammatory cytokines like IL-2, IL-4, IL-6, 
IL7, IL-17, and TNFα [23, 24].

The effects of intra-articular corticoids are 
dose- dependent. At low doses, it has shown ben-
eficial animal in  vivo effects stimulating an 
increase in cell growth and recovery. However, at 
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high doses, corticosteroids are associated with 
significant gross cartilage damage and chondro-
cyte toxicity [22, 25]. Other studies have shown a 
significant decrease of cartilage turnover markers 
such as cartilage oligo-matrix protein and osteo-
calcin, suggesting  that it may have a cartilage 
protective effect.

The main problem is that usually high doses of 
corticosteroids are needed due to the high clear-
ance rate from the joint space, producing local 
damage such as accelerated OA progression, sub-
chondral insufficiency fracture, complications of 
osteonecrosis, and rapid joint destruction, includ-
ing bone loss as well as systemic effects, which 
are also dose-dependent [23].

Corticosteroids can produce a significant 
decrease in cortisol serum levels within just 4 h 
and up to 4 days, causing not only local damage 
but also systemic complications such as elevated 
glucose, severe impairment of bone metabolism 
with increased risk of fractures, and avascular 
necrosis of the bone. These side effects and risks 
of systemic absorption typically limit patients to 
2–4 injections per year [23].

For this reason, other corticosteroids with low 
solubility, such as extended-release triamcino-
lone, may be more effective in pain reduction than 
other corticosteroids, with results higher than pla-
cebo in terms of pain reduction and global patient 
assessment [26]. But there is still more evidence 
needed to support these findings [2, 27, 28]. 
Corticosteroid injections in the knee are a rela-
tively safe procedure, indicated for acute and 
inflammatory symptoms, they may have a good 
short-term effect (1–4 weeks). However, there is 
no evidence of long-term (6 months) clinical ben-
efit [29]. The incidence of serious infectious com-
plications may be as high as 1  in 3000, [30]  so 
they should be used with caution at the lowest 
effective dose and considered a second- line of 
treatment [31].

34.4.4  Opioids

Opioids are considered second-line treatment and 
used when first-line treatments such as NSAIDs 
or acetaminophen are ineffective or contraindi-

cated. Weak opioids such as tramadol are pre-
ferred because of their pain relief with no relevant 
abuse potential and fewer adverse effects than 
other opioids [32].

They inhibit pain pathways in the central ner-
vous system through binding to mu-opioid 
receptors and norepinephrine and serotonin re-
uptake [33].

Their indication should be in combination with 
standard therapy in order to allow for decreased 
dosages. Even Cochrane’s systematic review con-
cludes that compared to placebo, tramadol alone 
or in combination with acetaminophen probably 
has no important benefit on mean pain or function 
in patients with osteoarthritis [34].

One of the main concerns with opioid use is 
the possible development of dependence; this can 
be avoided with a short-duration treatment.

Common adverse effects include nausea, 
vomiting, constipation, and sedation; more severe 
reactions can include respiratory depression, 
hypotension, paralytic ileus, urinary retention, 
and dehydration [35].

It is important to note that most opioids have 
shown to affect negatively bone remodeling and 
healing. In vitro studies have found a significant 
reduction of osteocalcin synthesis with opioid 
administration, thus downregulating osteoblast 
activity [36]. Remifentanil is an exception as it 
has been shown to stimulate osteoblast differentia-
tion in vitro and inhibit differentiation and matura-
tion of osteoclasts, thereby reducing bone 
resorption. Opioid antagonists such as naloxone, 
vasoactive intestinal peptide (VIP) and the neuro-
peptide Y (NPY), have been proved to promote 
osteogenesis [37]. These are all being studied for 
their possible therapeutic role in the future for 
osteoporosis and bone healing.

In conclusion, opioids are a second-line treat-
ment that must be used with caution, especially 
in the elderly, and are not recommended for rou-
tine chronic pain treatment [4].

34.4.5  Gabapentinoids

In individuals with minor joint changes that 
report high levels of refractory pain to common 
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analgesic treatments, a neuropathic pain compo-
nent should be considered.

Subchondral bone is densely innervated; after 
destruction of subchondral structure such as in 
advanced phases of osteoarthritis, markers of 
nerve injury in sensory nerves innervating the 
knee are significantly increased [38]. In animal 
models, gradual proliferation of microglia in the 
dorsal horn of the spinal cord demonstrated pro-
gressive nerve injury, suggesting a gradual initia-
tion of neuropathic pain state along with an 
inflammatory pain [39].

This supports the use of gabapentin, which 
might reduce OA pain or enhance the effect of 
conventionally used NSAIDs drugs [40].  In 
addition, there are several studies that support 
its effectiveness for neuropathic pain, as well 
its use in conjunction with other pain treat-
ments as most of the time neuropathic and 
inflammatory pain coexist [41].

The most important adverse effects are the 
increased risk of sedation and respiratory depres-
sion, especially when combined with other cen-
tral nervous system depressants such as opioids. 
Thus, caution must be taken when used [42].

In the future drugs targeted on neuropathic 
pain may be increasingly used together with 
other pharmaceutical agents to address symp-
toms. The use of gabapentin may be a valuable 
aid in pain management; however, future studies 
regarding doses and prescriptions  are required 
[43].

34.5  Viscosupplementation

34.5.1  Hyaluronic Acid

Among the pharmacological therapies, non- 
steroidal anti-inflammatory drugs (NSAIDs) and 
intra-articular (IA) corticosteroid injections are 
most commonly prescribed [44]. These options 
have some limitations: NSAIDs show several 
side effects and corticosteroids injections [45], 
besides side effects, provide a short period of 
pain relief [46]. Another possible option is the 
injection of hyaluronic acid.

Hyaluronic Acid (HA) injections, also known 
as “viscosupplementation,” are widely used by 
orthopedic surgeons for the treatment of symp-
tomatic mild to moderate OA of the knee 
(Fig. 34.2) [47]. HA has been shown to reduce 
OA symptoms and provide a superior safety 
profile compared to the use of NSAIDs and cor-
ticosteroids [48]. Bannuru et  al. have proved 
that corticosteroids had a relatively greater 
effect on pain in the first 4 weeks after infiltra-
tion, but HA showed a greater efficacy beyond 
8 weeks [46].

Discovered by Meyer and Palmer in 1934, HA 
is a non-sulfated glycosaminoglycan consisting 
of alternately repeating D-glucuronic acid and 
N-acetylglucosamine units. It is a hydrophilic 
molecule with high solubility in aqueous envi-
ronment, ensuring tissue hydration [49]. HA 
exists naturally in various animal tissue (espe-
cially in rooster combs) and human tissue, includ-
ing umbilical cord, vitreous body, epidermis, 
dermis, and  serum; especially, it is the major 
component of the synovial fluid and cartilage 
[50]. In these sites, HA is produced by the type B 
synoviocytes and fibroblast of the synovium, and 

Fig. 34.2 Hyaluronic acid injection
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its role is multifactorial. The primary role is to 
maintain the viscoelastic structural and func-
tional characteristics of the articular matrix [51]. 
It provides joint lubrification and absorbs shock 
while also promoting chondrocytes proliferation/
differentiation [52]. Moreover, HA has been 
shown to inhibit tissue nociceptors and the effects 
of the pain mediator substance P and to stimulate 
endogenous hyaluronan formation [53]. The 
healthy human knee contains approximately 
2 mL of synovial fluid. The osteoarthritic knee is 
characterized by a considerable reduction of the 
concentration of molecular weight of HA, 
wich  might generate pain and loss of function 
[54].

Several studies have shown that intra-articular 
viscosupplementation may restore the articular 
viscoelastic properties, exerting both chondro-
protective and anti-inflammatory effects. 
Chondroprotection occurs through downregula-
tion of the gene expression of OA-associated 
cytokines and enzymes, while the anti- 
inflammatory effect is due to downregulation of 
TNF-α, IL-8, and iNOS in synoviocytes [55]. 
Moreover, the therapeutic benefits of viscosup-
plementation occur by different actions [56]:

• Stimulation of metabolism.
• Prevention of apoptosis of chondrocytes.
• Inhibition of chondral degradation and articu-

lar inflammatory responses.
• Decrease of lymphocytes proliferation.

The chondroprotective effect also  allows the 
use of HA in the postoperative knee; pain that 
persists after arthroscopy can be treated with HA 
injections [55].

Several HA compounds are currently used 
worldwide;  each differs in molecular weight, 
composition, dosing regimens, and source [51]. 
The first products that have been used derived 
from rooster combs; this source was utilized for 
several years through extraction with an organic 
solvent like acetone and ethanol. This method 
allows to obtain a compound characterized by a 
good purity and a high molecular weight [57, 58]. 
The main disadvantage is the risk of viral infec-

tion between different species; moreover, hyper-
sensitivity reactions are common.

Hence, microbial fermentation has emerged as 
a new alternative for HA production. The first 
commercially fermented HA was produced from 
Streptococcus zooepidemicus, which synthesizes 
HA as part of its outer capsule under the suitable 
culture condition [59]. This technique has 
become very popular because of the lower pro-
duction costs and less environmental pollution 
compared with rooster comb HA products. On 
the other hand, HA produced from attenuated 
pathogen Streptococci may have the potential to 
be contaminated with pathogen factors [57]. 
Consequently, HA production through fermenta-
tion is generally recognized as safe (GRAS) 
microbial strains are highly appreciated. This 
method has emerged as an attractive alternative 
that could alleviate safety concern about patho-
genic S. zooepidemicus and avian products. Host 
bacteria, both Gram-positive and Gram-negative, 
include Bacillus sp., L. lactis, Agrobacterium sp., 
and E. coli can be used.

Regarding the molecular weight, different 
preparations are available for intra-articular use. 
The low molecular weight preparation (0.5–1.5 
million Da) can achieve maximum concentration 
into the joint and may reduce inflammation, but it 
presents a low elastoviscosity and consequently, 
it needs at least 4–5 injections [60]. The high 
molecular weight preparation (6–7  million Da) 
shows a better increase of fluid retention into the 
joint and a stronger anti-inflammatory effect. 
However, studies concerning the use of HA with 
different molecular weights report conflicting 
results but favors the high molecular weight. In 
order to increase the molecular weight of HA and 
to provide durable activity,  the cross-linking 
technique has been commonly used. The con-
trolled cross-linking creates a viscous gel with 
increased density of hyaluronan and viscoelastic-
ity, requiring only 1 injection. The single- 
injection regimen is attractive because it 
decreases patient time expenditure and discom-
fort associated with the procedure [61], but 
 clinicians report more side effects with cross-
linked HA, especially synovitis.
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Recently, a new type of HA has been brought 
to the market. It consists of a mixture of two hyal-
uronates, one of medium molecular weight 
(1200–1500 kDa), which promotes viscosupple-
mentation, and the other of low molecular weight 
(200–400 kDa), which contributes to the resolu-
tion of OA articular damages. The main innova-
tion is an excipient, the trehalose, a disaccharide 
that would seem to act as a protector of HA, 
delaying the degradation from hyaluronidase. 
Pre-clinical studies show that this new formula-
tion (PROMOVIA HYDROBALANCE) lasts 
longer than 3 months. We are currently perform-
ing a clinical trial in order to analyze the effect in 
patients suffering from OA. It is a monocentric, 
randomized, post-marketing, and double-blinded 
study.

34.6  Disease-Modifying Drugs 
(DMDs)

34.6.1  Bisphosphonates

Bisphosphonates have been suggested as disease- 
modifying agents [5] as they can reduce bone 
turnover by inhibiting osteoclastic activity and 
reducing bone resorption.

They are thought to aid in subchondral bone 
remodeling abnormalities that increase bone 
turnover and result in bone loss, which may lead 
to degradation of overlying cartilage and joint 
collapse [62]. Experimental studies have shown 
that the microstructural impairment of subchon-
dral bone could aggravate cartilage damage but, 
on the other hand, improvement of this micro-
structure would reduce the progression of carti-
lage impairments [62].

Risedronate has been shown to reduce carti-
lage collagen degradation marker (CTX-II). 
However, there is still no recommendation for its 
use due to the lack of evidence on the efficacy of 
risedronate to affect symptoms, function, and 
progression of knee OA [2]. Zoledronic acid has 
been demonstrated to provide significant symp-
tomatic benefit and reduction on bone marrow 
lesions after 6 months of treatment in a double- 
blind control trial; other studies have found simi-

lar results but with no significant difference in 
WOMAC pain score after 24 months [6, 63].

Diagnostic sensitivity of bone densitometry 
(DXA) is low. More than 50% of patients suffer-
ing from a fragility fracture have a normal DX 
[64]. So it is of crucial importance to suspect 
osteoporosis and fragility fractures when  the 
patient presents risk factors such as postmeno-
pausal hypogonadism, age, prevalent osteopo-
rotic fracture, low BMI, smoking, alcohol, 
rheumatoid arthritis, diabetes mellitus, glucocor-
ticoids intake, as well as aromatase inhibitors or 
antiandrogens. Strontium ranelate is another 
antiresorptive that has been associated with 
reduced radiographic knee OA progression, and 
with meaningful clinical improvement. It was 
also significantly associated with decreased 
MRI- assessed cartilage volume loss and bone 
marrow lesions (BMLs) [62].

34.7  Monoclonal Antibodies

They target inflammatory mediators and can halt 
or delay disease progression and preserve the 
structure and function of damaged cartilage.

34.7.1  Interleukin-1 (IL-1) Inhibitor

IL-1 stimulates the synthesis of proteolytic 
enzymes, cytokines, and other inflammatory 
mediators, which lead to cartilage degradation 
and osteoarthritis [65]. The effectiveness of 
inhibiting IL-1 receptor for  the prevention of 
osteoarthritis has been well documented in exper-
imentally induced OA in animal studies [66]. 
IL-1 inhibitor, also known as Lutikizumab (ABT- 
981), has been recently developed against both 
IL1a and IL-1b. It is thought to be capable of 
decreasing inflammation and slowing OA pro-
gression. In recent randomized double-blind 
placebo- controlled parallel group phase IL-1 
showed at 16 weeks reduced pain in WOMAC, 
but cartilage thickness and synovitis had similar 
results with the placebo group. More studies are 
needed in order to see if longer use correlates 
with better results [67].
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34.7.2  Anti-Nerve growth Factor 
(Anti-NGF)

Also known as Tanezumab is an investigational 
humanized monoclonal antibody against 
B-NGF.  It provides potential pain modulation 
through nociceptor sensitization. Its main effects 
have been evaluated in clinical trials for hip and 
knee OA and showed superiority in pain reduc-
tion compared to placebo [68]. However, there 
were cases of rapidly progressive OA with chon-
drolysis and subchondral bone destruction asso-
ciated with increasing doses of anti-NGF 
antibodies and parallel therapy with NSAIDs. 
These safety issues have important implications 
for future clinical trials and need further investi-
gation [69]. Recent data suggest that even though 
the changes in pain are significant, the improve-
ments were modest and their clinical importance 
must be established [70].

34.8  Molecules

34.8.1  BNTA (N-(2-Bromo-4-
(phenylsulfonyl)
thiophen-3-yl)-2- 
chlorobenzamide)

Is a small molecule that targets superoxide dis-
mutase 3 (SOD3). SOD3 is thought to have a 
vital role in maintaining the extracellular matrix. 
Normally, it is abundant in cartilage ECM, but it 
is markedly reduced after OA development. A 
recent study showed that an intra-articular injec-
tion of BNTA delays the disease progression in a 
trauma-induced rat model of osteoarthritis. 
Making it a potentially therapeutic agent [71].

34.8.2  Kartogenin

Kartogenin (KGN) is another molecule that aids in 
healing repair. It induces mesenchymal cells to dif-
ferentiate into chondrocytes in vitro and has shown 
to improve OA in small animal models [72]. It has 
been shown to be more effective as cartilage regen-
eration inducer when compared with growth fac-

tors. KGN has been processed and applied in many 
forms, such as intra-articular injection, with 
growth factors, in drug delivery systems, and in 
combination with scaffolds [73, 74], but whether 
Kartogenin will be effective in patients will have 
to be investigated in clinical trials.

34.8.3  Vitamin D

Vitamin D deficiency is very common, especially 
in the elderly population. It has been associated 
as a progression factor for OA development, 
because of its effects on calcium absorption in 
bone metabolism [75]. The results for its treat-
ment as a pain modulator are contradictory. Gao 
et  al. meta-analysis concluded that vitamin D 
supplementation significantly decreases 
WOMAC pain and loss of function, but has no 
effect on WOMAC stiffness score or tibial carti-
lage volume [76]. On the other hand, the Arden 
et al. study shows no effectiveness of vitamin D 
pain reduction as well as cartilage volume loss 
compared to placebo [77]. Thus, vitamin D sup-
plementation may have a positive clinical effect 
on pain modification, but conflicting results exist. 
Additional long-term clinical trials are required 
to further determine its clinical benefit.

It is important to highlight that before pre-
scribing therapies such as bisphosphonates or 
vitamin D; a metabolic test should be ruled out 
(calcium, phosphorous, parathyroid hormone, 
alkaline phosphatase, and vitamin D levels). This 
is important to determine secondary and poten-
tially treatable causes of osteoporosis, such as 
asymptomatic hyperparathyroidism or chronic 
kidney disease, [78] which can manifest with 
bone marrow edema; or osteoporosis-like syn-
drome with impaired bone quality and increased 
risk of fragility fractures [79].

34.9  Conclusion

Nowadays, no treatment has shown to be the gold 
standard. Side effects have been reported at both 
systemic and local level that is why the target 
must be the minimal therapeutic dose for the least 
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amount of time. For achieving this the use of 
multimodal treatment regimens should be 
attempted, utilizing medications that work on 
multiple locations of the pain pathway via differ-
ent mechanisms in order to produce analgesia.

Part of this medication regime involves the use 
of acetaminophen which works as a centrally act-
ing analgesic agent by blocking the COX-3 
enzyme in the thalamus, NSAIDS such as COX-1 
and COX-2 inhibitors which decrease the local 
production of prostaglandins to decrease the local 
inflammatory response, as well as low dose of 
corticoids as initial pain and early inflammation 
management. Neuropathic pain can be, if sus-
pected, targeted with gabapentinoids when sub-
chondral bone has been damaged. Prevention of 
further subchondral bone collapse could be 
achieved with bisphosphonates, vitamin D, and 
other potential cartilage protectors. HA injections 
represent a good alternative to pharmacological 
therapy because they reduce the pain associated 
with OA with a superior safety profile.

Finally, it is important to teach patients what to 
expect with a pain management program and the 
goals with conservative treatment should be real-
istic. Treatment will be mostly for symptom treat-
ment and not curative. They must be aware that 
other conservative measures must be taken such 
as exercise and/or physical therapies, as well as a 
possible need for future surgical treatment.
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35.1  Introduction

The management of different clinical cases of 
articular cartilage pathologies suffers the lack of 
a consensus for a therapeutic algorithm to date. 
Research about rehabilitation programs is condi-
tioned by the fast evolution of new surgical treat-
ments that created continuously new scenarios in 
the integrated management of these complex 
conditions, both from the point of view of the 
orthopedic surgeons and the rehabilitation spe-
cialists. Classically articular cartilage rehabilita-
tion has been based mostly on a protective and 
maybe sometimes over-protective approach, 
mainly based on basic science and animal data. 
In the context of cartilage repair procedures as 
the new standard of treatment for articular carti-
lage pathologies, the research of the most appro-
priate and updated rehabilitation protocols should 
consider both clinical trials and clinical 
experience- based evidences. This approach 
allows to define the best rehabilitation protocols 
according to the latest progress in surgical and 
non-surgical management of cartilage and osteo-

chondral lesions [1]. This book chapter will cover 
both the principles and the practical application 
of rehabilitation following chondral and osteo-
chondral lesions, with a special reference to the 
knee joint.

35.2  Rehabilitation Principles

Despite the regeneration of hyaline cartilage is 
not yet feasible, different surgical techniques 
widely described in literature, as microfracture 
of subchondral bone, auto/allografts, cell trans-
plantation, growth factors, and artificial matri-
ces, can be helpful to stimulate the generation of 
a new articular surface. This is evidenced by 
clinical improvement for most of the patients, 
documented in different clinical trials, mostly 
focused on knee cartilage lesions. In this context 
it has been highlighted the importance of the 
characterization of various clinical factors 
besides the cartilage lesion to select the most 
appropriate treatment in patients evaluated for 
cartilage repair [2].

Considering that the reparative tissue in osteo-
chondral lesions often does not lead to a normal 
restoration of the normal structure, composition, 
and mechanical properties of the hyaline carti-
lage, and keeping in mind the avascular nature of 
the articular cartilage, it is not surprising the rela-
tive high rate of failure of reparative tissue, 
mostly in the long term [2, 3].
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That is mainly related to the biological proper-
ties of the reparative tissue that entails intermedi-
ate features between chondral and fibrous tissue. 
This new joint environment needs biomechanical 
stimulation to reach cartilage-like characteristics, 
avoiding the fibroblastic-like growth process. 
Moreover, the healing process of osteochondral 
lesions is conditioned by different but interde-
pendent factors, as age, size, and location of the 
lesion and the anthropometric parameters of the 
patient. Older patients suffering from lesions in 
weight bearing areas have generally worst out-
comes while younger patients had better results, 
related to presence of any vascularized areas that 
favors a more effective synthesis of macromole-
cules [2].

Among the key factors in the healing process, 
mechanical stimuli, like the cyclical pressure on 
the chondral cells, should be considered. 
Different from other tissues where the effect of 
the mechanical stimuli is better understood and 
applied in a clinical context, there is still room 
for improvement in the understanding of the 
mechanical loading for the osteochondral tissue. 
However, we do know that appropriate cyclical 
loading is crucial for the neo-cartilage tissue, 
both from a histological (macro architecture of 
the tissue) and cytological (synthesis of type II 
collagen) point of view [4–9]. This theoretical 
framework which is well explained in the theory 
of the mechanotransduction [10–13] is the cru-
cial basic principle of rehabilitation.

To date the basic science experience suggests 
us that:

• Unloading and immobilization are harmful in 
the healing process of articular cartilage, caus-
ing proteoglycan structural/biochemical alter-
ations [14, 15]. The negative effects of 
prolonged immobilization on joint homeosta-
sis [5, 16] lead to a decrease of synthetic activ-
ities of the chondrocytes, determining less 
content in proteoglycan and water in the carti-
lage matrix [16]. Moreover, the decrease of 
collagen fibrils and joint lubrification affect 
cartilage and tendon nutrition, inducing joint 
stiffness and capsular contraction [17].

• Passive movement has positive effects to pro-
mote joint homeostasis and adaptations of car-
tilage tissue to proper exercise biomechanical 
requests [6, 8, 9, 16].

• Adequate weight bearing and progressive 
recovery of range of motion (ROM) induce 
enhancement in the healing process, stimulat-
ing matrix production and improving the tis-
sue’s mechanical properties of the reparative 
tissue, moreover preventing the degeneration 
[4, 10, 12, 18].

• Repetitive loading of articular cartilage, in 
addition to the mentioned effects, favors the 
maintenance of the homeostasis of articular 
cartilage and subchondral bone and supports 
the cartilage nutrition improving the diffusion 
of synovial fluid [2].

• Mechanical load stimulates chondrocytes to 
produce the specific types of collagen 
depending on the load degree, through still 
unclear mechanisms. It has been reported 
that grafts in a high loaded area produced a 
hyaline-like repair tissue, while grafts in a 
less loaded area produced a more fibrocarti-
laginous one [19].

At the same time, it has been proved the 
adverse effect of excessive load on reparative car-
tilage tissue, leading to the good practice of tem-
porary or defined unloading of the treated area, 
that prevent the progressive matrix loss. In the 
same way, a body mass index over 30  kg/m2 
could cause complications in specific repair pro-
cedures [13], therefore reaching an optimal body 
weight is mandatory to manage the weight bear-
ing. In that sense, both partial weight bearing 
with crutches and hydro-kinesitherapy are useful 
to initiate the weight bearing exercises and the 
gait training. Moreover, force platforms are very 
helpful to quantify the entity of load and to guide 
the therapist and the patient during the exercises 
focused on improving strength, proprioception, 
and balance since the early phases of rehabilita-
tion [3, 20].

Rehabilitation principles largely come from 
afore-mentioned concepts, applied biomechan-
ics and exercise physiology, and from few clini-
cal trials and more consisting clinical 
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experiences. Most of the clinical knowledge 
derived from research focused on knee joint. 
Only a few numbers of studies concern the reha-
bilitation in ankle, shoulder, and elbow cartilage 
lesions [21–24]. Nevertheless, a rehabilitation 
program based on clinical and functional crite-
ria, and characterized by phases progression, 
allows to extent and adapts the same principles 
to different joints.

35.3  Rehabilitation Strategies

The rehabilitation protocol, in both operative and 
non-operative conditions, needs to be custom-
ized, progressive, and supervised (Table 35.1).

Customized, based on patient’s and lesion’s 
characteristics. Patient’s clinical history, clinical 
examination, evaluation of radiological findings, 
and specific aspects of surgical intervention 
should be considered.

Progressive, based on a phase-progression 
model depending on clinical and functional eval-
uation, according to joint responses to 
rehabilitation- induced solicitations.

Supervised, consisting in regular clinical and 
functional checks from the rehabilitation and 
orthopedic team, including rehabilitation physi-
cian, physiotherapist, athletic trainer, surgeon.

The rehabilitation program can be resumed in 
a 5-phase progression:

• Phase 1 Resolution of swelling and 
inflammation.

• Phase 2 Recovery of range of motion and 
muscle flexibility.

• Phase 3 Recovery of muscle strength and 
resistance.

• Phase 4 Recovery of neuromuscular control 
and coordination.

• Phase 5 Recovery of specific gestures.

The progression through the different rehabil-
itation phases is guided by the fundamental prin-
ciple of the adaptation of the joint and patient’s 
reactions to applied stimuli (Specific Adaptation 
to Imposed Demand) [7]. Pain and swelling reac-
tion must always be avoided because they can 
worsen clinical conditions inducing a delay in 
recovery and a diminished trust in the rehabilita-
tion program by the patient.

Therefore, patients are periodically supervised 
and controlled by the physician to assess clinical 
and functional parameters and to define the goal of 
the subsequent rehabilitation phase (Fig.  35.1). 
Swelling and pain must be always investigated; cli-
nicians must distinguish among pain, soreness, and 
fear of pain through an accurate series of questions 
to the patient. Clinical and functional parameters, 
together with ROM and strength measurements, 
are registered to monitor the progression of the 
patient through the rehabilitation phases. 
Communication within the team is also relevant for 
a successful rehabilitation [20]; updated functional 
objectives and treatment indications are communi-
cated to the rehabilitation team in order to share a 
common strategy for the subsequent phase.

Functional assessment of key physical mea-
sures is warranted to objectively assess the recov-
ery and to customize the progression of load. The 
rehabilitation team should assess:

• Muscle strength (e.g., Isometric or Isokinetic 
testing). Strength testing is helpful during the 
rehabilitation of orthopedic patients in the 
evaluation of (1) limb symmetry index and 
relative deficit to the uninjured limb; (2) abso-
lute strength (peak torque) relative to body 
weight and patients features (e.g., 
 anthropometrics, sports level) [25–28], and 

Table 35.1 The key points of a rehabilitation protocol 
for cartilage condition

Customized Type and site of lesion
Surgical techniques
Anthropometric data
Functional expectations/Sport activity 
level
Clinical history
General health
Psychological aspects

Progressive Phase-progression rehabilitation model 
depending on clinical and functional 
evaluation, according to joint responses to 
rehabilitation stimuli

Supervised Regular clinical and functional check 
from the rehabilitation and orthopedic 
team (rehabilitation physician, 
physiotherapist, athletic trainer, surgeon)
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(3) ratio between agonist and antagonist mus-
cles (e.g., hamstring/quadriceps ratio). 
Strength testing (Fig. 35.2) is helpful in guid-
ing the rehabilitation team in the decision-
making processes during the progression of 
the rehabilitation program.

• Cardiovascular condition (e.g., aerobic and 
anaerobic threshold test) aerobic fitness tests 
may be used to identify aerobic and anaerobic 
thresholds and personalize the intensity of 
training sessions, increasing the quality of 
delivered sessions. An example of this kind of 

tests is the threshold test, assessed during an 
incremental test. Aerobic threshold is identi-
fied by a capillary blood lactate concentration 
of 2 mmol/L [29]. Heart rate corresponding at 
the intensity of exercise of 2 and 4 mmol/L of 
blood lactate accumulation is identified and 
used to adjust intensity of exercises during 
rehabilitation [30].

• Movement quality (e.g., jumping and cutting 
mechanics): tests measuring the quality of 
movements have been published and studied 
widely in the knee ligament injuries domain. 

Fig. 35.1 Lower limb 
ROM clinical evaluation

Fig. 35.2 Isokinetic 
knee strength test
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Various protocols have been suggested [31, 
32] aiming to clinically check various biome-
chanical variables (e.g., frontal plane align-
ment, sagittal plane loading, asymmetries). 
This kind of tests may be useful in customiz-
ing a neuromuscular training intervention, 
aiming to correct an altered joint loading.

• Performance and Sport specific measures 
(e.g., field testing and GPS metrics): The cli-
nician may incorporate additional testing in 
these areas to evaluate and monitor the ath-
lete’s current physical fitness. These tests are 
mainly focused on the evaluation of speed, as 
30-m sprint running test, agility and change- 
of- direction ability through specific tests [33–
36]. Finally, during on-field rehabilitation 
(OFR) external load can be monitored using 
global positioning system (GPS), critically 
helpful in optimizing the progressive increase 
in loading in the final phases [33].

• Subjective recovery rating (e.g., patients 
reported outcomes (PROs) physical and psy-
chological domains): Another way to investi-
gate clinical and functional outcomes are 
scales and PROs. Depending on the involved 
joint different scales and questionnaires can be 
used: for the evaluation of the knee frequently 
adopted scores are IKDC (International Knee 
Documentation Committee) and KOOS (Knee 
Osteoarthritis Outcome Score) [37, 38]. For 
the evaluation of the ankle, a useful scoring 

system is represented by AOFAS (American 
Orthopedic Foot and Ankle Society) ankle-
hindfoot score [39]. Psychological PROs, such 
the ACL-RSI or the TSK may be also applied.

It is the author opinion that whatever are the 
facilities and the tests available for the evalua-
tion, it is important to measure the progression 
through the rehabilitation phases and the level of 
recovery. Adopting clinical and functional mea-
surement parameters allows the clinician to 
establish which goals of the rehabilitation pro-
gram have been achieved and to schedule how to 
proceed in the subsequent rehabilitation phases. 
Define the criteria of progression and the test of 
evaluation, according to the surgeon and the 
rehabilitation team indications and experience, is 
therefore helpful to control the process and the 
results of the rehabilitation.

35.4  Rehabilitation Environments 
and Techniques

During the long journey of functional recovery fol-
lowing articular cartilage repair (up to 18 months) 
the patients should change frequently the rehabili-
tation environments (from pools to fields) to give 
new stimuli and progress in loading.

The rehabilitative pool (Fig.  35.3) is very 
important in cartilage pathologies where weight 

Fig. 35.3 Pool assisted 
rehabilitation session
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bearing is often restricted for many weeks. As 
well known the hydro-kinesis therapy allows 
early loading and joint mobilization and 
enhances the recovery of function [40–42]. The 
exercises in the water are particularly useful in 
the first rehabilitation phases for swelling con-
trol and recovery of range of motion, however 
the pool can also be used in a more advanced 
rehabilitation phase before the on-field rehabili-
tation to retrain in a safe environment sport spe-
cific gestures (jumps, changes of direction, 
landings, etc.) reducing impact and shear forces. 
In the water strength, coordination and neuro-
muscular performance can be improved enabling 
the patient to recover functional movement 
early on, with undoubted psychological 
advantages.

In the rehabilitation gym, patients can perform 
different kind of treatments in all the different 
phases of the rehabilitation.

In an early stage manual treatments and vari-
ous modalities allow to enhance the recovery of 
passive ROM and the progressive resolution of 
swelling, pain, and inflammation. The control of 
inflammation after a trauma or surgery is impor-
tant for joint homeostasis and healing. The use of 
ice and compression is therefore recommended 
in the early phases of the rehabilitation and after 
rehabilitation sessions. Exercises of active and 
assisted joint mobilization are essential to facili-
tate the recovery of ROM, necessary to maintain 
joint function. Depending on site and type of 
lesion or surgery restricted range of motion can 
be indicated for a period before allowing com-
plete ROM exercises.

To introduce early functional movements (i.e., 
walking and running), commercial devices to 
unload the patient’s body weight during treadmill 
ambulation can also be used [43].

In the early and mid-stages, the gym is also 
the correct environment to recover muscle 
strength. Neuromuscular electrical stimulation 
(NMES) is particularly useful in the early 
phases of rehabilitation when weight bearing 
and ROM can be restricted and complete active 
exercises for strengthening are not yet allowed. 

Moreover, NMES can be applied to prevent and 
treat a delay of muscle activation caused by 
arthrogenic inhibition in case of persistent pain 
or swelling [44, 45]. In the mid stage, the patient 
will start progressive load in strengthening exer-
cises. Depending on the type of injury or sur-
gery the patient will be allowed to progress to 
open and closed kinetic chain (OKC and CKC) 
exercises. For example, in osteochondral knee 
pathologies, according to the site of the lesions, 
OKC exercises can be introduced early in the 
tibio-femoral joint surface lesions, while for 
patellofemoral lesions OKC and CKC strength-
ening need to be limited in terms of range of 
motion relatively to the exact position of the 
lesions. In author’s experience, the progression 
of load in strength recovery is based on the fol-
lowing sequence:

(1) isometrics, (2) free weights, (3) elastic 
resistance (4) manual resistance exercises in the 
early stage, (5) body weight, (6) isotonics and (7) 
isokinetics in the mid stage, (8) plyometrics and 
(9) functional exercises in the late stage of the 
rehabilitation program.

Regardless of the type of exercise, loads can 
be gradually increased every session or main-
tained for a week before increasing the intensity 
of exercises. In general the principles of specific-
ity, overload, and adaptation of the exercise must 
be considered to promote an effective recovery of 
muscle strength and function, keeping always 
under control joint reactions to avoid pain and 
effusion at any time [46].

In the mid stage, proprioceptive exercises are 
introduced to enhance the function of the senso-
rimotor system and the integration of information 
from peripheral mechanoreceptors [47, 48]. 
Balance exercises progress from bilateral to uni-
lateral, open to closed eyes, stable to unstable 
surfaces and simple to complex activities up to 
faster speeds, perturbations, and multidirec-
tional stimuli.

Functional full weight bearing exercises are 
gradually performed to recover the correct move-
ment pattern for daily life activities, like walking 
and stair climbing.
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Conditioning exercises for recovery of physi-
cal fitness are also part of the rehabilitation pro-
gram. Positive effects of aerobic training are 
well known for general health and can promote 
vascularization of tissues and the processes of 
healing [49–51]. For athletes, the recovery of fit-
ness conditioning is mandatory before the return 
to the team and useful to prevent negative effects 
of the fatigue in sport activity. Therefore, aerobic 
and anaerobic training are pursued during the 
entire rehabilitation process starting with exer-
cises not stressing the involved joint, moving to 
exercises at low impact (i.e., arm ergometer, sta-
tionary bike, elliptical machine) up to exercises 
in complete weight bearing and sport specifics 
(flat treadmill, hill treadmill and on-field activi-
ties) [52].

In dedicated spaces it is also possible to 
restore neuromuscular control and movement 
quality using exercises with an external focus 
of attention [53, 54]. Special settings provided 
with cameras and force platform can be used 
for kinetic and kinematic analysis as well as for 
correction of movement patterns during reha-
bilitation sessions (Fig.  35.4). Real time and 
delayed video showing of specific movements 
in frontal and sagittal planes can be used to 
make the patient aware of quality of movement, 
developing a better consciousness of the correct 
pattern execution. Moreover, the use of a force 
platform allows the patient to understand how 
to manage ground reaction forces during func-
tional and sport specific movements (i.e., jump-
ing and cutting activities). Particular attention 
is placed at the capacity of the patient to absorb 
ground reaction forces during the eccentric 
phase of the movement, which is fundamental 
for joint protection after cartilage injury or sur-
gery [55, 56].

The final stage of the rehabilitation is per-
formed on the field. OFR is important to allow 
athletes to return to sport, however the on-field 
sessions can be useful also for non-athletes with 
the goal to restore general functional movements 
according to individual target and expectations. 
Therefore, the intensity and type of exercises will 
be adapted for each case.

A progression in five stages during the on- 
field rehabilitation can be adopted as previously 
described by our group for rehabilitation and 
return to sport after knee articular cartilage 
repair [52]. In athletes after cartilage repair pro-
cedure the on-field rehabilitation last about 
8 weeks and includes aerobic and anaerobic con-
ditioning, running, jumping, accelerations, 
decelerations, pivoting, cutting maneuvers, and 
sport specific gestures. The intensity and quality 
of on-field sessions can be monitored using heart 
rate monitors and GPS systems to prevent over-
loads and to distribute correct load during train-
ing sessions.

35.5  Psychological Aspects

Injuries can affect patient’s well-being, espe-
cially in case of chondral and osteochondral inju-
ries, that require long recovery times. Monitoring 
psychological aspects is strongly suggested to 
facilitate the rehabilitation process, preventing 
and eventually managing negative psychological 
responses that can affect the quality of rehabilita-
tion and patient’s outcomes. Different studies 
have shown that positive affective responses and 
high compliance with a rehabilitation plan are 
predictors of a successful recovery and thereby 
return to sport in athletes [57, 58]. For these rea-
sons, it is advisable to work with stress manage-
ment techniques, starting with learning to take 
responsibility and to view an injury as a chal-
lenge instead of as a failure. Moreover, it is 
important to create an environment that decreases 
negative affective responses, maximizing the 
rehabilitation adherence. These techniques must 
be shared among all the rehabilitation profession-
als: doctors, physiotherapists, coaches, and other 
professionals working with injured subjects [59]. 
A useful and often successful technique is repre-
sented by the goal setting, based on what the 
patient is trying to achieve, taking in account the 
psychological variables such as self-efficacy and 
self-satisfaction. It has been observed that it can 
enhance performance providing direction to the 
individual’s effort, enhancing persistence and 
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facilitating the development of new strategies for 
improving performance [60]. Evaluation scales 
for fear of reinjury [61] and psychological readi-
ness [62, 63] can be adopted to allow the patient 
come back to previous activities, particularly for 
sport active and professional athletes.

35.6  Rehabilitation Protocols

Protocols are guidelines for clinicians created 
from science and clinical experience. The use of 
protocols is particularly helpful for daily prac-
tice, where timing, goals, interventions, and cri-
teria of progression can be shared between the 
rehabilitation team and with the patient. The pro-
tocol can vary depending on surgical techniques 
and type and site of lesions, making it difficult to 
resume or propose a common protocol for osteo-
chondral lesions.

Most of the published rehabilitation protocols 
deal with knee joint. As an example of functional 

rehabilitation progression, a rehabilitation proto-
col for knee osteochondral cartilage surgery in 
sport subjects [64] is proposed in Table 35.2.

35.7  Conclusions

In conclusion, rehabilitation is a very complex 
phenomenon that involves the patient beyond the 
pathology being treated. It embraces different 
spheres of the “person” with the aim of improv-
ing his/her state of health. Considering the com-
plexity of every individual person, the 
rehabilitation team must work carefully to avoid 
reducing treatment path to simple standardized 
rehabilitation schemes or restricting its focus to 
basic scientific evidence. Embedding these 
aspects with the clinical experience and the abil-
ity to manage the patient are currently the funda-
mental determinants to obtain the best possible 
outcomes in the rehabilitation of chondral and 
osteochondral injuries.

Fig. 35.4 Neuromotor 
training session with 
visual feedback

L. Boldrini et al.



397

References

 1. Howard JS, Ebert JR, Hambly K.  Current concepts 
in cartilage management and rehabilitation. J Sport 
Rehabil. 2014;23(3):169–70.

 2. Brittberg M, Imhoff AB, Henning M, Mandelbaum 
BR. Cartilage repair: current concepts. Guilford: DJO 
Publications; 2010. 206 p.

 3. Wilk KE, Macrina LC, Reinold MM. Rehabilitation 
following microfracture of the knee. Cartilage. 
2010;1(2):96–107.

 4. Zhao Z, Li Y, Wang M, Zhao S, Zhao Z, Fang 
J. Mechanotransduction pathways in the regulation of 
cartilage chondrocyte homoeostasis. J Cell Mol Med. 
2020;24(10):5408–19.

 5. Vanwanseele B, Lucchinetti E, Stüssi E. The effects 
of immobilization on the characteristics of articu-
lar cartilage: current concepts and future directions. 
Osteoarthr Cartil. 2002;10(5):408–19.

 6. Salter RB, Simmonds DF, Malcolm BW, Rumble 
EJ, MacMichael D, Clements ND.  The biological 
effect of continuous passive motion on the healing of 
 full- thickness defects in articular cartilage. An experi-

Table 35.2 Example of rehabilitation protocol of functional progression following osteochondral cartilage surgery in 
sport subjects [64]. Timing is indicative and should be calculated in the aftermath (a posteriori)

Phase Goals Interventions Criteria to progress
Phase 1: 
From 
surgery to 
the end of 
the 3rd 
month

•  Protect the site of 
surgery

•  Reduce pain and 
inflammation

• Start recovery of ROM
• Recovery of walk

•  No weight bearing (WB) for 
6 weeks

• Progressive WB weeks 6–8
• Passive ROM on selected degrees
• Electrical stimulation, isometrics
• Active mobilization of the ankle
• Pool exercises form week 3
• Stationary bike from week 6
• Stretching exercises

• Full active knee extension
• Knee flexion > 120°
• No or minimal pain/swelling
• Correct walk pattern

Phase 2:  
4th and 5th 
months

•  Recovery of full range 
of motion

•  Increase of muscular 
strength

•  Recovery of daily life 
activities

•  Full WB (lessen daily physical 
activity in presence of swelling)

• Mobilization of the patella
• Extension as contralateral knee
• Aerobic activity low impact
• Proprioceptive exercises
•  Eccentric strengthening of the 

triceps
• Closed kinetic chain exercises
• Pool advanced exercises

• Full range of motion
• No pain and swelling.
•  Able to walk on a treadmill at 

6 km/h for 10 min without pain 
and effusion

Phase 3: 
6th and 7th 
months

•  Progressive strength 
recovery

•  Return to running on 
treadmill

• Full WB
•  Maintenance of full range of 

motion
• Stretching exercises
• High speed isokinetic training
•  Advanced proprioceptive 

exercises
• Open kinetic chain exercises
• Running on a treadmill

• No pain and effusion
•  Running without pain/swelling at 

8 km/h for 10 min
•  Recovery of strength >80% 

contralateral limb

Phase 4: 
8th and 9th 
months

•  Recovery of 
coordination

•  Recovery of full 
muscular strength and 
endurance

• Recovery of strength in the gym
• Targeted neuromotor training
• Aerobic conditioning

• No pain and effusion
•  No difference between the two 

limbs in the isokinetic strength
•  Proper quality and control of 

movement (Movement analysis 
test or similar functional 
evaluation)

•  Proper aerobic and anaerobic 
threshold (depending on type and 
level of sport activity)

Phase 
5:from 
10th to 
12th month

•  Recovery of sport 
specific skills

• Return to sport
• Prevent risk of reinjury

• Exercises on the field
• Complete neuromotor training
•  Maintenance of strength and 

aerobic conditioning

• No pain and effusion
•  ROM, strength and neuromotor 

control as contralateral limb
•  Proper execution of sport specific 

skills

35 Principles of Rehabilitation in Cartilage and Lesions



398

mental investigation in the rabbit. J Bone Joint Surg 
Am. 1980;62(8):1232–51.

 7. Eckstein F, Faber S, Mühlbauer R, Hohe J, Englmeier 
K-H, Reiser M, et al. Functional adaptation of human 
joints to mechanical stimuli. Osteoarthr Cartil. 
2002;10(1):44–50.

 8. Eckstein F, Hudelmaier M, Putz R.  The effects 
of exercise on human articular cartilage. J Anat. 
2006;208(4):491–512.

 9. Bader DL, Salter DM, Chowdhury TT. Biomechanical 
influence of cartilage homeostasis in health and dis-
ease. Arthritis. 2011;2011:979032.

 10. Shioji S, Imai S, Ando K, Kumagai K, Matsusue 
Y.  Extracellular and intracellular mechanisms of 
mechanotransduction in three-dimensionally embed-
ded rat chondrocytes. PLoS One. 2014;9(12):e114327.

 11. Khan KM, Scott A.  Mechanotherapy: how physical 
therapists’ prescription of exercise promotes tissue 
repair. Br J Sports Med. 2009;43(4):247–52.

 12. Leong DJ, Hardin JA, Cobelli NJ, Sun 
HB.  Mechanotransduction and cartilage integrity. 
Ann N Y Acad Sci. 2011;1240:32–7.

 13. Buschmann MD, Gluzband YA, Grodzinsky AJ, 
Hunziker EB.  Mechanical compression modulates 
matrix biosynthesis in chondrocyte/agarose culture. J 
Cell Sci. 1995;108(Pt 4):1497–508.

 14. Säämänen AM, Tammi M, Jurvelin J, Kiviranta I, 
Helminen HJ.  Proteoglycan alterations following 
immobilization and remobilization in the articular 
cartilage of young canine knee (stifle) joint. J Orthop 
Res. 1990;8(6):863–73.

 15. Behrens F, Kraft EL, Oegema TR.  Biochemical 
changes in articular cartilage after joint immobili-
zation by casting or external fixation. J Orthop Res. 
1989;7(3):335–43.

 16. Hambly K, Bobic V, Wondrasch B, Van Assche D, 
Marlovits S.  Autologous chondrocyte implantation 
postoperative care and rehabilitation: science and 
practice. Am J Sports Med. 2006;34(6):1020–38.

 17. CSCS RCMPDSMeA. Postsurgical orthopedic sports 
rehabilitation: knee & shoulder. 1st ed. St. Louis, Mo: 
Mosby; 2006. 640 p.

 18. Sanchez-Adams J, Leddy HA, McNulty AL, O’Conor 
CJ, Guilak F.  The mechanobiology of articular car-
tilage: bearing the burden of osteoarthritis. Curr 
Rheumatol Rep. 2014;16(10):451.

 19. Peterson L, Brittberg M, Kiviranta I, Akerlund EL, 
Lindahl A.  Autologous chondrocyte transplantation. 
Biomechanics and long-term durability. Am J Sports 
Med. 2002;30(1):2–12.

 20. Wilk KE, Briem K, Reinold MM, Devine KM, Dugas 
J, Andrews JR.  Rehabilitation of articular lesions 
in the athlete’s knee. J Orthop Sports Phys Ther. 
2006;36(10):815–27.

 21. DePalma AA, Gruson KI.  Management of cartilage 
defects in the shoulder. Curr Rev Musculoskelet Med. 
2012;5(3):254–62.

 22. Hensley CP, Sum J. Physical therapy intervention for 
a former power lifter after arthroscopic microfrac-

ture procedure for grade IV glenohumeral chondral 
defects. Int J Sports Phys Ther. 2011;6(1):10–26.

 23. Wilk KE, Macrina LC, Cain EL, Dugas JR, Andrews 
JR.  Rehabilitation of the overhead Athlete’s elbow. 
Sports Health. 2012;4(5):404–14.

 24. Domayer SE, Welsch GH, Stelzeneder D, Hirschfeld 
C, Quirbach S, Nehrer S, et al. Microfracture in the 
ankle. Cartilage. 2011;2(1):73–80.

 25. Nunes RFH, Dellagrana RA, Nakamura FY, 
Buzzachera CF, Almeida FAM, Flores LJF, et  al. 
Isokinetic assessment of muscular strength and bal-
ance in Brazilian elite futsal players. Int J Sports Phys 
Ther. 2018;13(1):94–103.

 26. Kannus P.  Isokinetic evaluation of muscular perfor-
mance: implications for muscle testing and rehabilita-
tion. Int J Sports Med. 1994;15(Suppl 1):S11–8.

 27. Gaines JM, Talbot LA. Isokinetic strength testing in 
research and practice. Biol Res Nurs. 1999;1(1):57–64.

 28. Cvjetkovic DD, Bijeljac S, Palija S, Talic G, Radulovic 
TN, Kosanovic MG, et al. Isokinetic testing in evalua-
tion rehabilitation outcome after ACL reconstruction. 
Med Arch. 2015;69(1):21–3.

 29. Foster C, Fitzgerald DJ, Spatz P. Stability of the blood 
lactate-heart rate relationship in competitive athletes. 
Med Sci Sports Exerc. 1999;31(4):578–82.

 30. Jacobs I. Blood lactate. Implications for training and 
sports performance. Sports Med. 1986;3(1):10–25.

 31. Paterno MV, Schmitt LC, Ford KR, Rauh MJ, Myer 
GD, Huang B, et al. Biomechanical measures during 
landing and postural stability predict second anterior 
cruciate ligament injury after anterior cruciate liga-
ment reconstruction and return to sport. Am J Sports 
Med. 2010;38(10):1968–78.

 32. Myer GD, Ford KR, Hewett TE. Tuck jump assess-
ment for reducing anterior cruciate ligament injury 
risk. Athl Ther Today. 2008;13(5):39–44.

 33. Buckthorpe M, Della Villa F, Della Villa S, Roi 
GS. On-field rehabilitation part 1: 4 pillars of high- 
quality on-field rehabilitation are restoring move-
ment quality, physical conditioning, restoring 
sport-specific skills, and progressively developing 
chronic training load. J Orthop Sports Phys Ther. 
2019;49(8):565–9.

 34. Buckthorpe M, Della Villa F, Della Villa S, Roi 
GS. On-field rehabilitation part 2: a 5-stage program 
for the soccer player focused on linear movements, 
multidirectional movements, soccer-specific skills, 
soccer-specific movements, and modified practice. J 
Orthop Sports Phys Ther. 2019;49(8):570–5.

 35. Young W, Russell A, Burge P, Clarke A, Cormack S, 
Stewart G. The use of sprint tests for assessment of 
speed qualities of elite Australian rules footballers. Int 
J Sports Physiol Perform. 2008;3(2):199–206.

 36. Sayers MGL.  Influence of test distance on change 
of direction speed test results. J Strength Cond Res. 
2015;29(9):2412–6.

 37. Higgins LD, Taylor MK, Park D, Ghodadra N, 
Marchant M, Pietrobon R, et al. Reliability and valid-
ity of the international knee documentation commit-

L. Boldrini et al.



399

tee (IKDC) subjective knee form. Joint Bone Spine. 
2007;74(6):594–9.

 38. Collins NJ, Prinsen CAC, Christensen R, Bartels EM, 
Terwee CB, Roos EM. Knee injury and osteoarthritis 
outcome score (KOOS): systematic review and meta- 
analysis of measurement properties. Osteoarthr Cartil. 
2016;24(8):1317–29.

 39. Christensen BB, Foldager CB, Jensen J, Jensen NC, 
Lind M. Poor osteochondral repair by a biomimetic 
collagen scaffold: 1- to 3-year clinical and radiologi-
cal follow-up. Knee Surg Sports Traumatol Arthrosc. 
2016;24(7):2380–7.

 40. Buckthorpe M, Pirotti E, Villa FD. Benefits and use of 
aquatic therapy during rehabilitation after ACL recon-
struction  - a clinical commentary. Int J Sports Phys 
Ther. 2019;14(6):978–93.

 41. Stuart AR, Doble J, Presson AP, Kubiak EN. Anatomic 
landmarks facilitate predictable partial lower limb 
loading during aquatic weight bearing. Curr Orthop 
Pract. 2015;26(4):414–9.

 42. Kutzner I, Richter A, Gordt K, Dymke J, Damm P, 
Duda GN, et  al. Does aquatic exercise reduce hip 
and knee joint loading? In vivo load measurements 
with instrumented implants. PLoS One. 2017;12(3). 
https://doi.org/10.1371/journal.pone.0171972.g006.

 43. Liang J, Lang S, Zheng Y, Wang Y, Chen H, Yang J, 
et al. The effect of anti-gravity treadmill training for 
knee osteoarthritis rehabilitation on joint pain, gait, and 
EMG. Medicine (Baltimore). 2019;98(18):e15386.

 44. Doucet BM, Lam A, Griffin L. Neuromuscular elec-
trical stimulation for skeletal muscle function. Yale J 
Biol Med. 2012;85(2):201–15.

 45. Paternostro-Sluga T, Fialka C, Alacamliogliu Y, 
Saradeth T, Fialka-Moser V. Neuromuscular electrical 
stimulation after anterior cruciate ligament surgery. 
Clin Orthop Relat Res. 1999;368:166–75.

 46. McArdle WD, Katch FI, Katch VL. Exercise physi-
ology: nutrition, energy, and human performance. 
Philadelphia: Wolters Kluwer Health; 2014.

 47. Aman JE, Elangovan N, Yeh I-L, Konczak J.  The 
effectiveness of proprioceptive training for improv-
ing motor function: a systematic review. Front Hum 
Neurosci. 2015;8:1075.

 48. Duman I, Taskaynatan MA, Mohur H, Tan 
AK.  Assessment of the impact of proprioceptive 
exercises on balance and proprioception in patients 
with advanced knee osteoarthritis. Rheumatol Int. 
2012;32(12):3793–8.

 49. Alghadir AH, Gabr SA, Al-Eisa ES, Alghadir 
MH.  Correlation between bone mineral density 
and serum trace elements in response to supervised 
aerobic training in older adults. Clin Interv Aging. 
2016;11:265–73.

 50. Warburton DER, Nicol CW, Bredin SSD.  Health 
benefits of physical activity: the evidence. CMAJ. 
2006;174(6):801–9.

 51. Alghadir AH, Aly FA, Gabr SA. Effect of moderate 
aerobic training on bone metabolism indices among 
adult humans. Pak J Med Sci. 2014;30(4):840–4.

 52. Mithoefer K, Hambly K, Logerstedt D, Ricci M, 
Silvers H, Della VS.  Current concepts for rehabili-
tation and return to sport after knee articular carti-
lage repair in the athlete. J Orthop Sports Phys Ther. 
2012;42(3):254–73.

 53. Park SH, Yi CW, Shin JY, Ryu YU. Effects of external 
focus of attention on balance: a short review. J Phys 
Ther Sci. 2015;27(12):3929–31.

 54. Wulf G, Chiviacowsky S, Schiller E, Ávila 
LTG.  Frequent external-focus feedback enhances 
motor learning. Front Psychol. 2010;1:190.

 55. LaStayo PC, Woolf JM, Lewek MD, Snyder-Mackler 
L, Reich T, Lindstedt SL. Eccentric muscle contrac-
tions: their contribution to injury, prevention, reha-
bilitation, and sport. J Orthop Sports Phys Ther. 
2003;33(10):557–71.

 56. Lepley LK, Wojtys EM, Palmieri-Smith 
RM.  Combination of eccentric exercise and neuro-
muscular electrical stimulation to improve quad-
riceps function post-ACL reconstruction. Knee. 
2015;22(3):270–7.

 57. Daly JM, Brewer BW, Raalte JLV, Petitpas AJ, Sklar 
JH.  Cognitive appraisal, emotional adjustment, and 
adherence to rehabilitation following knee surgery. J 
Sport Rehabil. 1995;4(1):23–30.

 58. Ninedek A, Kelt GS. Sport physiotherapists’ percep-
tions of psychological strategies in sport injury reha-
bilitation. J Sport Rehabil. 2000;9(3):191–206.

 59. Ivarsson A, Tranaeus U, Johnson U, Stenling 
A.  Negative psychological responses of injury and 
rehabilitation adherence effects on return to play in 
competitive athletes: a systematic review and meta- 
analysis. Open Access J Sports Med. 2017;8:27–32.

 60. Theodorakis Y, Beneca A, Malliou P, Goudas 
M.  Examining psychological factors during injury 
rehabilitation. J Sport Rehabil. 1997;6(4):355–63.

 61. Hsu C-J, Meierbachtol A, George SZ, Chmielewski 
TL.  Fear of reinjury in athletes. Sports Health. 
2017;9(2):162–7.

 62. Conti C, di Fronso S, Robazza C, Bertollo M.  The 
injury-psychological readiness to return to sport 
(I-PRRS) scale and the sport confidence inventory 
(SCI): a cross-cultural validation. Phys Ther Sport. 
2019;40:218–24.

 63. Glazer DD. Development and preliminary validation 
of the injury-psychological readiness to return to sport 
(I-PRRS) scale. J Athl Train. 2009;44(2):185–9.

 64. Marcacci M, Zaffagnini S, Kon E, Delcogliano M, Di 
Martino A, Filardo G, et al. Maioregen. Arch Ortop 
Reumatol. 2009;120(3):35–7.

35 Principles of Rehabilitation in Cartilage and Lesions

https://doi.org/10.1371/journal.pone.0171972.g006

	Foreword
	Introduction to Joint Function Preservation
	Preface
	Contents
	1: Joint Function and Dysfunction
	1.1	 Introduction
	1.2	 Clinical Evaluation and Classification
	1.3	 Indications for Non-operative Management
	1.4	 Chondroprotection, Chondrofacilitation, and Resurfacing: A Framework for Management
	1.5	 Chondroprotection
	1.5.1	 Prevention
	1.5.2	 Acute Injury: Aspiration
	1.5.3	 Weight Loss/Exercise
	1.5.4	 Supplements
	1.5.5	 Estrogen
	1.5.6	 Steroid
	1.5.7	 Future Directions in Chondroprotection

	1.6	 Chondrofacilitation
	1.6.1	 Hyaluronic Acid
	1.6.2	 Platelet-Rich Plasma
	1.6.3	 Bone Marrow Aspirate Concentrate
	1.6.4	 Cellular-Based Therapies
	1.6.5	 Osseous Involvement
	1.6.6	 Future Directions in Chondrofacilitation

	1.7	 Chondrorestoration and Resurfacing
	1.7.1	 Microfracture
	1.7.2	 Osteochondral Autograft Implantation
	1.7.3	 Osteochondral Allograft Implantation
	1.7.4	 Autologous Chondrocyte Implantation
	1.7.5	 Rehabilitation and Return to Sport

	1.8	 Treatment Algorithm
	1.9	 Summary and Conclusion
	References

	2: Overview of Orthobiologics and Joint Function
	2.1	 Introduction
	2.2	 Bio-Orthopaedics and Orthobiologics Treatments
	2.3	 Regulation in Different Part of the World
	2.4	 Bio-Orthopaedics and Joint Function
	2.4.1	 Autologous Products
	2.4.1.1	 Platelet-Rich Plasma (PRP)
	2.4.1.2	 Bone Marrow Aspirate Concentrate (BMAC)
	2.4.1.3	 Adipose Cellular Therapy

	2.4.2	 Allogeneic Products
	2.4.2.1	 Amniotic Cellular Therapy


	2.5	 Conclusions
	References

	3: Cost of Disability
	3.1	 Introduction
	3.2	 Incidence and Prevalence
	3.3	 Cost to Patients
	3.3.1	 Work
	3.3.2	 Mental Health
	3.3.3	 Comorbidities

	3.4	 Cost to Healthcare Providers
	3.4.1	 Diagnosis
	3.4.2	 Conservative Treatment
	3.4.3	 Surgical Treatment

	3.5	 Conclusions
	References

	4: Joint Homeostasis of the Knee: Role of Senescence, Hormones, Cells, and Biological Factors in Maintaining Joint Health
	4.1	 Introduction
	4.2	 Overview of Knee Anatomy and Physiology
	4.2.1	 Articular Cartilage and Subchondral Bone Interface

	4.3	 Etiological Factors in Homeostatic Disruption
	4.3.1	 Pathogenesis of Knee Osteoarthritis
	4.3.2	 Knee Homeostasis and Disrupted Conditions: Cell-Specific Functions
	4.3.2.1	 Meniscal and Ligament Cells
	4.3.2.2	 Local Primary and Progenitor Cells
	4.3.2.3	 Joint Infiltrating Cells
	4.3.2.4	 Senescent Cells and Related Secretory Factors

	4.3.3	 Knee Homeostasis and Disrupted Conditions: Hormones
	4.3.3.1	 Estradiol (E2)
	4.3.3.2	 Parathyroid Hormone
	4.3.3.3	 Growth Hormone
	4.3.3.4	 Ghrelin
	4.3.3.5	 α-Melanocyte-Stimulating Hormone

	4.3.4	 Knee Homeostasis and Disrupted Conditions: Vitamins
	4.3.4.1	 Vitamin D (25(OH)D)
	4.3.4.2	 Vitamin K (Phylloquinone)


	4.4	 Interventional and Pharmacologic Strategies to Restore Homeostasis
	4.4.1	 Interventional Orthobiologics
	4.4.2	 Senotherapies
	4.4.3	 Other Pharmacologic Treatment Modalities

	4.5	 Conclusion
	References

	5: “Preparing the Soil”: Optimizing Metabolic Management in Regenerative Medicine Procedures
	5.1	 Concepts of Systemic Inflammation
	5.1.1	 Osteoarthritis and Inflammation
	5.1.2	 Meta-Inflammation

	5.2	 Sleep Quality and Its Role in Homeostasis
	5.3	 Metabolic Syndrome, Synovium, and Subchondral Bone Alterations
	5.4	 Complementary Exams Before the Regenerative Treatment
	5.4.1	 C-Reactive Protein
	5.4.2	 Blood Count
	5.4.3	 Homocysteine
	5.4.4	 Serum Protein Electrophoresis
	5.4.5	 Osteocalcin
	5.4.6	 Alkaline Phosphatase
	5.4.7	 Ferritin
	5.4.8	 Hormone’s Screening

	5.5	 The Importance of Diet Under the Regenerative Perspective
	5.6	 The Gut-Joint Axis
	5.7	 Drug Strategies to Target Bone and Cartilage in Osteoarthritis
	5.7.1	 Antiresorptives Drugs
	5.7.2	 Bone Anabolic Drugs
	5.7.3	 Antihypertensive Drugs

	5.8	 Hormone Balance and Its Effect on Bone and Cartilage Health
	5.9	 The Role of Hormones in Tendinopathies
	Further Reading

	6: Bone Anatomy and Healing Process of a Fracture
	6.1	 Bone Structure and Functions
	6.2	 Bony Fracture
	6.3	 Biology of Fracture Healing
	6.3.1	 Direct (Primary) Bone Healing
	6.3.2	 Indirect (Secondary) Bone Healing
	6.3.3	 Inflammation
	6.3.4	 Soft Callus Formation
	6.3.5	 Hard Callus Formation
	6.3.6	 Remodeling
	6.3.7	 Molecular Signaling

	6.4	 Fracture Healing Complications
	References

	7: The Osteochondral Unit
	7.1	 Introduction
	7.1.1	 Structure of the Osteochondral Unit
	7.1.2	 Interaction between Articular Cartilage and Subchondral Bone
	7.1.3	 Pathological Changes of the Osteochondral Unit
	7.1.4	 Treatment of the Osteochondral Unit
	7.1.4.1	 Non-surgical Treatment

	7.1.5	 Surgical Treatment of the Osteochondral Unit
	7.1.5.1	 Bone Marrow Stimulation
	7.1.5.2	 Autologous Chondrocyte Implantation

	7.1.6	 Future Direction

	7.2	 Conclusion
	References

	8: Diagnosis of Cartilage and Osteochondral Defect
	8.1	 Introduction
	8.2	 Cartilage Zones and Physiological Characteristics
	8.3	 Chondral and Osteochondral Defects
	8.4	 Classification
	8.5	 Diagnosis
	8.5.1	 Physical Examination
	8.5.2	 Imaging
	8.5.2.1	 Radiography
	8.5.2.2	 CT Arthrogram
	8.5.2.3	 MRI
	8.5.2.4	 Arthroscopic Evaluation

	8.5.3	 Osteochondritis Dissecans and Osteonecrosis

	8.6	 Conclusions
	References

	9: Bone Marrow Edema
	9.1	 Treatment
	9.1.1	 Basic Principles
	9.1.2	 Physical Therapies
	9.1.2.1	 Hyperbaric Oxygen Therapy
	9.1.2.2	 Extracorporeal Shockwave Therapy
	9.1.2.3	 Pulsed Electromagnetic Fields


	9.2	 Pharmacological Therapies
	9.2.1	 Prostacyclin Derivatives
	9.2.2	 Bisphosphonates
	9.2.3	 TNF-Inhibitors and RANK-L Antibodies

	9.3	 Surgical Therapies
	9.4	 Algorithm Approach
	References

	10: Functional Anatomy of Cartilage and Subchondral Bone in the Joint
	10.1	 Introduction
	10.2	 Anatomy of Cartilage and Subchondral Bone
	10.2.1	 Articular Cartilage
	10.2.1.1	 Superficial Zone
	10.2.1.2	 Middle Zone
	10.2.1.3	 Deep Zone
	10.2.1.4	 Calcified Zone

	10.2.2	 Subchondral Bone
	10.2.3	 The Molecular Organization of Normal Articular Cartilage

	10.3	 Composition of Articular Cartilage
	10.3.1	 Cells
	10.3.2	 Extracellular Matrix
	10.3.2.1	 Water
	10.3.2.2	 Collagen
	10.3.2.3	 Proteoglycans
	10.3.2.4	 Other Non-collagenous Proteins and Glycoproteins
	10.3.2.5	 Homeostasis of the Extracellular Matrix


	10.4	 Composition and Metabolism of Subchondral Bone
	10.4.1	 Cells
	10.4.2	 Matrix
	10.4.3	 Bone Remodeling and Homeostasis

	10.5	 Functions of Articular Cartilage and Subchondral Bone
	10.5.1	 Shock Absorption and Load Transmission
	10.5.2	 Low-Friction Gliding Surface

	10.6	 Conclusions
	References

	11: Mapping of the Osteochondral Defect
	11.1	 Introduction
	11.2	 Basics of Magnetic Resonance Imaging
	11.3	 Morphologic Assessment of Cartilage
	11.4	 Compositional Assessment of the Cartilage Matrix
	11.5	 Clinical Cartilage Imaging
	References

	12: Subchondral Bone and Healthy Cartilage
	12.1	 Introduction
	12.2	 The Subchondral Bone and the Cartilage Health
	12.2.1	 Nutritional Role
	12.2.2	 Load Bearing
	12.2.2.1	 Physiological Loading
	Subchondral Bone Spongiosa and Plate
	Calcified and Uncalcified Cartilage
	Tidemark and Cementing Line

	12.2.2.2	 Non-Physiological Loading

	12.2.3	 Ware House
	12.2.4	 Role of SC Bone in Postoperative Health of the Cartilage

	12.3	 Conclusion
	References

	13: Failure or Delay of Fracture Healing
	13.1	 Introduction
	13.2	 Definition
	13.3	 Risk Factors
	13.3.1	 Host Factors
	13.3.1.1	 Age
	13.3.1.2	 Gender
	13.3.1.3	 Metabolic Syndrome
	13.3.1.4	 Diabetes Mellitus (DM)
	13.3.1.5	 Nutrition
	13.3.1.6	 Vitamin D
	13.3.1.7	 Osteoporosis

	13.3.2	 Pharmacological Treatments and Drugs
	13.3.2.1	 Steroids
	13.3.2.2	 Nonsteroidal Anti-Inflammatory Drugs (NSAID)
	13.3.2.3	 Alcohol Abuse
	13.3.2.4	 Smoking

	13.3.3	 Mechanical
	13.3.3.1	 Meniscus
	13.3.3.2	 Varus Alignment


	13.4	 Prognostic Factors
	13.4.1	 Clinical Presentation
	13.4.2	 Time of Diagnosis
	13.4.3	 Bone Marrow Edema (BME)
	13.4.4	 Lesion Characteristics
	13.4.5	 Bone Markers

	13.5	 Conclusions
	References

	14: Avascular Necrosis
	14.1	 Introduction
	14.2	 Epidemiology
	14.3	 Pathophysiology
	14.4	 Etiology
	14.4.1	 Corticosteroids
	14.4.2	 Alcohol Abuse
	14.4.3	 Smoking
	14.4.4	 Sickle Cell Disease and Coagulation Abnormalities
	14.4.5	 Genetic
	14.4.6	 Dysbarism
	14.4.7	 Other

	14.5	 Diagnostic Imaging
	14.6	 Treatment Perspectives
	References

	15: Current Concepts in Subchondral Bone Pathology
	15.1	 Introduction
	15.2	 Classification of Subchondral Bone Pathology
	15.2.1	 Traumatic Subchondral Bone Lesions
	15.2.2	 Atraumatic Subchondral Bone Lesions
	15.2.2.1	 Transient Bone Marrow Lesion Syndromes
	15.2.2.2	 Subchondral Insufficiency Fractures
	15.2.2.3	 Osteonecrosis
	15.2.2.4	 Bone Marrow Lesions in Osteoarthritis
	15.2.2.5	 Bone Marrow Lesions after Surgery for Cartilage Repair


	15.3	 Conclusions
	References

	16: Osteochondral Pathologies as Effect of General Diseases
	16.1	 Rheumatologic-Associated Arthropathies
	16.1.1	 Rheumatoid Arthritis (RA)
	16.1.2	 Seronegative Spondyloarthropathies: Ankylosing Spondylitis (AS), Reiter’s Syndrome, Psoriatic Arthritis, Inflammatory Bowel Disease (IBD)
	16.1.3	 Connective Tissue Disease: Systemic Lupus Erythematosus (SLE), Scleroderma, Polymyositis/Dermatomyositis, Mixed Connective Tissue Disease

	16.2	 Endocrine-Associated Arthropathies
	16.2.1	 Diabetes
	16.2.2	 Hypothyroid
	16.2.3	 Hyperparathyroid
	16.2.4	 Hypercortisolism (Cushing’s Disease)
	16.2.5	 Growth Hormone Overproduction (Acromegaly) and Insufficiency

	16.3	 Hematologic Illness Arthropathies
	16.3.1	 Hemophilia
	16.3.2	 Sickle Cell Disease
	16.3.3	 Hemochromatosis

	16.4	 Infectious Arthritis
	16.5	 Crystal-Induced Joint Disease
	16.5.1	 Gout
	16.5.2	 Pseudogout

	16.6	 Deposition and Storage Disease
	16.6.1	 Alkaptonuria
	16.6.2	 Wilson’s Disease
	16.6.3	 Gaucher Disease

	16.7	 Vasculitis
	16.8	 Other Systemic Illness
	16.8.1	 Sarcoidosis
	16.8.2	 Amyloidosis
	16.8.3	 Sjogren’s Syndrome

	16.9	 Malignancy-Associated Arthropathies
	16.9.1	 Paraneoplastic Rheumatic Disease

	References

	17: Understanding Genetics in Osteochondral Pathologies
	17.1	 Introduction
	17.2	 Genetic Basis of Osteochondral Pathology
	17.3	 Gene Therapy Approaches
	17.4	 Conclusion
	References

	18: Tissue Engineering: Scaffolds and Bio-Tissues
	18.1	 Introduction
	18.2	 Scaffolds
	18.2.1	 Nanostructured Scaffolds
	18.2.2	 Three-Dimensional Printed Scaffolds

	18.3	 Bio-tissues
	18.3.1	 Bioprinted Tissues

	18.4	 Preclinical Investigation
	18.5	 Clinical Applications
	18.6	 Future Perspectives
	18.7	 Conclusions
	References

	19: 3D Bioprinting of the Osteochondral Unit
	19.1	 Introduction
	19.2	 The Osteochondral Unit
	19.2.1	 The Cartilage
	19.2.2	 The Subchondral Bone

	19.3	 Understanding the Principles of 3D Bioprinting
	19.4	 Steps of 3D Bioprinting
	19.5	 Approaches to Bioprinting
	19.6	 Techniques of 3D Bioprinting
	19.7	 Scaffolds, Hydrogels, and Bioinks
	19.8	 3D Bioprinting the Osteochondral Unit
	19.9	 Challenges in Clinical Application of 3D Bioprinted Osteochondral Tissues
	19.10	 Future Perspectives
	References

	20: Biphasic Osteochondral Restoration Techniques Using Synovial Stem Cells and Artificial Bone
	20.1	 Introduction
	20.2	 Synovium-Derived Mesenchymal Stem Cells
	20.3	 Tissue-Engineered Construct
	20.4	 Biphasic Osteochondral Implants
	20.5	 Biphasic TEC Osteochondral Implants
	20.5.1	 Results of TEC Biphasic Osteochondral Implantation

	20.6	 Conclusion
	References

	21: Proximal Tibial Subchondral Cystic Lesion Treatment with Osteo-Core-Plasty
	21.1	 Subchondral Cyst
	21.2	 Epidemiology
	21.3	 Formation
	21.4	 Location
	21.5	 Classification
	21.6	 Presentation
	21.7	 Imaging
	21.8	 Treatment Options
	21.9	 Osteo-Core-Plasty
	21.10	 Take Home Message
	References

	22: Inflammatory Environment and Cartilage Repair
	References

	23: Management of Articular Cartilage Lesions of the Glenohumeral Joint
	23.1	 Introduction
	23.2	 Anatomy
	23.3	 Etiology
	23.4	 Classification
	23.5	 History and Physical Exam
	23.6	 Imaging
	23.7	 Treatment Options
	23.7.1	 Nonoperative Management
	23.7.2	 Surgical Management

	23.8	 Arthroscopic Debridement
	23.9	 Microfracture
	23.10	 Osteochondral Autograft Transfer
	23.11	 Fresh Osteochondral Allograft Transfer
	23.12	 Autologous Chondrocyte Implantation
	23.13	 Resurfacing
	23.14	 Conclusion
	References

	24: Nontraumatic Shoulder Osteochondral Defects
	24.1	 Introduction
	24.2	 Etiology
	24.3	 Diagnosis
	24.4	 Classification and Imaging
	24.5	 Nonoperative Treatment
	24.6	 Operative Treatment
	24.6.1	 Focal Chondral Defects Treatment
	24.6.1.1	 Arthroscopic Debridement
	24.6.1.2	 Microfracture
	24.6.1.3	 Osteochondral Autograft Transplantation/Transfer
	24.6.1.4	 Osteochondral Allograft
	24.6.1.5	 Autologous Chondrocyte Implantation

	24.6.2	 Osteonecrosis of the Humeral Head Treatment
	24.6.2.1	 Core Decompression
	24.6.2.2	 Humeral Head Resurfacing
	24.6.2.3	 Hemiarthroplasty and Total Shoulder Arthroplasty


	24.7	 Conclusion
	References

	25: OCD of the Elbow: Treatment by Autograft
	25.1	 Introduction
	25.2	 Imaging
	25.3	 Treatment
	25.4	 Surgical Arthroscopic Technique [27]
	25.4.1	 Postoperative Protocol

	References

	26: Elbow Osteochondral Unit Function
	26.1	 The Elbow Anatomy
	26.2	 The Elbow Articular Surface
	26.3	 Function
	26.4	 Regeneration of Cartilage
	26.5	 Osteochondral Injury
	26.6	 Classifications of Osteochondral Injury
	26.7	 Specific Elbow Condral Lesions
	26.7.1	 Osteochondritis Dissecans/Panner’s Disease
	26.7.2	 Degenerative Joint Disease
	26.7.3	 Joint Disease after High-Energy Trauma
	26.7.4	 Treatment Options for OA

	26.8	 Conclusion
	References

	27: Wrist Osteochondral Unit Function and Treatment
	27.1	 Etiology
	27.2	 Epidemiology
	27.3	 Pathophysiology
	27.4	 Medical History
	27.5	 Physical Examination
	27.6	 Evaluation
	27.7	 Treatment/Management
	27.8	 Arthroscopy in Arthritis
	27.8.1	 Arthrosis of the Proximal Pole of the Hamate (Uncinate Bone)
	27.8.1.1	 Indications
	27.8.1.2	 Contraindications

	27.8.2	 Chondral Defects
	27.8.2.1	 Indications
	27.8.2.2	 Contraindications


	27.9	 Complications
	27.10	 Conclusion
	References

	28: Hip Osteochondral Unit Function and Treatment
	28.1	 Introduction
	28.1.1	 The Osteochondral Unit

	28.2	 Hip Particularities
	28.2.1	 Anatomy
	28.2.2	 Hip Osteochondral Injuries

	28.3	 Hip Osteochondral Unit Treatment
	28.4	 Biological Treatments
	28.4.1	 Hyaluronic Acid (HA)
	28.4.2	 Platelet-Rich Plasma (PRP)
	28.4.3	 Bone Marrow Aspirate Concentrate (BMAC) and Mesenchymal Stem Cells (MSCs)

	28.5	 Surgical Treatments
	28.5.1	 Microfracture
	28.5.2	 Matrix-Induced Cell Implantation Techniques
	28.5.3	 Mosaicplasty and Osteochondral Autograft Transplantation (OATS)
	28.5.4	 Osteochondral Allografts Transplantation
	28.5.5	 Prosthetic Biocomposites for Osteochondral Defect Repair

	28.6	 Summary
	References

	29: Nontraumatic Hip Osteochondral Pathologies
	29.1	 Introduction
	29.2	 Diagnostic Imaging of the Hip
	29.2.1	 Anteroposterior Pelvis Radiograph
	29.2.2	 False Profile Radiograph
	29.2.3	 Elongated-Neck Lateral (Dunn) Radiograph
	29.2.4	 Cross-Table Lateral and Frog-Leg Lateral Radiographs
	29.2.5	 Computed Tomography of the Hip Joint
	29.2.6	 Magnetic Resonance Imaging (MRI) of the Hip Joint

	29.3	 Nontraumatic Osteochondral Pathologic Processes of the Hip Joint
	29.3.1	 Intra-Articular Impingement
	29.3.1.1	 Asphericity of the Femoral Head-Neck Junction
	29.3.1.2	 Acetabular Rim Impingement
	29.3.1.3	 Version-Related Impingement

	29.3.2	 Extra-Articular Impingement
	29.3.2.1	 Subspine Impingement
	29.3.2.2	 Trochanteric-Pelvic Impingement
	29.3.2.3	 Ischiofemoral Impingement
	29.3.2.4	 Iliopsoas Impingement

	29.3.3	 Dysplasia of the Adult Hip
	29.3.4	 Slipped Capital Femoral Epiphysis (SCFE)
	29.3.5	 Legg-Calvé-Perthes Disease
	29.3.6	 Osteonecrosis of the Femoral Head in the Adult Hip
	29.3.7	 Osteochondritis Dissecans (OCD) of the Hip Joint

	29.4	 Summary
	References

	30: Knee Osteochondral Lesions Treatments
	30.1	 Introduction
	30.2	 Osteochondral Autograft and Allograft Transplantation
	30.3	 Autologous Cell-Based Scaffolds
	30.3.1	 Two-Stage Procedure: ACI-MACI
	30.3.2	 One-Stage Procedure: HA-BMAC and BIOR

	30.4	 The Procedure
	30.5	 Emerging Osteochondral Treatments
	30.5.1	 Allograft Cell-Based Scaffolds
	30.5.2	 Cell-Free Scaffolds
	30.5.3	 Scaffold-Free Tissue-Engineered Construct

	30.6	 Concomitant Surgical Procedures
	30.7	 Conclusion
	References

	31: Ankle Osteochondral Pathologies and Treatment
	31.1	 Introduction
	31.2	 Epidemiology
	31.3	 Pathomechanics and Pathophysiology
	31.4	 Diagnosis
	31.4.1	 Clinical Evaluation
	31.4.2	 Imaging and Classification

	31.5	 Treatment
	31.5.1	 Conservative Treatment
	31.5.2	 Surgical Treatment
	31.5.2.1	 Bone Marrow Stimulation (BMS)
	31.5.2.2	 Internal Fixation
	31.5.2.3	 Cartilage Transplantation and Chondrogenesis-Inducing Techniques
	31.5.2.4	 Osteo(Chondral) Transplantation


	31.6	 Rehabilitation
	31.7	 Prevention
	31.8	 Conclusion
	References

	32: At-AMIC: A Reliable Solution for Talar Osteochondral Lesions
	32.1	 Surgical Technique and Indications
	32.2	 2-years Follow-up
	32.3	 Population Analysis
	32.4	 Take-home Message
	References

	33: Osteochondral Lesions of the Ankle: Talus and Distal Tibia
	33.1	 Introduction
	33.2	 Ankle Anatomy
	33.3	 Treatment
	33.3.1	 Reparative Procedures
	33.3.1.1	 Microfracture (Bone Marrow Stimulation)


	33.4	 Autologous Chondrocyte Implantation (ACI)
	33.5	 Matrix-induced Autologous Chondrocyte Implantation (MACI)
	33.5.1	 Replacement Procedures: Osteochondral Autograft/Allograft Transfer

	33.6	 Osteochondral Lesions of the Distal Tibia
	33.6.1	 Epidemiology and Injury Patterns

	33.7	 Outcomes
	33.7.1	 Patient/Lesion Factors
	33.7.2	 Surgical Factors/Procedures
	33.7.2.1	 Microfracture
	33.7.2.2	 Excision, Curettage, Abrasion Arthroplasty
	33.7.2.3	 Bone Marrow-Derived Cell Transplantation (BMDCT)
	33.7.2.4	 Osteochondral Autograft/Allograft Transfer
	33.7.2.5	 Other Techniques


	References

	34: Conservative Treatments of Osteochondral Lesions of the Knee
	34.1	 Introduction
	34.2	 Non-Pharmacological Treatment
	34.2.1	 Exercise
	34.2.2	 Physical Therapies
	34.2.3	 Pulsed Electromagnetic Fields (PEMF)
	34.2.4	 Low-Intensity Pulsed Ultrasound (LIPUS)
	34.2.5	 Extracorporeal Shockwave Therapy (ESW)

	34.3	 Nutraceuticals
	34.3.1	 Glucosamine
	34.3.2	 Chondroitin Sulfate

	34.4	 Pharmacological Therapies
	34.4.1	 Acetaminophen
	34.4.2	 Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)
	34.4.3	 Corticosteroids
	34.4.4	 Opioids
	34.4.5	 Gabapentinoids

	34.5	 Viscosupplementation
	34.5.1	 Hyaluronic Acid

	34.6	 Disease-Modifying Drugs (DMDs)
	34.6.1	 Bisphosphonates

	34.7	 Monoclonal Antibodies
	34.7.1	 Interleukin-1 (IL-1) Inhibitor
	34.7.2	 Anti-Nerve growth Factor (Anti-NGF)

	34.8	 Molecules
	34.8.1	 BNTA (N-(2-Bromo-4-(phenylsulfonyl)thiophen-3-yl)-2-chlorobenzamide)
	34.8.2	 Kartogenin
	34.8.3	 Vitamin D

	34.9	 Conclusion
	References

	35: Principles of Rehabilitation in Cartilage and Lesions
	35.1	 Introduction
	35.2	 Rehabilitation Principles
	35.3	 Rehabilitation Strategies
	35.4	 Rehabilitation Environments and Techniques
	35.5	 Psychological Aspects
	35.6	 Rehabilitation Protocols
	35.7	 Conclusions
	References


