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Part 1
The Knee Joint as an Organ
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Chapter 1

Articular Cartilage:
Structure and Restoration

Charles A. Baumann, Betina B. Hinckel,
Chantelle C. Bozynski, and Jack Farr

Function and Significance

Articular cartilage is a highly specialized (osteochondral
unit) connective tissue found at the epiphyses of synovial
joints. Glassy and light blue in appearance, the articular carti-
lage layer is 2-4 mm thick contingent on its location. Articular
cartilage is composed of hyaline cartilage, which functions to
protect the underlying subchondral bone and, in combination
with the synovial fluid, reduce the friction between movable
joints to levels less than water on ice. The articular cartilage
layer also functions to redistribute the daily loads applied to
the synovial joints and acts as a shock absorber. These loads
are prevalent during everyday walking, jumping, running, and
kneeling. During these movements, load and shear forces are
being redistributed from the articular cartilage layer to the
ends of long bones. Therefore, the articular cartilage layer
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acts as a safeguard to maintain the strength of the entire
bone-cartilage interface, the osteochondral unit.

Articular cartilage lesions are one of the most consistently
encountered conditions in orthopedics, leading to significant
long-term sequelae. In a retrospective study of 31,516 knee
arthroscopies performed, chondral lesions were reported in
an astounding 19,827 (63 %) patients across all age groups [1,
2]. Once osteochondral unit defects occur, many will prog-
ress to osteoarthritis (OA) dependent on a multifactorial
process. OA is a very common injury and can occur because
of genetic predisposition and/or can be induced by trauma,
by obesity/immobility, and through normal wear and tear.
OA may cause pain and serious disability, decreasing the
quality of life for those it affects. As OA progresses, bone
spurs form, and inflammation leads to further degeneration
of the articular cartilage. This ultimately leads to painful
bone-on-bone interactions and a vicious cycle of continual
and worsening damage. Radiographically, more than 80% of
people above the age of 65 have signs of OA in at least one
joint of the hand, hip, knee, or spine [3]. The associated
annual costs for the treatment of OA and inflammatory
arthritis exceed $100 billion dollars in the United States, and
healthcare costs account for ~2% of the US gross domestic
product [3-6].

Understanding the normal function and structure of artic-
ular cartilage is required to adequately understand chondral
lesions and the osteochondral unit in its diseased state.
Moreover, understanding normal function and anatomy of
the articular cartilage may lead to improved operative and
non-operative treatments. Because of the complex structure
of articular cartilage, restoration to its normal state is difficult
to achieve. Artificial constructs have yet to satisfactorily rep-
licate the effectiveness of the osteochondral unit, thus
highlighting the importance of preserving its original struc-
ture and continuing research aimed at improving current
conservative and surgical treatments.
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Structure of the Osteochondral Unit

Cartilage Structure

The preservation of articular cartilage is critical to maintain
the osteochondral unit’s function. Articular cartilage is aneu-
ral, alymphatic, and avascular, which limits its regenerative
healing capacity. Due to the avascular nature of articular
cartilage, the cartilage must receive nutrients and oxygen by
diffusion from the synovial fluid and the subchondral bone.

Articular cartilage is composed of an extracellular matrix
(ECM) and chondrocytes. The ECM is mainly composed of
water, collagens, and proteoglycans, although there are also
other proteins, glycoproteins, and lipids found in sparse con-
centrations [7]. If one includes the surrounding pericellular
matrix of chondrocytes, this is referred to as the chondron [8].
Articular cartilage has low chondrocyte cellularity, and the
chondrocytes are encapsulated within a dense matrix, further
reducing its capacity to regenerate. The structure of articular
cartilage is represented in Fig. 1.1.

Extracellular Matrix

The largest component of the ECM is water, contributing
~65-80% of its wet weight. Traversing through the zones of
cartilage, the water content decreases from ~80% at the super-
ficial zone to ~65% at the deep zone [2, 9]. Water’s main func-
tion is to hydrate the proteoglycans, which along with water
molecules themselves expands the collagen network, lubri-
cates the joint, and aids in the flow of nutrition to the cartilage.
Water is maintained in the matrix by the proteoglycans and
collagens. Electrolytes including potassium, sodium, calcium,
and chloride are also dissolved in the water [7]. The water con-
tent of articular cartilage generally diminishes over the lifetime
but rises to ~90% in those with OA. An increase in the water
content of articular cartilage leads to decreases in strength and
increases in the permeability of the cartilage layer.



6 C. A. Baumann et al.
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FIGURE 1.1 Structure of the osteochondral unit and the unit’s indi-
vidual components

The second largest component of the ECM is collagen.
Collagen is a fibrous tough structural protein found through-
out the body, namely, the connective tissues. Collagen devel-
ops its tensile strength from its sophisticated triple-helix
structure. Composed of three polypeptides wound together
by hydrogen bonds, collagen forms a tight right-handed triple
helix. Each polypeptide is primarily comprised of a repeating
trimer of amino acids: glycine, proline, and hydroxyproline.
This repeating trimer forms a left-handed helical structure
formed by hydrogen bonds [10]. The predominant collagen
found in articular cartilage is Type II collagen, ~95% [9].
Little attention has been paid to other collagen fibers present
in articular cartilage; Types IV, VI, IX, X, XI, XII, XIII, and
XIV. The monitoring of the breakdown of these collagens
could generate new biomarkers to further understand disease
progression and elucidate improved therapeutic treatments
[11]. Collagen is dispersed throughout the ECM, and its
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distribution is dependent on regional differences of the
articular cartilage (articular cartilage zones). Moreover, the
collagen organization at the apical surface of a chondron is
denser than that on the basal side [12]. Collagen is found
associated and crosslinked with proteoglycans, forming the
structural unit of the ECM.

Proteoglycans are found throughout the connective tis-
sues, and their negative charges help attract water to the
articular cartilage, further strengthening the matrix. In articu-
lar cartilage, the most prevalent proteoglycan and the largest
in size is aggrecan. Proteoglycans are proteins covalently
attached to glycosaminoglycans (GAGs), long repetitive
dimers of a hexosamine and a uronic acid. The major GAGs
attached to the aggrecan link protein are chondroitin sulfate
and keratin sulfate. Another GAG highly important to the
function and structure of articular cartilage is hyaluronic acid
(HA). HA is extremely large and does not form covalent
attachments to proteins; therefore, it is not a formal constitu-
ent of proteoglycans. However, HA serves an important func-
tion by forming non-covalent complexes with proteoglycans
via proteoglycan link proteins. Together, HA and proteogly-
cans, such as aggrecan, form extensive proteoglycan-HA
aggregates. These aggregates bind to the surface of collagen
II fibers via their side chains, linking all the constituents of
the ECM forming the strong backbone of articular cartilage.

Chondrocytes

Chondrocytes are the viable cells of cartilage and they reside
in lacunae. These spheroidal cells contribute to only ~5% of
the articular cartilage volume [13]. Chondrocytes are formed
in clusters among one another, known as isogenous groups,
and the cell’s metabolism is critical for the preservation of the
ECM. Due to the hypoxic nature of the cartilage, much of the
metabolism is anaerobic [2]. Originating from mesenchymal
stem cells, chondroblasts form and secrete the collagens and
proteoglycans of the ECM. Once chondroblasts are com-
pletely engulfed by their secreted matrix, they are referred to
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as chondrocytes. The surrounding ECM protects the chondro-
cytes from the forces and friction applied to the joint. Growth
factors and cytokines play a critical role in the control of
chondrogenesis, directing the differentiation of mesenchymal
stem cells into mature chondrocytes. Essential growth factors
for chondrogenesis include insulin-like growth factor 1 (IGF-
1), members of the fibroblast growth factor (FGF) family, and
members of the transforming growth factor-beta (TGF-6)
superfamily, which includes the bone morphogenic proteins
(BMP) [14]. This chondrogenesis is termed appositional
growth and occurs near the apical surface of the articular
cartilage in the superficial zone. Load on the articular carti-
lage allows for chondrocyte maturation, differentiation, and
proliferation [15].

When a defect is perceived by the osteochondral unit,
chondroblasts migrate to locations of cartilage injury where
chondrocytes are damaged. Chondrocytes at the site of
injury can then divide and form chondroblasts that will
secrete a surrounding matrix and heal the injured cartilage.
Ultimately, these chondroblasts will become chondrocytes.
Chondrocytes and chondroblasts,however, have an extremely
limited ability to replicate or regenerate. Mitotic rates in the
adult chondrocyte are at levels 1/20th of those found in the
epiphyseal growth plate during development, resulting in an
inadequate healing capacity for articular cartilage [16].
Immune responses against chondrocytes are limited due to
the aneural and alymphatic nature of articular cartilage.
Furthermore, the ECM of articular cartilage guards against
major histocompatibility complex (MHC) I antigen recogni-
tion of host cells [17].

Zones

Articular cartilage can be separated into four anatomically
and functionally distinct zones: superficial, transitional, deep,
and the calcified cartilage layer (CCL). Collectively these
zones function in syncytium to provide the highly specialized
functions of articular cartilage.
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The superficial zone, also known as the tangential fiber
zone, is the outermost zone of the cartilage and is in immedi-
ate contact with the synovial fluid of articular joints. This
zone can be further divided into the lamina splendens and the
cellular layer. Preservation of the lamina splendens is required
to maintain the integrity of the entire joint as it provides the
friction-free surface that allows for joint mobility. The cellu-
larity in the superficial zone is more robust, and the chondro-
cytes are flatter relative to more basal zones [8]. The
superficial zone has the highest collagen and water content. It
comprises 10-20% of the thickness of the cartilage, and the
collagen fibers in this zone are highly organized [18]. These
fibers are arranged parallel to the surface of the joint in order
to resist shear forces from friction produced by motion
between the articular surfaces [9].

Immediately beneath the superficial zone is the transi-
tional or middle zone. In this layer, collagen fibers are much
thicker and are organized obliquely [9]. As its name implies,
the transitional zone is a transition point between the highly
specialized superficial and deep zones. The chondrons in the
transitional zone are less prominent than the apical superfi-
cial zone, and the cells are more spheroidal [8]. The transi-
tional zone accounts for ~50% of the depth of the cartilage
and by nature is responsible for resistance to compressive
forces. The transitional zone has higher levels of proteogly-
cans and less collagen content than the superficial layer. As
mentioned above, the water content of the transitional layer
is less than that of the superficial layer and is more than that
of the deep layer.

Basal to the transitional zone is the deep zone, also called
the radial fiber zone. In the deep zone, the collagen fibers are
organized perpendicular to the surface to provide the great-
est resistance to compressive forces applied to the joints.
Chondrocytes are arranged in columnar orientation, parallel
to the collagen fibers and perpendicular to the tidemark. The
chondrons in this layer are scarcer and are more elongated in
shape. The deep zone accounts for ~35% of the depth of the
cartilage. The water content in the deep zone is the lowest of
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the zones, ~65%. The deep zone has the largest proteoglycan
content and the largest diameter of collagen fibrils.

The calcified cartilage layer is a thin layer, ~20 to ~250
microns, located directly above the subchondral bone and
below the deep zone [19]. The CCL anchors the cartilaginous
zones to the subchondral bone and serves as a transitional
buffer to compensate for the discontinuity of stiffness
between the cartilage and subchondral bone [20, 21]. The
thickness and intermediate stiffness of the CCL aid in the
transfer of load by reducing the stress concentrations between
the articular cartilage and the subchondral bone. The CCL
has undulating vascularity, and the cellularity in this level is
extremely low; thus, there are trace amounts of metabolism
present [7]. A tidemark is present that delimits the CCL from
the deep zone. The tidemark acts to inhibit vascular penetra-
tion of the above zones [22]. This tidemark can be clearly
seen histologically by most stains, including hematoxylin and
eosin.

Subchondral Bone

Although the subchondral bone is not a constituent of artic-
ular cartilage, together, they form the osteochondral unit.
Therefore, subchondral bone is incredibly important for the
functioning of articular cartilage and the pathogenesis of OA
[23]. In severe abnormalities of the cartilage, such as in an
International Cartilage Repair Society (ICRS) grade 4
lesion, the subchondral bone is affected yet is still habitually
neglected in basic science reviews of articular cartilage.
Further, some conditions that affect the entire osteochondral
unit, such as osteochondritis dissecans (OCD) and spontane-
ous osteonecrosis, originate in the subchondral bone and
progress to the articular cartilage [24]. Thus, to fully under-
stand the structure of articular cartilage and the entire osteo-
chondral unit, the subchondral bone must be appreciated.

The subchondral bone is separated from the CCL by the
cement line and can be further separated into the subchon-
dral bone plate and subchondral trabecular bone.
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The subchondral bone plate is a thin bone layer that sepa-
rates the CCL from the marrow spaces of the subchondral
trabecular bone. Composed of cortical bone, the subchondral
bone plate is nonporous and strong [25].

The trabecular bone of the subchondral bone operates as
a shock absorber for the rest of the long bone and functions
to retain the shape of the joint. The trabecular bone has
higher metabolism than the subchondral bone plate.
Additionally, the trabecular bone has bone marrow present.
The bone marrow of trabecular bone houses mesenchymal
stem cells (MSCs) with chondrogenic potential [26].

Vascular channels run from the marrow of the trabecular
layer to the CCL. As mentioned earlier, the tidemark inhibits
vascular penetration of the apical zones [22]. Apical diffusion
then allows for nourishment of the avascular cartilage layers
not receiving nourishment from the synovial fluid. Additionally,
trabecular bone is responsible for the nourishment of the sub-
chondral bone plate [27]. While the articular cartilage is lim-
ited in its immune response, the subchondral bone is not. The
subchondral bone expresses MHC antigens [17].

Aging

With normal aging, the articular cartilage structure develops
a host of changes. Although the incidence of OA increases
exponentially with age, the symptoms of normal aging are not
synonymous with the symptoms seen in OA. What exactly
facilitates articular cartilage changes is not yet fully
understood. Chondrocyte levels remain mostly unchanged
with aging; however, there is a reported loss of chondrocytes
from more superficial layers and a rise in chondrocyte levels
closer to the subchondral bone. In addition, there is a
reported thinning of the CCL with age, and the ECM typi-
cally experiences a loss of water and, as such, an intrinsic gain
in stiffness [19]. Considering these changes, the entire osteo-
chondral unit is more susceptible to damage, has a reduced
ability to bear loads of the joint, and has an increased likeli-
hood for the development of OA.
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Chondral Lesions

As time has passed, it has become increasingly evident that
chondral lesions must be evaluated from a perspective con-
sidering the entire osteochondral unit, rather than solely the
articular cartilage [24]. Lesions of the articular cartilage pro-
vide a challenge to clinicians as it is difficult to resurface the
joint. However, in young active patients, resurfacing of the
defect is desirable to reduce pain levels, improve function,
and increase activities and sports levels. Additionally, it may
prevent the early onset of OA and avert serious disability.
The treatment plan for chondral lesions is principally deter-
mined by the size of the defect and the grading of the lesion
but is also predicated on the experiences of the physician.
The International Cartilage Repair Society (ICRS) Hyaline
Cartilage Lesion Classification System is the international
standard for classifying the severity of chondral lesions [28,
29]. An ICRS grade 0 lesion is when the articular cartilage
surface is normal. Grade 1 lesions are nearly normal; however,
there may be slight indentations of the articular cartilage sur-
face, and the cartilage may have superficial fissures. ICRS
Grade 2 lesions are abnormal and extend to <50% of the
depth of the cartilage, into the middle zone. Lesions of Grade
3 extend to >50% of the depth of the cartilage, which can go
down to the calcified layer or subchondral bone (but not
through the subchondral bone). Blisters are included in Grade
3. Grade 4 are lesions that go through the subchondral bone.
The distinction between Grade 3 and 4 lesions is that Grade 4
lesions traverse through the subchondral bone [28, 29].
Figure 1.2 displays a schematic diagram, and Fig. 1.3 displays
corresponding arthroscopic imagery of cartilage lesions to
help further clarify the ICRS classification of cartilage lesions.

Imaging

Magnetic resonance imaging (MRI) is a useful and noninva-
sive tool to assess and diagnose chondral lesions. In MRI, one
is also able to visualize the health of the soft tissue and the
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ICRS Grade 0 - Normal

ICRS Grade 1 - Nearly normal
Superficial lesions. Soft indentation (A) and/or superficial fissures and cracks (B)

ICRS Grade 2 - abnormal
Lesions extending down to <50% of cartillage depth

ICRS Grade 3 - Severely abnormal
Cartilage defects extending down >50% of cartilage depth (A) as well as down to calcified layer
(B) and down to but not through the subchondral bone (C). Blisters are included in this Grade (D)

Ficure 1.2 ICRS articular cartilage injury classification system.
(Image kindly provided and reprinted with permission by the
International Cartilage Repair Society)
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FIGURE 1.3 Representative arthroscopic images of the ICRS articu-
lar cartilage injury classification system. (a) Grade 0, (b) Grade 1A, (c)
Grade 1B, (d) Grade 2, (e) Grade 3A, (f) Grade 3B, (g) Grade 3C, (h)
Grade 3D, (i) Grade 4AB
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FIGURE 1.3 (continued)

subchondral bone [7]. Two-dimensional (2D) standard spin-
echo (SE) and 2D gradient-recalled echo (GRE) sequences,
2D fast SE sequences, and three-dimensional (3D) SE and
GRE sequences of MRI are used to assess the location,
depth, and length of cartilage lesions in patients [31]. The
ICRS suggests utilizing fast SE imaging for the evaluation of
cartilage repair [30]. Newer 3D fast SE sequencing has not
replaced the gold-standard 2D fast SE or 2D fast SE in com-
bination with 3D GRE methods [31]. With these techniques,
clinicians can clearly envision the morphology of the joint of
interest and assess the progression of OA. However, the iden-
tification and evaluation of deeper lesions, grades 3 and 4,
may be more precise than grades 1 and 2 that can be missed.
Further, MRI can often underestimate the median defect
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area. On average, defects are ~65% larger than measured by
MRI [32]. Most treatment algorithms are dependent on the
size of cartilage defects and as such have adverse effects on
the choice of treatment for clinicians [32].

The organization of collagen and GAG content can be
determined by using certain MRI protocols. Since the normal
collagen and proteoglycan organization is known throughout
the zones, clinicians can make educated assessments about the
health of their patients. When the cartilage degenerates,
changes in GAG are among the first detectable manifestations
[33]. To assess proteoglycan content and collagen organization
and arrangement, clinicians can use a variety of methods such
as T2 mapping, delayed gadolinium-enhanced MRI of the
cartilage, T1p imaging, and sodium imaging [7 31]. Tlp has
been shown to be the best method at assessing changes in
GAG and proteoglycan content, although sodium imaging
and delayed gadolinium-enhanced MRI of the cartilage may
also be effective [33-35]. T2 imaging of articular cartilage
detects changes in collagen content, because these images
represent interactions that occur between water molecules
and surrounding macromolecules. Increased interactions will
result in decreased T2 levels. Another study reported that T1p
and T2 values are significantly higher for ICRS grade 1 carti-
lage lesions than for those with grade 0 (normal) [33].

Perhaps with further discovery and enhancement of tech-
niques, earlier and perhaps reversible signs of degeneration
will become more apparent. The reduction of artifacts, decrease
in scan time, improvement in lesion sizing, and enhancement in
sensitivity of MRI will allow for improved efficacy and utility
of this imaging technique [36]. Moreover, the continued and
increased usage of MRI techniques such as T1p could detect
early degeneration of the articular cartilage ECM, even before
defects appear on the surface of the articular cartilage.

Macroscopic and Microscopic Evaluations

For macroscopic evaluation of articular joint tissues, staining
with India ink allows pathologists to measure the depth of
cartilage lesions. India ink adheres to fissured cartilage and can
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be easily seen in comparison to the surrounding normal carti-
lage (i.e., cartilage that does not retain the India ink stain) [37].

For microscopic evaluation of articular cartilage/bone, tis-
sues are sectioned approximately 3 mm in thickness and fixed
in 10% neutral buffered formalin (ratio of 10:1 for fixative
and specimen, respectively). Once the sections are properly
fixed (24-72 h depending on tissue size and bone density), the
bone samples are decalcified. A commonly used solution that
is gentle to the tissue and maintains cellular detail is a solu-
tion of 10% ethylenediaminetetraacetic acid (EDTA) in
phosphate-buffered saline (pH 72-74). The bone samples are
kept in 10% EDTA solution till softened (approximately
2-6 weeks based on tissue size, thickness, and bone density,
solution changed three times a week) and then embedded in
paraffin. To speed up the decalcification process, decalcifying
solution can be replaced every day. Once the tissues are pro-
cessed, there are many histochemical stains available to visu-
alize healthy and degenerative articular cartilage. Each
method serves a specific purpose and has its own advantages.
Perhaps the most widely used stain in histology is hematoxylin
and eosin (H&E). Hematoxylin is a basic dye that stains
purple/blue. Hematoxylin attaches to negatively charged ele-
ments of the tissue (basophilic), such as the DNA of the
chondrocyte. Eosin is an acidic dye that stains pink. Eosin
attaches to positively charged elements of the tissue (acido-
philic), which includes collagen. H&E stains the nuclei of
articular cartilage basophilic and the ECM acidophilic. Areas
with high proteoglycan content in the ECM stain bluer due to
being highly sulfated and having more negative charges [37].
The orientation of the collagen fibers in the ECM changes
the visual orientation of stained chondrocytes, thereby mak-
ing the individual cartilage zones visible. By using H&E stain-
ing, the health of the tissue can be determined by comparing
the surface, zones, and staining intensity to baseline (Fig. 1.4).

Another method to visualize the cartilage is to use either
Safranin O or Toluidine Blue staining. Safranin O and
Toluidine Blue stain proteoglycans and GAG. When using this
method, histologists can compare normal articular cartilage to
the staining of the patient of interest. By comparing against a
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control, a diseased cartilage will have reduced staining of pro-
teoglycans and GAG (Fig. 1.4).

Collagen content and organization can be easily seen with
the use of picrosirius red. Picrosirius red staining utilizes
polarized light microscopy. Using polarized light microscopy,
the color and light visualized are reflective of the collagen
organization, alignment, size, and concentration (Fig. 1.4).
Therefore, disruptions of the normal collagen arrangement
can be seen by comparing the cartilage section to that of a
normal articular cartilage section.
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FiGURE 1.4 Histological photomicrographs (2x) of human femoral
condyle. (a) Hematoxylin and eosin, (b) Toluidine Blue, (c)
Picrosirius Red (polarized), and (d) Safranin O; scale bar, | mm
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FIGURE 1.4 (continued)

The health of the osteochondral unit can be further illumi-
nated by assessing the viable chondrocyte density (VCD) of the
articular cartilage via fluorescent microscopy. Of clinical inter-
est, the long-term success of operative treatments such as osteo-
chondral allograft (OCA) transplantation is largely dependent
on the viability of the chondrocytes of OCAs at the time of
implantation [38, 39]. To assess chondrocyte viability, the tissue
of interest can be stained for fluorescence using two stains that
stain for live and dead cells, respectively, and subsequently
imaged using fluorescent microscopy. To determine the VCD
using fluorescent microscopy, a homogeneous mixture of the
live stain calcein acetoxymethyl (Calcein AM), phosphate-
buffered saline (PBS), and either the dead stain SYTOX Blue
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FiGURE 1.5 Representative (4x) fluorescent chondrocyte viability
image of human femoral condyle articular cartilage tissue

(Life Technologies) or the dead stain ethidium homodimer
(ETH) can be applied to the tissue of interest. Nonviable cells
do not retain Calcein AM as their cell membranes have become
weakened and permeable. Neither SYTOX Blue nor Calcein
AM is able to cross intact cell membranes; therefore, these dead
stains stain chondrocytes whose cell membranes have become
compromised but do not stain viable chondrocytes with intact
cell membranes. Utilizing these techniques, live cells stain green
and dead cells stain red. Photographs can then be taken of the
osteochondral unit using fluorescent microscopy, and relative
chondrocyte viability can be subsequently visualized, as seen in
Fig. 1.5. VCD is found by dividing the number of viable green
cells by the area of the cartilage of interest. OA cartilage and
cartilage with lesions have dramatically reduced VCD levels
compared to those of healthy articular cartilage. This applica-
tion has been of significant value in assessing articular cartilage
in the laboratory, particularly in improving the storage proto-
cols of OCAs for transplantation [40].

Summary

Articular cartilage functions as a specialized connective tis-
sue (osteochondral unit) at the epiphyses of synovial joints.
Composed of hyaline cartilage, articular cartilage functions



Chapter 1. Articular Cartilage: Structure and Restoration 21

to reduce the friction between movable joints and acts as a
shock absorber. Disorders of articular cartilage are some of
the most commonly encountered conditions in orthopedics.
Appreciating the normal function and structure of articular
cartilage is essential to understanding articular cartilage in its
diseased state.
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Chapter 2

Meniscus: Biomechanics
and Biology

Michael B. Ellman and Jorge Chahla

Introduction

In the United States, a meniscal tear is the most common
diagnosis among patients undergoing knee arthroscopy [1, 2].
Clinically, patients with meniscal deficiency or tears have been
shown to progress to early joint degeneration and osteoarthri-
tis [1, 2], revealing the essential chondroprotective role of this
structure in the knee joint. The meniscus optimizes load trans-
mission across the knee by increasing joint congruency,
thereby increasing contact area and decreasing point loading.
Further, the menisci serve as important shock absorbers in the
knee, as meniscal tissue is more elastic than articular cartilage
and absorbs stress caused by impact loading [3]. The menisci
also help to stabilize the knee joint [1], as the medial and lat-
eral menisci function as secondary stabilizers for anterior-
posterior translation and rotatory motion, respectively.

While early treatment of meniscal tears focused primarily
on the removal of the injured tissue, recent attention on det-
rimental long-term consequences following partial or total
meniscectomy has led to increased attempts at meniscus
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repair whenever possible. Although meniscal repairs have a
higher reoperation rate than meniscectomy, repairs have
been reported to result in better long-term patient-reported
outcomes, improved activity levels, and slower progression to
osteoarthritis [4-6]. Therefore, understanding and preserving
meniscal integrity are crucial to maintain the long-term
health of the knee joint.

The purpose of this chapter is to describe the (i) anatomy
of the menisci with an emphasis on anatomic root attach-
ments, (i) microstructure and biology of meniscal tissue, and
(iii) biomechanical properties of meniscal tissue and their
clinical relevance following meniscal injury.

Anatomy

The medial meniscus is a semilunar sheet of fibrocartilage
localized between the medial femoral and medial tibial con-
dyle (Fig. 2.1). It covers up to 60% of the articular surface of
the medial tibial condyle, with an average width of 9-10 mm
and average thickness of 3-5 mm [7]. The medial meniscus
has a strong attachment to the surrounding structures (medial
collateral ligament (MCL), posteromedial capsule) and there-
fore is less mobile than the lateral meniscus.

The lateral meniscus is more circular and covers a larger
portion of the articular surface than the medial meniscus (up
to 70%) (Fig. 2.1). The average width of the lateral meniscus
is 10-12 mm, with an average thickness of 4-5 mm. The
meniscus itself is grooved laterally for the popliteus tendon,
which separates the meniscus from the fibular collateral liga-
ment (FCL).

There are several supplemental attachments to the menisci
that may play a role in stabilization of meniscal tissue. The
transverse intermeniscal ligament connects the medial and
lateral menisci anteriorly. The coronary ligaments connect
the menisci to the capsule posteriorly and are stronger on
the medial side than the lateral side, helping to explain the
increased rigidity of the medial meniscus compared with the
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FIGURE 2.1 Axial view of cadaveric right knee demonstrating the
anatomy of the medial meniscus (MM) and lateral meniscus (LM)
in relation to the ACL and PCL footprint. The medial meniscus is
semilunar in shape, while the lateral meniscus is more circular and
covers a larger portion of the articular surface

lateral meniscus. Finally, the meniscofemoral ligaments origi-
nate from the posterior horn of the lateral meniscus (Fig. 2.2a,
b). They are composed of two distinct ligamentous structures,
the ligament of Humphrey, which lies anterior to the PCL
(Fig. 2.2a), and the ligament of Wrisberg, posterior to the PCL
(Fig. 2.2a, b). These structures help to stabilize the posterior
horn of the lateral meniscus.

The menisci are anchored to the bone anteriorly and pos-
teriorly by their strong root attachments. The clinical impor-
tance of maintaining meniscal root integrity has been
well-documented in the literature. In a biomechanical study,
Allaire et al. reported a significant 25% increase in medial
compartment contact pressure following a PMMR tear [8].
Several other studies have corroborated these findings [9, 10],
as a complete root tear biomechanically simulates a menis-
cectomized knee, thereby increasing the risk for (often rapid)
progression of osteoarthritis. A thorough knowledge of the
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FiGure 2.2 (a) Cadaveric sagittal hemisection of the right knee
demonstrating anatomy of anterior meniscofemoral ligament
(aMFL, aka ligament of Humphrey) and posterior meniscofemoral
ligament (pMFL, aka ligament of Wrisberg) arising from posterior
horn of lateral meniscus (LM). The PCL is present with a clear dis-
tinction between the anterolateral bundle (ALB) fibers and pos-
teromedial bundle (PMB) fibers. (b) Posterior view of cadaveric
right knee demonstrating ligament of Wrisberg originating from
posterior horn of lateral meniscus (LM), traversing posterior to the
two bundles of the PCL (anterolateral bundle (ALB) and postero-
medial bundle (PMB), and attaching the posterolateral aspect of the
medial femoral condyle

<
<

precise anatomical location and area of each root is vital for
the surgeon to successfully perform anatomic meniscal root
repairs.

The structural properties of the four meniscal roots have
also been described in the literature [11], with each root con-
taining strong, central fibers as well as peripheral, supplemen-
tal fibers that increase the surface area, strength, and stiffness
of each root (Table 2.1). Anatomically, the medial tibial emi-
nence (MTE) apex is the most reproducible osseous land-
mark for identification of the posterior medial meniscal root
(PMMR) attachment (Fig. 2.3a). The center of the PMMR is
approximately 10 mm posterior and 1 mm lateral to the MTE
[12]. The most proximal PCL tibial attachment fibers (located
8 mm lateral from the center of the PMMR) and the medial
tibial plateau articular cartilage inflection point (4 mm lateral
to the root) are two other consistent landmarks to identify
the root attachment (Fig. 2.3a).

The posterior lateral meniscal root (PLMR) attachment
can also be identified using the apex of the lateral tibial emi-
nence (LTE), which is the most consistent landmark (Fig. 2.3b).
The center of the PLMR is consistently found to be 4 mm
medial and 1.5 mm posterior to the LTE. According to
Johannsen et al. [12], the center of the PLMR is located 4 mm
medial to the lateral tibial plateau articular cartilage edge
and 13 mm anterior to the most proximal edge of the poste-
rior cruciate ligament (PCL) tibial attachment (Fig. 2.3b).
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TaBLE 2.1 Structural properties of the meniscal roots with and with-
out sectioning of the supplemental root attachment fibers

Root Native Sectioned

Attachment area, mm?

AM 1017 (82.4-120.9) 570 (49.4-64.5)
PM 68.0 (59.1-76.9) 41.6 (35.3-478)
AL 99.5 (83.1-116.0) N/A

PL 83.1 (63.6-102.7) 577 (473-68.0)

Ultimate failure strength, N

AM 655.5 (4872-823.8) 469.1 (240.7-6974)
PM 513.8 (388.4-639.1) 2679 (206.6-329.2)
AL 652.8 (528.2-7773) 608.4 (434.2-782.6)
PL 509.0 (392.0-625.9) 419.4 (288.9-549.8)

Stiffness, N/mm

AM 124.9 (101.4-148.3) 103.7 (75.4-132.0)
PM 122.7 (95.1-150.3) 80.7 (71.1-90.2)
AL 151.1 (123.9-178.4) 136.8 (108.4-165.2)
PL 128.7 (104.1-153.3) 1172 (89.8-144.7)

The anterior medial meniscal root has the largest native area and
ultimate failure strength

AL anterior lateral, AM anterior medial, PL posterior lateral, PM
posterior medial meniscal root; data reported as mean (95% confi-
dence interval)

These findings help the surgeon when identifying the proper
anatomic location during a meniscal root repair.
Microstructure/Biology

Understanding the microstructure of the meniscus helps to

explain its complex biomechanical properties and function.
The meniscus is mainly comprised of water (up to 75%) and
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FiGure 2.3 Cadaveric images (superior axial view) demonstrating
the anatomical landmarks to identify (a) medial meniscus posterior
root attachment and (b) lateral meniscus posterior root attachment
in a right knee. MTE medial tibial eminence, LTE lateral tibial emi-
nence, MARA medial meniscus anterior root attachment, LARA
lateral meniscus anterior root attachment, MPRA medial meniscus
posterior root attachment, LPRA lateral meniscus posterior root
attachment

collagen (20-25%, 90% type 1) and a minority of other ele-
ments including proteoglycans, matrix glycoproteins, and
elastin [13-17].

Each meniscus is composed of three layers (Fig. 2.4). A
more superficial layer is in direct contact with the articular
surface and is composed of randomly oriented collagen
fibers mixed with a lubricating layer of proteoglycans,
allowing for a low frictional surface [18, 19]. Deep to this
layer is the middle stratum, which is composed of a lamellar
layer containing collagen fibers extending radially (exter-
nally), with internal fibers intersecting at various angles,
creating a mesh to provide rigidity to the tissue [19]. Finally,
the inner layer is composed of large circumferential fibers,
with the majority located in the internal and external cir-
cumference of the menisci because the middle portion expe-
riences more uniform compressive stress and minimal radial
stress (Fig. 2.4) [20,21]. These circumferential fibers undergo
significant tensile or “hoop” stresses when axially loaded
[20,22-25].
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Capsule

FiGURE 2.4 Schematic illustration showing the different layers of
the menisci. The superficial layer contains disorganized fibers, the
lamellar layer contains peripherally oriented radial fibers with an
internal interconnecting meshwork, and the deep/inner layer con-
tains large circumferential oriented bundles intermingling with
radial tie fibers
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Ficurk 2.5 Illustration demonstrating application of load, including
compression, tension, and shear stress to meniscal tissue

Biomechanical Properties

Several unique biomechanical principles contribute to the
complex function of the menisci. These include viscoelasticity,
permeability, creep, stress relaxation, ultimate tensile load,
and shear stiffness, with each principle playing a vital role in
the biomechanical response of meniscal tissue to compres-
sion, tension, and shear stresses (Fig. 2.5).
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e Viscoelasticity: Due to the unique three-layered anatomy
described above, the tissue properties of the menisci
change throughout an applied load; i.e., they exhibit both
viscous and elastic properties. This transition occurs in a
time-dependent fashion, beginning in the elastic phase and
shifting to the viscous phase during loading. The elastic
phase is due to the meniscus collagenous-proteoglycan
structure. Conversely, the viscous phase is due to its per-
meability and water content [20, 26, 27]. When a compres-
sive load is applied to the menisci, the elastic phase
initiates, with the meniscal tissue exhibiting an elastic
response and compressing the menisci. Simultaneously,
fluid extrudes slowly, which accommodates the compres-
sive load without excess deformation, hence beginning the
viscous phase [28, 29]. Under compression, meniscal per-
meability determines the rate at which fluid is extruded.
Meniscal permeability is much lower than articular carti-
lage, allowing for slow extrusion and helping to maintain
meniscal shape and integrity during axial loads [27, 28, 30].
Thus, menisci maintain their load-bearing capacity during
gait by resisting fluid loss [17, 31, 32], which inhibits com-
pression and helps to maintain their shape.

e Response to Compression: Creep and stress relaxation are
two related characteristics of viscoelastic behavior [28].
After the initial load is applied and fluid is extruded from
the menisci, the compressive load is resisted, known as
“creep.” [20,28] This results in a diminished rate of compres-
sion over time. When the menisci are compressed and held,
the tissue relaxes, and the load required to maintain the
given compression decreases. This is referred to as “stress
relaxation.” Further, when a compressive load is applied to
the menisci, an axial load redistributes “hoop stresses” to
the circumferential fibers of the menisci, extending to their
attachments on the tibia and femur [20, 23-25]. As the
femur compresses down, the menisci extrude peripherally
due to their wedge shape, causing a radially oriented tan-
gential force [33]. This peripheral extrusion is prevented by
the anterior and posterior meniscal root attachments, as
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described above. When a root tear occurs clinically, these
forces are unopposed, resulting in a functionally meniscec-
tomized state with a significant increase in contract stress
occurring in the respective compartment [8] and thereby
increasing the risk of progression to osteoarthritis.

e Response to Tension: When menisci undergo tensile forces
(stretching forces), elongation occurs relatively fast
because collagen fibers are relaxed [34]. After the initial
phase, there is a linear relationship between elongation
and the load applied, followed by a drastic decrease in
elongation as fibers begin to fail and tear [35]. The maxi-
mum load the menisci can maintain in tension before fail-
ure is referred to as the ultimate tensile load. The tensile
properties can change depending on the location of the
menisci.

e Response to Shear: Shear stiffness is defined as the capac-
ity of the meniscus to resist a change of its shape. In this
regard, menisci have a lower shear stiffness compared to
the articular cartilage and bone, thereby allowing the
menisci to maintain optimal congruency between the tibia
and the femur through a full range of motion, ensuring
equal load distribution [20].

In Vivo Biomechanics

Synchronized motion of the menisci during knee range of
motion allows for a maximum congruency over the articulat-
ing surfaces, thereby decreasing contact stress within the joint
and optimizing congruency and stability [36]. For example,
the translation of the lateral meniscus is twice that of the
medial meniscus [37], with greater translation of the anterior
horns compared to the posterior horns. This is critical because
the femoral condyles’ articulating shape with the menisci
changes during flexion and extension, causing the anterior
and posterior horns to drift apart during full extension and
closer together during flexion [27]. The anterior horns allow
movement to accommodate this, while the posterior horns
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are more secure and stable, restricting excess movement [36].
Approximately 85% of the weight-bearing load is transmit-
ted in knee flexion with the horns closer together, while 50%
is transmitted in extension with the horns further apart [3].
Further, during internal rotation of the tibia, the lateral
meniscus translates posteriorly, while the medial meniscus
translates anteriorly [38]. These reciprocal functions allow the
menisci to maximize contact area with the articular surfaces,
reduce point stresses, and avoid chondral damage or injury
over time [27].

Clinically, patients with lateral meniscal deficiency demon-
strate worse outcomes compared to patients with medial
meniscal deficiency [1, 2]. This may be a consequence of the
less congruent, more convex articular surfaces of the lateral
femoral condyle and lateral tibial plateau, as well as the greater
degree of translation of the lateral meniscus, suggesting a cru-
cial role of the lateral meniscus in maintaining lateral joint
integrity [24, 37]. Further, the lateral meniscus absorbs 70% of
load while the medial meniscus only 50% [3], again helping to
elucidate the clinical significance of the lateral meniscus.

The aforementioned differences in translation of each
meniscus may also help to explain the role of the menisci as
secondary stabilizers within the knee joint. The medial
meniscus is an important secondary restraint to anterior tibial
translation [28, 39,40]. This can be explained by the decreased
mobility of the medial meniscus, as the medial meniscus is less
mobile with approximately 50% translation compared to the
lateral meniscus and therefore is more stable in an anterior-
posterior direction. The medial meniscus is also postulated to
have a “wedge” effect created by compression on the posterior
horn during loading, further preventing anterior displacement
[41]. The joint stabilizing capability of the medial meniscus is
most apparent in ACL-deficient knees. Following medial men-
iscectomy in the ACL-deficient knee, there is a significant
increase in anterior tibial translation after an anterior tibial
load is applied, compared to ACL-deficient knees with an
intact medial meniscus [41,42]. These findings corroborate the
vital role of the medial meniscus as a secondary stabilizer of
anterior-posterior translation of the knee.
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In contrast, due to its increased mobility and translation,
the lateral meniscus is thought to play a lesser role in
anterior-posterior stabilization [41, 43, 44], but it has been
found to play a greater role in anterolateral rotatory stability
[45]. The lateral meniscus has also been suggested to play an
important secondary role in restraining combined axial and
rotatory loads [45].

Conclusion

The meniscus plays an integral role in the knee with several
chondroprotective and stabilizing functions. A thorough
understanding of meniscal anatomy, biology, and biomechan-
ics is vital to understand the complex structure and function
of the medial and lateral menisci.
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Chapter 3

Coronal and Axial
Alignment: The Effects
of Malalignment

Luiz Felipe Ambra, Andreas H. Gomoll, and Jack Farr

Introduction

The normal knee joint can support a lifetime of repetitive
load, generally, without the development of degenerative
changes. Excessive stress, which exceeds the tolerance of
articular cartilage, disrupts articular homeostasis leading to
deterioration of the articular cartilage. In physiological condi-
tion, the load applied to the knee joint is distributed across
the compartments. Any deviation of the knee alignment,
referred to as malalignment, negatively affects load distribu-
tion. Improper load distribution reduces the knee joint’s abil-
ity to accommodate physiological forces which may cause
damage to the articular cartilage.
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Cartilage lesions are one of the most challenging patholo-
gies to manage successfully. When conservative treatment
fails to relieve symptoms and recover functional limitations,
surgery is usually recommended to treat both the cartilage
defect and any underlying anatomic abnormalities. Despite
these lesions being technically easily accessible, the analysis
of concomitant pathologies is difficult; therefore, a rational
approach to systematically evaluate and identify pathologic
deviation of the knee alignment is required to plan specific
treatment that addresses each pathologic component.

Imaging

Radiographic exams are the first step to evaluate knee align-
ment. A standard knee series includes a weight-bearing
anteroposterior (AP) view in full extension, a posterior-
anterior view in flexion (PA Rosenberg), full-length hip-to-
ankle alignment radiograph, true lateral view, and axial view
with 45° or 30° of flexion.

Standard weight-bearing AP and Rosenberg views allow
evaluation of femorotibial pathology. A standing hip-to-ankle
alignment radiograph is the most accurate method to evalu-
ate mechanical axis of the lower extremity. In a neutrally
aligned knee, it is defined as a line from the center of the
femoral head to the center of the ankle joint, passing across
the center of the knee joint. By definition, if the line is off-
center at the knee toward the lateral compartment, it is val-
gus alignment, and if toward the medial compartment, it is
varus alignment (Fig. 3.1).

True lateral view with superposition of both femoral con-
dyles is usually taken with an angle of flexion of 20°. This
incidence allows evaluation of tibial slope, patellar height
(Insall-Salvati; Caton-Deschamps; Blackburne-Peel), patellar
tilt, and trochlear morphology (Dejour classification).

Low flexion axial radiograph allows assessment of troch-
lea and patella morphology and the position of the patella
relative to the trochlea. The difficulty with this technique is
that images are not taken near full extension where the troch-
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FIGURE 3.1 A long-length radio-
graph showing valgus alignment
on the right and neutral align-
ment on the left

lea is most shallow. As the knee flexes, the trochlear groove
deepens, and the patella slides medially, becoming more con-
gruent with the femoral sulcus. Hence, trochlear dysplasia,
patellar tilt, or subluxation are underestimated on the axial
view due to the flexion required to obtain this incidence.
Computed tomography (CT) exam provides valuable
information regarding the anatomy and kinematics of the
knee joint, mainly the patellofemoral joint (PFJ). Allowing a
true axial view of the PFJ, this exam can image in different
degrees of flexion, letting one accurately define the anatomy
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and relationship between the patella and the femoral troch-
lea. Another important contribution of CT is the ability to
create overlapping images, allowing assessment of torsional
deformities, such as femoral anteversion (FA) and external
tibial torsion, as well as measurements of tibial tubercle-
trochlear groove (TT-TG) and/or tibial tubercle-posterior
cruciate ligament (TT-PCL) distance.

Magnetic resonance imaging (MRI) is the most complete
imaging technique. This exam allows for the simultaneous
evaluation of all the structures that constitute the knee joint,
distinguishing the different tissues. MRI exams can better
evaluate articular morphology as well as meniscal and liga-
ment tearing, chondral and osteochondral lesions, rotational
deformities, and patellar alignment.

Table 3.1 summarizes clinical exams and imaging studies
used to evaluate patellofemoral joint disorders and underly-
ing comorbidities.

Tibiofemoral Alignment and Cartilage
Lesions

During a normal gait, knee reaction forces reach three times
the body weight, increasing to six times the body weight dur-
ing higher activity levels. In a normally aligned knee, approxi-
mately 60% of the weight-bearing force is transmitted
through the medial compartment, the adduction moment
being the primary contributing factor to an increased medial
joint reaction force [1]. Biomechanical studies have demon-
strated that varus and valgus alignment increase medial and
lateral load, respectively [2, 3]. Accordingly, malalignment has
been recognized as an independent risk factor for develop-
ment and progression of knee osteoarthritis (OA) [4,5]. After
18 months of follow-up, a valgus-aligned knee was five times
more likely to present progression of lateral compartment
OA compared with knees of neutral alignment; similarly, a
varus-aligned knee increases risk of medial OA progression
by a factor of 4.
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TaBLE 3.1 Preoperative considerations for cartilage restoration
Clinical exam/imaging

Consideration study Objective evaluation
Coronal Valgus and varus Inspection on physical
alignment alignment examination, mechanical

axis view radiograph

Axial External tibial torsion ~ Thigh-foot angle; CT or
alignment increased femoral MRI version study hip/
neck anteversion knee/ankle

Lateralized patellar Q angle; CT or MRI
force vector measurement of TT-TG
and TT-PCL

Patellar tilt

Sagittal Increased patellar True lateral with loading

alignment height flexion radiographic, CT
or MRI measurement of
patella alta (Insall-Salvati,
Caton-Deschamps, or
Blackburne-Peel ratio)

Tibial slope True lateral view
radiographic, CT or MRI

Patellofemoral Trochlear dysplasia Radiographic crossing

morphology sign, trochlear boss, CT/
MRI findings (Dejour
classification)

Patellofemoral Alignment and Cartilage
Lesions

Clinically, extensor mechanism alignment can be assessed
measuring Q angle. Described as the direction of the quadri-
ceps force and the patellar tendon reaction force, this angle
determines the lateral vector of the extensor mechanism force.
Despite the widely discussed potential for inaccuracy of the
clinical measurement of the Q angle, a theoretical understand-
ing of the influence of extensor mechanism alignment is cru-
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cial to comprehend the influence of anatomical abnormalities
on patellofemoral contact forces.

Patellofemoral malalignment is a complex pathology with a
wide spectrum of clinical presentation. Several features can
influence the Q angle and, consequently, the PF reaction
forces. No single factor may be the sole defining etiology, as
patellofemoral malalignment is most frequently the result of
an association of anatomic abnormalities. Therefore, a global
understanding of the pathology is crucial to tailor the most
suitable approach in each case.

Coronal Alignment

Both valgus and varus alignment may contribute to modifica-
tion of the contact stresses in the PFJ [6, 7]. Valgus alignment
increases the Q angle, which leads to an increment increase in
the lateral vector of the quadriceps force, thereby overloading
the lateral side of the PFJ. Conversely, varus alignment tends
to reduce the Q angle, shifting the quadriceps force medially,
therefore, increasing the contact stress on the medial side of
the PFJ [8]. Cahue et al. prospectively showed that valgus
alignment was associated with lateral PF OA progression;
likewise, varus alignment increased the risk for medial PF OA
progression [9].

Axial Alignment

Evaluation of the patellofemoral alignment in the axial plane
can be challenging and should be evaluated carefully to under-
stand the true source of abnormality. The tibial tubercle-
trochlear groove (TT-TG) distance is one of the most used
parameters for the measurement of patellofemoral alignment,
being largely correlated with Q angle [10, 11]. This measure-
ment assesses the mediolateral distance between the center of
the patellar tendon insertion at the tibial tubercle and the
deepest point of the trochlear groove (Fig. 3.2). The TT-TG
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Ficurk 3.2 TT-TG measurement. Images from the trochlear groove
and tibial tubercle are superimposed. Trochlear groove location is
determined at the level where the posterior cortex of the femoral
condyles is well defined. The trochlear line is drawn perpendicular
to the posterior condylar axis, tangential to the posterior femoral
condyles (dFCL), and passing through the deepest point of the
trochlear groove (TG). Tibial tubercle image is selected at the level
of the most anterior point of the tibial tuberosity. A line crossing
through the center of the tibial tubercle (TT) is drawn perpendicular
to the posterior femoral axis. The distance between these two paral-
lel lines is the TT-TG distance. (Copyright © 2012 American
Orthopaedic Society for Sports Medicine. Reprinted from Seitlinger
et al. [15] with permission from SAGE publications)

distance can be measured with ease using both MRI and CT;
however, the values resultant from these two techniques may
not be interchangeable. Due to discrepancies in knee flexion
during image acquisition, MRI exams tend to underestimate
the TT-TG distance when compared with CT and should be
taken into consideration during surgical planning [12].
Traditionally, a TT-TG distance of greater than 20 mm is
considered pathologic, representing an excessive lateral posi-
tion of the TT in relation to the trochlea, and has been
accepted as the threshold for recommendation of distal
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realignment [13]. However, a large TT-TG must be inter-
preted carefully. Other conditions such as trochlear dysplasia,
distal femoral internal rotation, or tibial external rotation
may lead to increased TT-TG distance; each should be evalu-
ated to determine the site of potential treatment [14, 15].
Tensho et al., compared the influence of trochlea medializa-
tion, tibial tubercle lateralization, and knee rotation, and
found that knee rotation is the most important factor influ-
encing TT-TG distance [16].

Tibial tubercle-posterior cruciate ligament (TT-PCL) dis-
tance was introduced as an adjunct measurement to evaluate
the TT position [15]. This parameter is assessed by measuring
the distance between the medial margin of the PCL and the
midpoint of the TT at the level of the patellar tendon attach-
ment (Fig. 3.3), normal values being less than 24 mm. As it is
referenced to the tibia, this parameter is independent of troch-
lear morphology and femoral rotation. Therefore, femoral
rotation abnormalities should be investigated in patients with
a TT-TG distance more than 20 mm and normal TT-PCL
distance.

The Q angle is also influenced by the rotational interaction
between the femur and tibia. Lateral rotation of the tibia in
relation to the femur moves the tibial tubercle (TT) laterally,
resulting in an increase in the Q angle [17 18]. Similarly,
increased femoral anteversion leads to internal rotation of
the distal femur, moving the patella medially, thereby, increas-
ing the Q angle [19, 20].

During normal gait, the knee joint axis rotates exter-
nally, in relation to the pelvis, during the swing phase, and
moves internally during the stance phase. The increment of
the femoral anteversion leads to an abnormal internally
rotated gait. While the body is moving forward, the knee
joint axis is pointing medially. This leads to an increased
internal rotation of the knee joint axis during stance phase,
causing excessive lateral forces on the patella. This exces-
sive lateralization increases tension on the MPFL and
pressure on the lateral side of the patellofemoral joint
while unloading the medial side. Hence, increased FA
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dTCL

FiGure 3.3 TT-PCL measurement. Proximal tibia (below the joint
and above the head of the fibula) and patellar tendon insertion
(most inferior slice in which the ligament could still be clearly iden-
tified) images are superimposed. The TT-PCL distance is the medio-
lateral distance between the medial border of the posterior cruciate
ligament (PCL) and the center of the insertion of the patellar ten-
don. Both lines are drawn perpendicular to a posterior tibial con-
dyles reference line (dTCL), tangential to the proximal tibia below
the joint and above the head of the fibula. (Copyright © 2012
American Orthopaedic Society for Sports Medicine. Reprinted from
Seitlinger et al. [15] with permission from SAGE publications)

results in abnormal lateral patellofemoral pressure and the
tendency for lateral subluxation.

Several techniques have been described to assess rota-
tional alignment of the inferior limb. Femoral, tibial, and knee
torsion can be assessed by overlapping axial cuts from the
femoral head, base of the femoral neck or lesser trochanter,
the knee joint (either tangent to the posterior condyles or
between the medial and lateral epicondyles), the proximal
tibia at the joint, and the ankle joint. Either CT or MRI stud-
ies can provide similar measurements. Femoral anteversion
can be measured by drawing a line from the center of the
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femoral neck to the femoral head and distally either along
the transepicondylar axis (mean value 74°) or the tangent of
the posterior femoral condyles (mean value 13.1°). These
values differ by about 6°, with a range of 11° of retroversion
to 22° of anteversion (Fig. 3.4) [21].

Numerous studies have highlighted the importance of
tibial torsion on patellar tracking [17,22]. There is no consen-
sus concerning the measurement techniques to determine
the tibial torsion. Thus, the lack of a standardized method to
measure tibial torsion is a major stumbling block to deter-
mining a pathologic threshold for this abnormality. Both
MRI and CT studies have been demonstrated as reliable
reproducible methods to assess tibial torsion [23, 24]. The
measurement is taken from two superimposed axial images:
one of the proximal tibial epiphysis right above the proximal
end of the fibula and the other tangent to the talar dome.
This is the angle between the line tangent to the posterior
tibial plateau rim and the bimalleolar axis as drawn through
the centers of the anteroposterior aspect of the lateral and
medial malleoli [24, 25].

FIGURE. 3.4 Femoral neck anteversion (FNA) measurement using
transepicondylar axis. (a) Orange line demonstrates femoral neck
axis, connecting the center of the femoral head and the center of the
femoral neck. (b) Yellow line shows transepicondylar axis, connect-
ing the medial and lateral epicondyles
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Biomechanical studies have shown the influence of both
tibial and femoral rotation on patellofemoral contact pres-
sure. Lee et al. demonstrated that increased external tibial
rotation resulted in a lateral shift of the patella, thus increas-
ing the pressure on the lateral facet [17]. A comparison of
patients with chronic patellofemoral symptoms and asymp-
tomatic controls showed that symptomatic patients presented
significant increased external tibial torsion compared to
controls [22]. Moreover, a biomechanical study analyzing PF
contact pressures demonstrated that if a torsional and an
angular deformity coexist, the rotatory component causes
greater PF changes [26]. Takai et al. have evaluated femoral
and tibial torsion in patients with unicompartmental PF
arthrosis and demonstrated the high correlation between PF
arthrosis and increased femoral anteversion (23° of femoral
anteversion in the PF OA group versus 9° of anteversion in
the control group) [27]. Similarly, Lerat has found an increased
risk for patellar chondropathy in patients with increased
internal femoral torsion [28].

Patellar tilt and subluxation are additional factors that
indicate PF malalignment and have been associated with
deterioration of PF cartilage laterally. Patellar position can be
easily assessed using axial radiographs or axial images from
MRI or CT; however, the source of this incongruence is mul-
tifactorial and requires a deeper evaluation. In addition to the
rotational deviation described earlier, a laxity or weakness of
medial soft tissue restraints, such as the MPFL and vastus
medialis, and/or a lateral tethering lead to an overload of the
lateral facet. In this case, physical evaluation demonstrates a
decrease in medial-lateral patellar translation.

Sagittal Alignment

The position of the patella in the sagittal axis is an additional
factor influencing patellofemoral tracking. Essentially, patella
alta or infera must be evaluated using an identified index. The
main indexes currently used in the literature are Insall-Salvati,
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Caton-Deschamps, and Blackburne-Peel. All imaging tech-
niques (lateral view radiographs, MRI, and CT) have demon-
strated reliable and reproducible methods for measurement and
can be interchangeable when assessing patellar height [29]. Mehl
et al., in a case control study comparing patients with cartilage
defects and normal controls, found that 67% of patients with a
chondral lesion showed a pathologic Insall-Salvati index of >1.2,
while this ratio was only 25.6% of the control group [30].
Additionally, an observational study of patients with osteoar-
thritis showed a significant association between patellar align-
ment and cartilage loss in both lateral and medial sides [31].

Patellofemoral Geometry

In addition to patellofemoral alignment, but no less signifi-
cant, the contour of the trochlea and the patella is an impor-
tant contributor to the patellofemoral contact force and
consequently a risk factor for patellofemoral cartilage lesions.
The geometry of the trochlea has been recognized as a risk
factor for the development of cartilage lesions of the PF joint.
Several studies have correlated patellofemoral cartilage loss
with flat or shallow trochlea [31-33]. Historically, trochlea
morphology was mainly assessed using axial radiography or
CT using bone landmarks. However, bone reference may not
reproduce the articular cartilage surface, and investigation
with MRI is advisable [34].

Summary

In conclusion, identification and correction of underlying
abnormal patellofemoral alignment is crucial for successful
cartilage repair in the patellofemoral joint. Patients with full-
thickness cartilage defects of the patella frequently demon-
strate a high number of co-pathologies in association.
Therefore, these pathologies must be identified accurately
and considered carefully when planning surgical treatment of
patellofemoral cartilage defects.
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Chapter 4

The Role of Synovium
and Synovial Fluid
in Joint Hemostasis

Michael L. Redondo, David R. Christian,
and Adam B. Yanke

Synovium and Synovial Fluid
Synovium

All diarthrodial joints are lined by synovium which is a spe-
cialized connective tissue that plays a significant role in main-
taining the intra-articular environment. The synovium is
made up of two distinct layers: the outer layer called the
subintima and the inner layer called the intima. The subin-
tima is thicker (up to 5 mm), denser, and less cellular
consisting of fibrous connective tissue, adipose tissue, and
areolar connective tissue. The intima lines the joint cavity
and consists of synoviocytes with a thickness between one
and four cells [1]. Synoviocytes have been categorized into
types A and B which are derived from macrophages and
fibroblasts, respectively. Typically, the intima has a superficial
layer of type A synoviocytes with type B synoviocytes directly
below. In normal, healthy synovium type A cells are the
minority, while type B synoviocytes predominate [2].
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The function of normal synovium is to maintain homeosta-
sis within the intra-articular environment, and it achieves this
through maintenance of the synovial surface, lubrication of
the articular surface, and maintenance of synovial fluid [2].
Maintenance of the synovial surface is important to ensure
that it remains non-adherent to the joint components and is
believed to be achieved through production of hyaluronate
and lubricin by the type B synoviocytes [2]. Lubrication of
the articular surface achieved through the synthesis of glyco-
proteins, specifically lubricin, by the synoviocytes which local-
izes to both the superficial articular surface and synovial
intima creating a low-friction environment within the joint.
The synovium also functions as a selective membrane to
maintain the components and volume of synovial fluid, which
provides nutrients to chondrocytes in the avascular extracel-
lular matrix. The production of hyaluronate increases the
viscosity of the synovial fluid creating additional cushioning
between articular surfaces [2]. When healthy, the synovium
selectively allows smaller molecules such as electrolytes and
cytokines to diffuse between the synovial fluid and underly-
ing vasculature, but inhibits transport of larger glycoproteins
such as hyaluronate [2, 3].

Synovial Fluid

As previously mentioned, synovial fluid functions as a pool of
nutrients and regulatory cytokines as well as a biological
lubricant. Synovial fluid function is integral to the progres-
sion of OA, and diminished synovial fluid quality has been
correlated to the progression of OA in humans [4]. A primary
lubricant molecule in synovial fluid is hyaluronic acid (HA),
a large polymer of repeating disaccharides of N-acetyl-
glucosamine and glucuronic acid connected by f-linkages [5].
The friction-lowering properties of HA are dependent on its
concentration and molecular mass. Lower molecular weight
HA diminishes synovial fluid’s viscoelastic properties [4]. As
OA progresses, the concentration of HA shifts toward its
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lower molecular weight equivalent, reducing the mechanical
protection imparted by synovial fluid [4]. Though the average
native molecular weight of HA is 3-4 million Da, HA injec-
tion preparations currently exist for both low and high
molecular weight HA (0.5-7 million Da) [6].

Intra-articular HA injections have been used for many
years as a treatment for OA and are believed to reduce symp-
toms of OA through anti-inflammatory and chondroprotec-
tive mechanisms [4]. Currently, experts suggest that higher
molecular weight HA is more effective at inducing these
mechanisms than lower molecular weight HA. Higher molec-
ular weight HA more effectively binds to cluster of differen-
tiation 44 (CD44) and inhibits the expression of interleukin
(IL)-1p, consequently reducing the synthesis of catabolic
enzymatic known to aid in the destruction of articular carti-
lage [4, 5]. The HA-CD44 binding pathway additionally aug-
ments chondroprotection through decreased apoptosis of
chondrocytes, slowing degeneration and preserving the
matrix. Furthermore, several studies have observed an anti-
inflammatory effect from HA injections through decreased
synthesis of IL-8, IL-6, prostaglandin-E, (PGE,), and tumor
necrosis factor-alpha (TNFa), in addition to the decrease in
IL-1p [4,5].

The synovium and synovial fluid are altered in the setting
of osteoarthritis. Cartilage debris activates an inflammatory
cascade inducing hyperplasia, increased vascularization, and
increased migration of immune cells, specifically macro-
phages and T cells, within the synovium [1-3, 7-9]. As this
occurs, the permeability of the synovium changes, resulting in
decreased synovial fluid concentrations of both hyaluronate
and lubricin, which correlates with increased concentrations of
hyaluronate in the serum of patients with osteoarthritis [3, 10].
Additionally, the synovium becomes pro-inflammatory as the
new influx of immune cells release inflammatory mediators
into the joint space. Chondrocytes then become activated to
produce matrix metalloproteinases that degrade the cartilage.
This in turn increases the concentration of cartilage debris,
which propagates the inflammatory cycle [1].
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The intra-articular environment is similarly impacted in the
setting of hemarthrosis [11]. When blood enters the joint, the
iron present catalyzes the formation of reactive oxygen spe-
cies that damage the cartilage and stimulate chondrocyte
apoptosis [12]. Simultaneously, red blood cells are broken
down releasing hemosiderin which accumulates in the
synovium inducing synovial hyperplasia and increased vascu-
larization. Macrophages and other immune cells migrate into
the synovium and produce of pro-inflammatory cytokines
which further inhibit the function of chondrocytes leading to
damage of the articular cartilage [12]. While this process may
not always manifest clinically in a patient with single, acute
hemarthrosis, this mechanism is well documented in the basic
science literature. Additionally, this is observed in patients
with hemophilia who experience repeated hemarthrosis and
develop severe joint pathology called hemophilic arthropathy
[12]. The clinical effects of acute trauma and likely hemarthro-
sis, however, may be observed in the literature describing
anterior cruciate ligament (ACL) rupture and the develop-
ment of post-traumatic osteoarthritis (PTOA). It has been
observed that there is an increase in the prevalence of osteo-
arthritis in patients who have experienced an ACL rupture,
and increased time from rupture to surgical intervention has
been identified as a risk factor for development of post-
traumatic osteoarthritis [13]. This data suggests that episodes
of trauma may have lasting effects on the intra-articular envi-
ronment and acute intervention such as aspiration and possi-
ble injection may be important in preventing the development
of future osteoarthritis. As previously mentioned, a single or
repetitive hemarthrosis can lead to devastating cartilage,
synovium, and bone damage and may contribute to PTOA
[12, 14-16]. Several methods to prevent blood-induced carti-
lage damage have been proposed. Post-traumatic knee hemar-
throsis aspiration has been recently proposed as a method
disrupting the inflammatory cascade and blood-driven chon-
drocyte death [17, 18]. Recently, joint lavage and viscosupple-
mentation have been reported to improve knee function and
stability in patients with blood-derived hemophilic arthropa-
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thy [17]. Arthrocentesis or lavage is a promising technique and
warrants further investigation.

Synovial Biomarkers

Many of the items present in the synovial fluid can function
as biomarkers of overall joint health. These biomarkers can
include inflammatory cytokines, metalloproteinases, prote-
ases, and degradation products of cartilage [19-21].
Biomarkers isolated from the blood, urine, or synovial fluid
of patients can be helpful in elucidating normal processes,
pathology, or responses to therapeutic intervention. In the
field of orthopedics, the integration of biomarkers into the
diagnostic workup and treatment decision-making process is
being explored for a variety of pathologies, especially osteo-
arthritis and focal cartilage lesions [19, 21]. Despite the
advancements in preoperative imaging and diagnosis tech-
niques, preoperative MRI only has a sensitivity of 45% for
the identification of chondral lesions in the knee [22]. Studies
have reported associations between protein biomarkers and
preoperative radiographic findings, MRI, and preoperative
pain [23-25]. Additionally, serum biomarkers such IL-1Ra
have recently been suggested to predict radiographic progres-
sion of knee OA [26]. Thus, further investigation of several
protein biomarkers may be helpful tools for identification
and qualification cartilage damage preoperatively.

Cytokine biomarkers have been largely investigated due
to their known involvement in the inflammatory cascade [1].
Of the pro-inflammatory cytokines involved in the cartilage
degeneration cascade, IL-6 and IL-1 have been extensively
described. Increased concentrations of IL-1 and IL-6 have
been established in the synovial fluid, synovial membrane,
cartilage, and subchondral bone of osteoarthritis patient [1].
Also, these cytokines have synergistic effects on inflamma-
tory cascades that increase inflammation and cartilage degra-
dation [1, 23]. IL-6 has a well-profiled role in the production
of acute-phase reactants and is integral to the induction and
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maintenance of chronic inflammation [27]. Also, authors have
hypothesized IL-6 may have a major role in persistently pain-
ful joints due to its ability to sensitize C pain fibers innervat-
ing the knee joint [28, 29]. Strauss et al. [23] examined
synovial fluid samples from 81 patients undergoing knee
arthroscopy in order to correlate the contents with cartilage
pathology and outcomes. In this study, the authors reported
that IL-6 concentration was among the strongest predictors
of more severe cartilage lesions and was correlated with
worse outcomes on preoperative Visual Analog Scale,
Lysholm, and Knee injury and Osteoarthritis Outcome
Score — physical function — as well as continued pain at final
follow-up [23].

The role of IL-1 in the progression of OA has been exten-
sively studied, especially pertaining to its role in post-
traumatic OA [1]. Several authors have identified IL-1 an
integral mediator of acute inflammation after joint trauma
[25, 26, 30, 31]. Intra-articular IL-1 concentrations increase
after cartilage trauma and correlate to the severity of carti-
lage degradation via the promotion of extracellular matrix
metalloproteases [1]. In a study by Attur et al. [25], synovial
fluid analysis revealed that smaller concentrations of IL-1B
in the synovial fluid of patients with preexisting OA were
associated with decreased risk of radiologic severity, greater
joint space width, and lower IL-6 and IL-10 concentrations.

Acute Intervention Following Traumatic Knee
Injury

As the loss of normal articular hyaline cartilage is irrevers-
ible, timely intervention to disrupt cartilage degradation
pathways is imperative. Kraus et al. characterized the initial
cartilage degradation pathway as an initial wave of proteogly-
can loss followed by subsequent collagen loss within the first
month after injury acute ACL injury [32]. Several experts
advocate the need for early intervention after acute knee
trauma to disrupt the synovial fluid or synovium inflamma-
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tory cascade [1,32,33]. IL-1 is a frequent target to modify the
environment of the post-traumatic knee and attempt to pre-
vent PTOA. IL-1 receptor antagonist (IL-1Ra) inhibits IL-1
function by binding competitively to the IL-1 receptor [26, 30,
34]. In the mouse model, intra-articular injection of IL-1Ra
resulted inhibition of IL-1 levels, significantly reduced carti-
lage degeneration, and synovial inflammation following
articular fracture [34]. In a recent randomized pilot, 11
patients with acute ACL injury were administered intra-
articular IL-1Ra or saline injection 2 weeks after injury [32].
The IL-1Ra injection groups displayed less knee pain and
improved function as well as reduced IL-1a concentrations, a
pro-inflammatory cytokine known to lead to cartilage degen-
eration. Other intra-articular early interventions have also
been described. In a recent randomized controlled trial,
Lattermann et al. [33] compared no intervention after acute
ACL rupture to the use of corticosteroid injections (CSI) in
an attempt to disrupt the progressive inflammatory cascade.
In the control group, these authors identified that cartilage
degeneration biomarkers consistently increase during the
5 weeks after ACL injury, highlighting the early degenerative
process and its rapid progression. The administration of intra-
articular CSI within the first several days after the ACL rup-
ture resulted in smaller levels of chondrodegenerative
biomarkers, such as CTX-II, in the synovial fluid. The afore-
mentioned literature suggests that CSI and other intra-artic-
ular therapies may be valuable tools for prevention of PTOA.

Conclusion

Synovium and synovial fluid have a large impact of homeo-
stasis of joints. As the primary source of nutrients for chon-
drocytes, the biologic milieu contained within the synovial
fluid can have long-lasting effects on overall joint health.
Further understanding the complex interaction of cartilage,
bone, synovial fluid, and the synovium will help clinicians
approach the knee as an organ and not tissues functioning in
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isolation. As more knowledge is elucidated on the impor-
tance of joint microenvironment, future work on early inter-
ventions or screening may be pivotal in prevention of PTOA
and improving clinical outcomes.
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Defining Failure
in Articular Cartilage
Surgery

Drew A. Lansdown, Kevin C. Wang, and Brian J. Cole

Introduction

Injury to the articular cartilage remains a difficult problem
for patients and a challenging condition for orthopedic sur-
geons. Chondral lesions are commonly encountered in knee
arthroscopy, with full-thickness lesions noted in more than
60% of knee arthroscopies [1, 2]. Additionally, osteoarthritis
is one of the leading causes of worldwide disability, and the
utilization of total knee arthroplasty continues to rise to
attempt to address this condition.

Multiple treatment options are available to address articu-
lar cartilage lesions, and there has been great progress in
developing novel cartilage restoration techniques.
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Microfracture remains an option for initial treatment for
many lesions and is frequently used as a comparative therapy
in clinical trials [3, 4]. This procedure involves penetrating the
subchondral bone to stimulate a healing response with fibro-
cartilage. In 1994, Brittberg et al. published and popularized
autologous chondrocyte implantation [S]. This technology
utilizes a patient’s native chondrocytes expanded in culture
and then reimplanted to restore hyaline cartilage to an
injured area. Novel matrix-associated autologous chondro-
cyte implantation (MACI) techniques have been introduced
recently in an attempt to improve upon the results of ACI [6].
Osteochondral autograft transfer (OATS) and osteochondral
allograft implantation are further treatment options that
allow for the restoration of both the bone and cartilage at the
site of a defect [7 8]. Numerous other novel therapeutics
including surface allograft transplantation are early in the
clinical adoption cycle or in development to address symp-
tomatic chondral injuries.

Successful and sustained treatment of symptomatic chon-
dral lesions, however, remains elusive in many cases. As new
therapeutic options are introduced, it becomes even more
important to have consistent and clear goals for treating car-
tilage injuries and to understand what outcome tools are
available to determine which treatments will lead to excellent
long-term outcomes. Additionally, the current level of evi-
dence of the majority of the cartilage repair literature is lim-
ited at best [9]. The purpose of this chapter is to review
current standards for defining treatment failure and explore
methods that will be used in future studies to determine suc-
cess and failure of cartilage restoration procedures.

Objective Endpoints

Clinical Definitions of Failure

Survival analysis is frequently used to evaluate cartilage res-
toration procedures with conversion to total knee arthro-
plasty or reoperation utilized as the endpoint in disease
treatment. Sterett et al. reported 91% survival of microfrac-
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ture and high tibial osteotomy at a mean follow-up of 7 years [10].
While conversion to TKA is easy to measure and objective,
this may not capture all patients who are unsatisfied, symp-
tomatic, or persistently limited in function after cartilage
restoration procedures. Bae et al. followed a cohort of 134
knees following microfracture of symptomatic chondral
lesions and defined failure as conversion to TKA or pain
scores worse than the preoperative value or less than 60. With
this more stringent definition of failure, success of microfrac-
ture was 88.8% at 5 years, 679% at 10 years, and 45.6% at
12 years after surgery [11].

Pestka et al. evaluated patients treated with ACI and com-
pared patients with and without a prior history of microfrac-
ture. Failure in this study was defined as reoperation of any
kind, with patients who had a prior microfracture having a
significantly higher failure rate (25% vs 3.6%; p = 0.024).
Patient satisfaction levels, however, showed no difference
between these groups, with 25.9% of patients with prior
microfracture reporting unsatisfactory results compared to
28.6% of patients without a history of prior microfracture
[12]. Reoperation is an important outcome after cartilage
restoration, but it is imperative to incorporate other variables
to capture patient satisfaction, symptoms, and function.
Additionally, understanding patient goals and expectations is
necessary in interpreting conversion to TKA as a measure of
failure as some patients may be satisfied with a procedure
that bridges them to replacement, while others have goals of
longer-term joint preservation with a desire for more com-
plete symptom relief.

Histologic Evaluation of Cartilage Repair

Histologic assessment of cartilage repair can determine if
repair tissue has similar biochemical and structural composi-
tion to native cartilage. An ideal repair technique would
reproduce the complex architecture of articular cartilage,
including the appropriate levels of collagen, water, and glycos-
aminoglycans, as well as the interaction between the cartilage
and subchondral bone. Animal studies are often used to test
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possible cartilage restoration procedures with a major advan-
tage being the ability to perform histologic analysis on carti-
lage repair tissue. A biopsy during second-look arthroscopy
may also be used in clinical studies; however this is an invasive
procedure and may even damage the area of cartilage repair.
The International Cartilage Repair Society (ICRS) has also
provided recommendations on specific variables to control
when performing histologic analysis of cartilage repair tissue
[13]. These variables include the location of the biopsy sample,
timing of recovery, processing methodology, staining method,
and blind comparison to a control group.

After obtaining a cartilage sample in either a preclinical
model or from arthroscopic biopsy, different stains are avail-
able to differentiate the types of tissue present at the repair
site. Hematoxylin and eosin (H&E) staining is commonly
used, with dark pink staining representing mineralized colla-
gen and light pink staining signifying fibrous tissue [14].
Safranin O staining is used to determine the presence of pro-
teoglycans [15]. Tissue stained with toluidine blue shows col-
lagen matrix as blue and glycosaminoglycans as purple [16].

The stained samples are then evaluated with various scoring
systems, including the Pineda system, O’Driscoll system, and
ICRS-1 and ICRS-2 systems. The Pineda system rates four
features, including defect fill, osteochondral junction integrity,
matrix stain, and morphology of the cells [17]. The O’Driscoll
system includes a rating of the tissue surface on regularity and
integrity, thickness, integration with surrounding tissue, cellu-
larity and cell clustering, and degenerative changes in sur-
rounding tissue [18]. The ICRS rating systems include
evaluation of the tissue surface, matrix, cellularity, cell viability,
subchondral bone, and mineralization. For ICRS-1, the compo-
nents are rated from 0 to 3, while ICRS-2 uses a continuous
VAS rating from 0 to 100 [19, 20]. The use of these scoring
systems in both animal and human cartilage trials allows for a
consistent reporting of outcomes and evaluation of parameters
linked to successful and sustained clinical results.

Macroscopic scoring systems have been developed to
evaluate the gross appearance of cartilage restoration proce-
dures at the time of second-look arthroscopy. One scale is the
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ICRS score. This score ranges from 0 to 12 and includes three
categories rated as 0—4: amount of defect fill, integration with
adjacent cartilage, and macroscopic appearance of the repair
tissue [21]. A second score is the Oswestry Arthroscopy
Score, which is scored from 0 to 10. Components of this score
include graft fill, integration with adjacent cartilage, surface
appearance, graft color, and stiffness of repair tissue [22]. Van
den Borne et al. reviewed the reproducibility and validity of
both measurements and found both scoring systems to be
reproducible methods for evaluating cartilage restoration
procedures [23].

While histologic and macroscopic appearance of cartilage
repair tissue would intuitively predict clinical outcomes,
defining failure based on these measures alone is insufficient.
For instance, Knutsen et al. compared microfracture and ACI
in a randomized trial and found no correlation between his-
tologic appearance of repair tissue from a biopsy at 2 years
after surgery and clinical outcomes or failure (23% in both
groups), defined in this study as reoperation for a symptom-
atic defect before the final follow-up of 5 years [24]. In com-
paring microfracture and ACI, Saris et al. reported better
histologic appearance of ACI at 1 year postoperative [25],
though in a follow-up report on the same cohort, Vanlauwe
et al. showed no difference between clinical outcomes
between the groups at 5 years after surgery [26]. Finally,
Gudas et al. reported on the ICRS macroscopic score at
second-look arthroscopy in a randomized controlled trial
comparing OATS and microfracture [27]. There was no dif-
ference in the clinical outcomes for groups with low-grade or
high-grade ICRS scores. Future research will define which
histologic and macroscopic properties are able to predict suc-
cess and failure after cartilage repair procedures.

Subjective Outcomes
Patient-reported outcomes are an attractive metric to use

when defining procedure-specific success and failure. These
scores are collected in the form of survey questions and can
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be obtained at both scheduled follow-up visit and remotely
through electronic- or telephone-based surveys. General
health-related quality of life scores, such as the Short Form
(SF)-36, are often collected to follow patients after cartilage
restoration procedures, in addition to joint-specific scores and
activity ratings. Patient-reported outcome measures help
focus the definition of success and failure on the patient’s
perceived benefit from any intervention.

Joint-specific scores evaluate the symptoms, function, and
level of disability and may better isolate the effects of a chon-
dral injury and its treatment. The International Knee
Documentation Committee (IKDC) Subjective Knee Form is
a joint-specific outcome tool used to evaluate symptoms and
function in the setting of knee ligament, meniscus, and chon-
dral injury [28]. The IKDC score ranges from 0 to 100, with
higher scores reflecting better knee function. The Knee
Injury and Osteoarthritis Outcome Score (KOOS) is a sec-
ond knee-specific score that is validated in measuring knee
symptoms and function for osteoarthritis, meniscal injuries,
and ligamentous injuries. The KOOS encompasses five sub-
scores, including scores for activities of daily living, sports and
recreation function, pain, symptoms, and knee-related quality
of life. This score is also reported from 0 to 100, with higher
scores reflecting better outcomes and function.

The Lysholm score was originally described to measure
functional outcomes after knee ligament injury and has been
validated to monitor cartilage repair procedures, as well [29,
30]. In a meta-analysis of cartilage repair studies that included
the results of 61 studies and 3987 operations, the Lysholm
score was the most frequently reported clinical outcome
score [9]. This score may be monitored prior to and after
treatment, and a Lysholm score <64 has been described as a
marker of clinical failure [31]. The WOMAC (Western
Ontario and McMaster Universities Osteoarthritis Index)
also measures function and symptoms as a result of knee
conditions [32]. This survey has been tested most in the set-
ting of osteoarthritis though it was shown to have similar
responsiveness as the IKDC Subjective Knee Form in a
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group of chondral injury patients [33]. Other scores, such as
the HSS and Cincinnati scores, are also utilized to monitor
the response to treatment of articular cartilage injuries.

These various survey instruments show different responses
in patients after cartilage restoration procedures. Ebert et al.
compared responses to the KOOS, SF-36, Tegner, and
Lysholm outcome measures 5 years after matrix-induced
autologous chondrocyte transplantation [34]. The KOOS
sports and quality of life sub-scores were the most responsive
scores that showed the best correlation with a patient satis-
faction. The Tegner score and SF-36 had the lowest respon-
siveness in this patient cohort. Hambly and Griva compared
the KOOS and IKDC in patients with a history of knee
articular cartilage repair surgery [35]. The IKDC Subjective
Knee Form was found to perform better than the KOOS in
this heterogeneous patient population. In general, the IKDC
Subjective Knee Form should be recorded and reported in
clinical trials on the treatment of articular cartilage injuries.

In addition to measuring patient symptoms and function,
defining patient activity levels is also important when inter-
preting results from cartilage-resurfacing studies. Multiple
activity scales are used, including the Tegner activity score
and Marx activity rating scale. The Tegner activity score is a
0-10 scale that asks patients to rate their level of function,
ranging from disability due to a knee condition to competing
in elite-level sports. The Marx activity rating scale has four
domains and asks patients to rate their ability to participate
in running, cutting, pivoting, and decelerating. The use of
activity ratings, both before and after cartilage restoration
procedures, can reflect how successful a procedure is at
restoring patients to a desired level of function.

For athletes, return to play and return to prior perfor-
mance rates may provide even more guidance regarding the
optimal treatment. Krych et al. performed a meta-analysis to
evaluate return to play rates for various cartilage procedures.
In this evaluation of 44 studies, osteochondral autograft
transfer (OATS) showed the highest rate of return at 92%,
while microfracture had the lowest rate at 58%. The rate for
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ACI was 82% and for osteochondral allograft was 88%.
Additionally, OATS patients returned the quickest following
the procedure, at a mean of 5.2 months, as compared to
9.1 months for microfracture, 9.6 months for osteochondral
allografts, and 11.8 months for ACI. The overall return to
sport rate in this study including 2549 patients was 76%.
When treating an athletic patient, the definition of failure
may become even more stringent with return to play as the
primary criterion. Related to that endpoint is the fact that
many athletes withdraw from sports for a variety of reasons
unrelated to their clinical outcome and true return to play
frequency may be underestimated.

Imaging-Based Endpoints

Imaging modalities can allow for a noninvasive and objective
assessment after cartilage repair procedures. Magnetic reso-
nance imaging (MRI) is commonly used in clinical trials to
provide an in vivo assessment after cartilage procedures. This
imaging modality is attractive as there is no ionizing radiation
used and there is excellent soft tissue contrast. Additionally,
multiple quantitative imaging techniques have been devel-
oped and applied specifically to cartilage to evaluate the bio-
chemistry and microscopic structure of repair tissue.

First, MR images may be evaluated in a semiquantitative
method. One such scoring system commonly utilized is the
magnetic resonance observation of cartilage repair tissue
(MOCART) system. This scoring system has excellent interob-
server agreement and includes evaluation of defect fill, inte-
gration with surrounding tissue, surface integrity, signal
intensity, subchondral bone status, the presence of adhesions,
and degree of synovitis [36]. Studies have demonstrated cor-
relations of the MOCART score with a VAS pain score [37,
38], with the KOOS [38, 39], and with IKDC scores. However
a recent systematic review found inconsistent relationships of
MOCART with clinical outcomes, perhaps because of the
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multiple components of the scoring system [40]. For instance,
defect fill alone has been shown to be correlated with clinical
outcomes after microfracture [41, 42].

Multiple quantitative imaging sequences offer the ability
to probe the biochemical and structural makeup of tissue.
First, delayed gadolinium-enhanced magnetic resonance
imaging of cartilage (dAGEMRIC) utilizes intravenous gado-
linium contrast material to measure the proteoglycan content
in the cartilage. A preinjection scan is completed, followed by
the administration of contrast material, a period of exercise,
and a re-scan of the affected joint. Due to the negative charge
of gadolinium, the results of this scan give a direct measure-
ment of proteoglycan content. The dGEMRIC relaxation
rate has been correlated with IKDC, Lysholm, and KOOS
scores after treatment of chondral lesions with osteochondral
allograft and ACI [43, 44].

Multiparametric MR sequences, such as Tlrho and T2
mapping, can also provide detailed information on the bio-
chemical composition of the cartilage without exogenous
contrast. The Tlrho relaxation time is proportional to the
proteoglycan content in the tissue and has been used to moni-
tor changes in the composition of cartilage repair tissue [45,
46]. T2 mapping provides information on the collagen struc-
ture of cartilage and repair tissue [45]. There have been vari-
able reports on whether T2 mapping values are correlated
with subjective outcome scores after different cartilage repair
surgeries [43, 44, 47, 48].

While the relationships between imaging parameters and
clinical outcomes are not fully defined, there is great poten-
tial for these studies to serve as objective, noninvasive bio-
markers for success and failure after cartilage repair
procedures. Characterizing the macroscopic and microscopic
properties of repair tissue through MRI can provide an alter-
native to second-look arthroscopy and biopsy. These imaging
techniques offer the possibility for an earlier definition of the
likelihood success or failure of new repair procedures before
the deterioration of clinical function.
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Conclusions

Defining success and failure is a complex question with
regard to outcomes after cartilage restoration surgery. Failure
may be variably defined as subsequent surgery, progression to
arthroplasty, lack of improvement in outcome measures, lack
of hyaline-like repair tissue, or poor appearance on imaging
studies. When designing and reporting on clinical trials for
cartilage injuries, multiple definitions of failure should be
included. Early endpoints should encompass factors such as
imaging parameters that may be predictive of long-term func-
tion, while longer-term studies may focus more on reopera-
tion rates, ability to meet predefined outcome score thresholds,
and conversion to arthroplasty surgery. All trials should
incorporate patient-reported outcome measures, activity
measures, and satisfaction scores to gauge whether patient-
defined goals are met with specific procedures. Once this
information is widely available, surgeons can better counsel
and provide guidance on success and failure rates based on
specific patient goals.
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Clinical Case Presentation

Clinical History

A 2l-year-old male presents 18 months after a noncontact,
twisting injury of the right knee. He has no prior history of
knee injury and no symptoms prior to this event. At the time
of injury, he had difficulty bearing weight and developed sig-
nificant swelling within 24 h of the event. He never received
a formal evaluation, but complained of inability to return to
sport and high-level exercise several months after the injury.
He denies experiencing any obvious instability events since
the time of injury, but reports a severe lack of confidence in
his injured knee. He had complaints of anterior knee pain
with stairs and some occasional swelling, but no primary pain
symptoms.
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Physical Exam

The patient is 6 feet and 0 inches tall, weighs 174 pounds, and
walks with a non-antalgic gait. There is no coronal plane
abnormality when walking or standing. His range of motion is
from —5° to 135° in his right knee, which is equal to his unin-
jured left knee. At the time of exam, he has a Grade I effusion
and no medial or lateral joint line tenderness. Ligamentous
examination reveals a 2B Lachman, negative posterior drawer,
negative varus and valgus stress tests, and normal dial test.

Radiographs and Imaging

Radiographs of the right knee were obtained showing no
fracture or dislocation as well as preserved joint space with-
out evidence of tibiofemoral arthritis (Fig. 6.1). Review of

U

FIGURE 6.1 Preoperative radiographs. (a) Standing weight-bearing
anteroposterior radiograph showing no fracture or dislocation, pre-
served joint space, and no evidence of tibiofemoral arthritis in either
the right or left knee. (b) Lateral radiograph of the right knee show-
ing no fracture, dislocation, or bone pathology
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his right knee magnetic resonance imaging (MRI) demon-
strates a complete rupture of the ACL with an intact poste-
rior cruciate ligament (PCL), medial collateral ligament
(MCL), and lateral collateral ligament (LCL). The patello-
femoral and lateral compartments appear normal. There is a
posterior medial meniscus tear that appears chronic in
nature. There is a focal, full-thickness chondral defect of the
posterior medial femoral condyle with underlying subchon-
dral edema (Fig. 6.2).

Management

After the discussion of the risks and benefits, the patient is
elected to proceed with an arthroscopically assisted ACL
reconstruction utilizing a bone-patellar tendon-bone autograft.
Diagnostic arthroscopy at that time revealed a small, degen-
erative central lateral meniscal tear, a chronic posterior medial
meniscal tear, and a 20 mm x 15 mm International Cartilage

FIGURE 6.2 Preoperative magnetic resonance imaging. (a) Sagittal
T2-weighted MRI image of the medial compartment in the patient’s
right knee depicting a full-thickness focal chondral defect of the
posterior medial femoral condyle. (b) Coronal T2-weighted MRI
image of the posterior aspect of the patient’s knee showing a pre-
served lateral compartment and a full-thickness focal chondral
defect of the posterior medial femoral condyle with subchondral
edema



88 D. R. Christian et al.

Restoration Society (ICRS) Grade III focal chondral defect of
the medial femoral condyle (Fig. 6.3).

The lateral meniscal tear was mildly debrided with a
shaver, and a medial meniscectomy was performed to treat
the chronic medial meniscal tear. The medial femoral condyle
defect was gently debrided to a stable base using a shaver to
remove loose cartilage fragments. The decision was made to
refrain from performing a formal cartilage restoration proce-
dure at that time.

Literature Review and Discussion

Chondral defects of the knee are common within the general
population, with one series reporting an incidence of 63% in
patients undergoing arthroscopy [1]. The weight-bearing aspect
of the medial femoral condyle has been identified as the most
common location for such defects, although they are also often
observed on the lateral femoral condyle and within the patel-
lofemoral compartment [1]. Cartilage lesions frequently cause
symptoms, including localized pain, swelling, and functional

FIGURE 6.3 Surgical images. (a) Intraoperative arthroscopic image
showing debridement of the ruptured ACL while protecting the
PCL. (b) Intraoperative arthroscopic image showing the focal chon-
dral defect of the posterior medial femoral condyle measuring
15 mm x 20 mm
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disability, yet many defects remain asymptomatic and are only
identified on advanced imaging or during arthroscopy while
investigating the concurrent pathology. The association of
symptomatic chondral defects with coronal malalignment,
meniscus deficiency, or subchondral bone disease is often iden-
tifiable from a patient’s history or imaging findings. Far less is
understood, however, about the natural history of asymptom-
atic, incidental lesions that exist in the knee.

Whether symptomatic or asymptomatic, the decision-
making process when treating any chondral defect is multi-
factorial and must take into consideration the defect’s
characteristics, such as the depth, size, location, and involve-
ment of subchondral bone, in addition to patient-specific fac-
tors, which include varus or valgus malalignment, prior
cartilage procedures, and concomitant meniscal or ligamen-
tous pathology [2]. Depending on these factors, cartilage
defects themselves may be successfully treated using a variety
of methods ranging from a simple chondroplasty to more
invasive cartilage restoration methods, including marrow
stimulation, osteochondral grafting, and cell-based treat-
ments. Symptomatic lesions are unlikely to improve without
appropriate intervention, but when asymptomatic lesions are
discovered, it is critical to weigh the risks and benefits of each
treatment option.

While the outcomes of various cartilage restoration proce-
dures for the treatment of symptomatic cartilage lesions have
been reported [3-6], few studies have reported on the out-
comes of asymptomatic lesions that are left untreated at the
time of surgery. Shelbourne and colleagues investigated
whether the presence of an untreated articular cartilage
defect at the time of an ACL reconstruction would have
impacted the outcome [7]. The authors compared the results
of 125 ACL reconstruction patients with asymptomatic chon-
dral defects treated with debridement to a control group of
patients undergoing ACL with intact cartilage. While the final
follow-up data was only available for approximately 20% of
patients, they found that patients with intact cartilage had a
significantly higher modified Noyes score (95.3 vs. 94.0) but
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demonstrated no difference in radiographic knee findings.
Additionally, at least 79% of patients in both groups were
able to return to sport. Despite the low follow-up percentage
seen in this study, the results suggest that the presence of an
asymptomatic chondral defect does not significantly impact
the outcome of patients undergoing ACL reconstruction [7].

Similarly, Widuchowski and colleagues compared patients
with untreated, asymptomatic Grade I1I and Grade IV chon-
dral defects undergoing ACL reconstruction to patients with
intact cartilage undergoing ACL reconstruction [8]. At
15-year follow-up, they reported that there was no difference
between the defect and control group with the International
Knee Documentation Committee (IKDC), Lysholm, and
Tegner scores. Additionally, there was no difference in tibial
anterior translation or reoperation rates between the two
groups [8]. In agreement with the study by Shelbourne and
colleagues, this study further supports that invasive cartilage
restoration techniques should not be used to treat incidental
chondral defects.

Chondroplasty has also been shown to provide relief in
patients with symptomatic chondral defects. Hubbard com-
pared the outcomes of patients with symptomatic defects of
the medial femoral condyle who received either an
arthroscopic debridement or washout and found that 80% of
patients receiving a chondroplasty were pain-free at l-year
follow-up, compared to only 14% of patients in the washout
group [9]. Additionally, Scillia et al. reported that 67% of
National Football League players were able to return to play
after arthroscopic chondroplasty, while those who also
underwent a microfracture were 4.4 times less likely to return
to play [10]. Messner and Maletius reported the long-term
outcomes of 28 athletes with high-grade chondral damage in
the weight-bearing aspect of the knee treated with arthroscopic
chondroplasty [11]. Only 5 patients required further surgical
intervention, and 21 patients were able return to their presur-
gical activity level [11]. More recently, Anderson et al.
reported on a group of patients undergoing chondroplasty for
symptomatic chondral defects in the absence of concurrent
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pathology [12]. Their cohort experienced symptomatic
improvement at a mean follow-up of 31.5 months, and lower-
grade lesions were correlated with greater improvement in
patient-reported outcome scores [12]. Patients with patello-
femoral cartilage lesions, in particular, often experience
symptomatic relief after arthroscopic debridement. Federico
and Reider reported outcomes of 36 patients undergoing
debridement of symptomatic Grades II-IV patellar lesions
for the treatment of anterior knee pain [13]. Overall, their
cohort showed significant improvement in Fulkerson-Shea
Patellofemoral Joint Evaluation score at final follow-up, and
all but four patients stated that they benefited from the pro-
cedure [13].

When discovering an incidental chondral defect, it is
important to consider the other factors associated with more
invasive cartilage restoration procedures, such as wait times,
costs, and postoperative rehabilitation. Autologous chondro-
cyte implantation (ACI) and osteochondral allograft trans-
plantation (OCA) both require a future surgical procedure
given that time is required to culture the chondrocytes in the
case of ACI and acquire the allograft in the case of OCA. This
exposes patients to additional general anesthesia and finan-
cial burdens associated with surgery. Microfracture and
osteochondral autograft transplantation (OAT) can be per-
formed without subsequent surgery; however, each of these
procedures has its own limitations and requires significant
postoperative rehabilitation. OAT requires the harvest of an
osteochondral plug from a healthy region of the knee and
comes with the risk of donor site morbidity, which increases
with the number of plugs used [14]. Microfracture has been
associated with worsening outcomes after 2-year postopera-
tive time point and a high incidence of persistent postopera-
tive pain [15]. Marrow stimulation can also lead to worsening
pain as well as the formation of intraosseous osteophytes.
Additionally, patients undergoing microfracture or OAT are
instructed to be non-weight-bearing for 6 weeks, which can
lead to muscular atrophy and persistent stiffness if not appro-
priately rehabilitated. Though not a determining factor in
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itself, the planned debridement approach can also avoid the
uncertainty associated with what postoperative protocol the
patient will be following. Arguably the worst-case scenario is
a clinician deciding to perform marrow stimulation during a
procedure for an incidental defect without prior discussion
with the patient of the possibility as well as the changes in
postoperative protocol.

Conclusion

Incidental chondral defects create a difficult clinical scenario
and are commonly identified while evaluating for and treat-
ing the concurrent pathology. It is critical to determine
whether the patient is experiencing any pain, swelling, or
mechanical symptoms related to the identified defect. This
can even involve them testing the knee before treating other
associated pathologies (running in a linear fashion before
performing ACL reconstruction). If symptomatic, interven-
tion may be necessary; however, asymptomatic defects often
remain asymptomatic and do not interfere with a patient’s
outcome. In the setting of an asymptomatic cartilage lesion
while treating the concurrent pathology, the authors recom-
mend mechanical debridement to avoid sequelae of unneces-
sary, more invasive intervention.
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Chief Complaint

Medial knee pain

History of Present Illness

A 28-year-old otherwise healthy male recreational basketball
player presents with ongoing pain in the medial side of the
knee in his right knee. He reports some soreness on and off
after games or long workdays, but it started becoming out-
right painful during a game about 4 weeks ago. He reports
pain and swelling around the joint as well as pain during
weight-bearing along the medial aspect of his knee. He feels
occasionally tightness and an associated loss of strength in his
quadriceps at times. He denies feelings of catching, locking, or
instability. The conservative treatment with ice, elevation, and
anti-inflammatory therapy did not provide lasting relief.
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Pearls

e Insidious onset — cartilage lesions usually do not
become symptomatic in a sudden fashion but first
linger and then start becoming symptomatic after a
specific event.

e Recurrent swelling and tightness — this is a warn-
ing sign for a chondral defect. It also affects range
of motion and quadriceps function. Symptoms that
linger for more than 1 year affect outcome of any
chondral repair procedure. Patients with clearly
documented intra-articular effusions should not
undergo physical therapy until a clear diagnosis is
made.

e Pain during weight-bearing — this is often more pro-
nounced in situations of mechanical interference
such as a flap or an associated meniscus tear.

Physical Examination

The patient has a normal BMI. The gait is slightly antalgic.
The gross anatomic alignment of the lower extremity is neu-
tral. The right knee has a mild effusion (recession fills with
the knee in extension). There is no redness or warmth. The
range of motion is symmetric from 0° to 140°. There is ten-
derness to palpation over the medial femoral condyle just
above the joint line. Meniscal tests are negative. There is
good patellofemoral tracking without crepitus, and patello-
femoral glide is 2/4. The ligamentous examination shows no
abnormalities when tested for Lachman test, pivot-shift test,
and varus/valgus stress test. The patient has a good quadri-
ceps activation with straight leg raise test and does not show
significant atrophy of the VMO. The neurovascular exami-
nation is within normal limits.
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Imaging

Imaging with standard x-rays of the knee (AP and lateral,
FWB-AP, and Merchant view in 30° of flexion) is obtained to
rule out acute injuries (such as the notch sign or second fracture)
and chronic conditions such as osteochondritis dissecans and
joint space narrowing, osteophytes, or subchondral sclerosis,
indicative of osteoarthritis. In this case, the plain radiographs
could not be included but did not indicate any of the above
pathologies and were considered to be within normal limits. A
long-leg alignment view (MTP-2 single-leg standing) shows neu-
tral alignment. Thus, an MRI is ordered to assess articular carti-
lage and synovium as well as ligaments (Fig. 71). The 3T MRI
shows a 2-cm?-full-thickness chondral defect in the medial femo-
ral condyle with a small subchondral edema and minimal bone
loss underlying the defect. No loose body can be identified. No
evidence for an osteochondritis dissecans can be found. There is
no evidence of damage to the menisci or the ligaments.

Technique Description

During diagnostic arthroscopy, a full-thickness 10 mm by
20 mm chondral lesion of the medial femoral condyle within
the weight-bearing zone in extension is identified (Fig. 72).

FiGure 7.1 T1 and T2 coronal/sagittal MRI images show small chon-
dral defect in MFC. No significant subchondral edema. The menis-
cus is intact
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FiGURE 7.2 Grade IIIb (deep chondral lesion with intact subchon-
dral bone). Lesion of the medial femoral condyle

FIGURE 7.3 Microfracture technique. (a) Preparation of the defect
with careful debridement of the calcified cartilage layer. (b) Careful
creation of the microfracture holes using the awl (recognize the
small fat globules as indicator for sufficient depth). (¢) Blood-filled
microfracture holes after deflation of the tourniquet

After confirming the absence of any ligamentous and menis-
cal lesions, a microfracture procedure is performed (Fig. 73a,b).
For this, it is important to choose an adequate anteromedial
portal with the help of a spinal needle to reach the lesion. The



Chapter 7. Small Femoral Cartilage Defect... 99

chondral defect should be debrided to expose the subchondral
bone and resect any unstable chondral tissue at the margins.
After the creation of a stable chondral border around the
defect, the microfracture awl is inserted through the antero-
medial portal under direct visualization from the proximal
anterolateral viewing portal with care taken not to injure the
healthy cartilage. After placing the awl close to the chondral
margins of the defect, small holes of 3-5 mm depth are cre-
ated. It is important to keep the awl perpendicular to the
subchondral bone to avoid skiving. The distance between the
holes should be approximately 3 mm. Care should be taken
not to place them too close to each other to avoid fracture
propagation of the subchondral bone plate. After completion
of the procedure, first the tourniquet (if used) should be dis-
continued, and the fluid inflow should be shut off. Then the
remaining fluid should be carefully suctioned under vision
until the visualization of the blood outflow from the micro-
fracture canals. Then, the arthroscope should be removed
without suction (Fig. 73c).

Postoperative Rehabilitation Protocol

Following surgery, the patient follows the microfracture pro-
tocol described by Steadman et al. In brief, the patient is
mobilized with non-weight-bearing on crutches for 6 weeks
followed by gradual increase of weight-bearing in the follow-
ing weeks. A continuous passive motion machine is required
for 4-6 weeks and 6-8 h/day. Quadriceps-strengthening exer-
cises are started immediately. Concomitant physiotherapy is
initiated with focus on reducing the inflammation.

Pearls

e Neutral alignment — the alignment plays an important role
in decision-making as a malalignment can predispose to
the overloading of the joint. The alignment should be con-
firmed with a long-leg MTP-2 alignment film.
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e Effusion — persistent effusion 4 weeks after an exacerba-
tion with a history of “soreness” is suggestive of chondral
damage. This is a reactive effusion and not an acute, post-
traumatic effusion (typically after ACL, after meniscus
injury, or after patella dislocation).

Approach to Treatment

The following aspects should be considered in a young active
patient with acute-on-chronic onset of symptoms related to a
symptomatic cartilage lesion with minimal bone loss and sub-
chondral edema of the medial femoral condyle:

1. Staging arthroscopy: any patient with a potential chondral
defect should be undergoing an arthroscopic evaluation.
This staging arthroscopy lays the ground for the current
treatment algorithm and should result in a decision to
either treat the defect with a single-staged procedure, such
as microfracture or an osteochondral autograft transfer, or
with a two-staged procedure such as an osteochondral
allograft or a cell-based procedure. It is not advised to plan
the actual chondral repair technique without the benefit of
an arthroscopic exam.

2. Alignment: alignment is crucial for the treatment plan-
ning. If the patient has a varus deformity with a concom-
itant chondral lesion on the medial side, the adequate
treatment should include an osteotomy to correct the
main cause.

3. Meniscus: the presence of a meniscal lesion plays a role in
the guidance of the patient. If the lesion is reparable and
good biological healing potential is present, primary repair
of the meniscus should be attempted. If the meniscal lesion
is unsalvageable, the only option is judicious partial resec-
tion of the tear. The patient should be counseled regarding
having a higher risk of incomplete healing of the chondral
lesion and developing knee osteoarthritis in the future if a
meniscus lesion requires partial meniscectomy.
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4. Rehabilitation: the patient’s ability and willingness to do
the required rehabilitation should not be forgotten.
Especially, limited weight-bearing following microfracture
should be discussed carefully and cannot be “sprung” onto
the patient postoperatively. Lack of communication about
the weight-bearing restrictions leads to significant confu-
sion and noncompliance postoperatively.

Lesion Characteristics and Treatment
Approach

The size of the chondral lesion and the osseous involvement
are important elements in the decision-making. Arthroscopic
evaluation of the defect location and size is important since
the MRI may underestimate the lesion size [1]. A recent
study demonstrated that commonly used intraoperative mea-
surement tools underestimate the size of the defects, but the
3 mm probe has the highest measurement bias at all lesion
locations. Thus utilization of a simple metal ruler or sliding
metallic ruler tool measures the defect size more accurately [2].
This is of utmost importance since the size determines the
choice of treatment.

Treatment Choices

1. Arthroscopic debridement and chondroplasty may
improve the patient’s symptoms despite being not curative
[3]. The literature on the outcome after this technique is
limited. Levy et al. showed promising results after 1 year of
follow-up in 15 knees of soccer players with an average of
42 mm? lesion before and 112 mm? after debridement [4].
The use of monopolar radiofrequency as an adjuvant to
mechanical chondroplasty with a shaver for the treatment
of grade III chondral lesions 1.5-3 cm in diameter did not
affect function outcomes when compared with mechanical
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chondroplasty by the use of a shaver only after a follow-up
of 19 months [5]. Another study on patients with medial
femoral chondral defect of approximately 20 mm? and
medial meniscus lesions showed superior results for bipo-
lar radiofrequency. However, 18 of the 60 patients required
revision surgeries including knee replacement surgery [6].
The 10-year follow-up showed a significant decrease in
functional outcomes with 60% revision surgery rate in the
debridement group versus 23.3% in the radiofrequency
chondroplasty group [7]. Thus, this kind of therapy can
deem reasonable for patients who are not optimal candi-
dates for cartilage restoration such as with older age,
advanced degeneration, high body mass index, or inactive
patients who are unwilling to comply with the postopera-
tive rehabilitation protocol [3].

2. Microfracture: a widely accepted treatment option for
small cartilage defects of the femoral condyles without
osseous involvement is the bone marrow stimulation with
microfracture. In 72 patients with traumatic full-thickness
chondral defects with a mean size of 2.8 ¢cm? Steadman
et al. showed significant improvements in Tegner and
Lysholm scores with good to excellent SF-36 and WOMAC
scores following the microfracture at a mean follow-up of
11 years [8]. Another study on 53 athletes with an average
defect size of 4 cm? reported an improvement of Lysholm
and IKDC scores. However, the authors also noted a
decline in sport activity over time [9]. Gobbi et al. showed
that patients with lesions smaller than 4 cm? and younger
than 30 years of age showed significantly better functional
outcome. Furthermore, they added that the lesion size is a
more important prognostic factor than age [10]. A system-
atic review showed that microfracture provides effective
short-term functional improvement of knee function but
insufficient data are available on its long-term results [11].
A newer analysis stated that the use of microfracture for
the treatment of small lesions in patients with low postop-
erative demands was observed to result in good clinical
outcomes at short-term follow-up. However, beyond
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S5 years postoperatively, treatment failure after microfrac-
ture could be expected regardless of lesion size [12]. Thus
modifications to the microfracture technique have emerged
clinically. The available literature to support this new tech-
nology is sparse. A recent systematic review showed that
the early literature on microfracture with biological adju-
vants is heterogeneous reporting both equivalent and
superior clinical outcomes and extremely limited in quality
[13]. Future studies are needed to show the potential role
of biological adjuvant therapy after

3. Osteochondral autograft transfer (OAT): this autologous
transfer technique can be done “point of care” and thus
does not require a second procedure. Lynch et al. showed
improved clinical outcomes with a high return-to-play rate
following OAT. Moreover, they suggested that OAT might
be more appropriate for lesions smaller than 2 cm? with the
known risk of failure between 2 and 4 years [14]. Another
analysis is also in line with this in showing significant
improvements in clinical outcome scores and good durabil-
ity with successful outcomes in 75% of the patients at
12.3 years after surgery [15]. The comparison between
OAT and microfracture showed no significant difference
for lesions less than 3 cm? at midterm. However, because of
variability in patient-specific factors such as age, preinjury
activity level, lesion location, and size, the superiority of
OAT over MFX cannot be generalized to all patient
populations and therefore requires individualized patient
care [16].

In summary, for a chondral lesion of 2 cm? size in the
femoral condyle, the preferred treatment remains as either
osteochondral autograft transfer (OAT) or microfracture. If
there is significant involvement of subchondral bone (clearly
destruction of the subchondral bone plate and extensive
marrow edema), both of these techniques may reach their
limit and may have to be reconsidered as primary tools to
treat these lesions. Future studies will determine whether add-
ing biologics will result in lasting superior clinical outcome.
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TaBLE 7.1 Different therapeutic approaches

Technique Advantages Disadvantages
Debridement Easy to perform Not curative
Uncomplicated
postoperative
rehabilitation
Microfracture Easy to perform Strict postoperative
Good functional rehabilitation with
outcome limited weight-bearing

and use of CPM

Microfracture Currently only The same as for
with experimental microfracture
augmentation Increased cost
Osteochondral Possible anatomic Harvest site morbidity
transfer reconstruction of

the defect

The advantages and disadvantages of the techniques can
be depicted in Table 71.

References

1. Gomoll AH, Yoshioka H, Watanabe A, Dunn JC, Minas
T. Preoperative measurement of cartilage defects by MRI
underestimates lesion size. Cartilage. 2011;2(4):389-93. https://
doi.org/10.1177/1947603510397534.

2. Flanigan DC, Carey JL, Brophy RH, et al. Interrater and intra-
rater reliability of arthroscopic measurements of articular car-
tilage defects in the knee. J Bone Jt Surg. 2017;99(12):979-88.
https://doi.org/10.2106/JBJS.16.01132.

3. Chilelli BJ, Cole BJ, Farr J, Lattermann C, Gomoll AH. The four
most common types of knee cartilage damage encountered in
practice: how and why orthopaedic surgeons manage them. Instr
Course Lect. 2017;66:507-30. Available at: http://www.ncbi.nlm.
nih.gov/pubmed/28594526.

4. Levy AS, Lohnes J, Sculley S, LeCroy M, Garrett W. Chondral
delamination of the knee in soccer players. Am J Sports Med.
1996;24(5):634-9. https://doi.org/10.1177/036354659602400512.


https://doi.org/10.1177/1947603510397534
https://doi.org/10.1177/1947603510397534
https://doi.org/10.2106/JBJS.16.01132
http://www.ncbi.nlm.nih.gov/pubmed/28594526
http://www.ncbi.nlm.nih.gov/pubmed/28594526
https://doi.org/10.1177/036354659602400512

Chapter 7. Small Femoral Cartilage Defect... 105

5. Barber FA, Iwasko NG. Treatment of grade III femoral chondral
lesions: mechanical chondroplasty versus monopolar radio-
frequency probe. Arthroscopy. 2006;22(12):1312-7. https://doi.
org/10.1016/j.arthro.2006.06.008.

6. Spahn G, Klinger HM, Miickley T, Hofmann GO. Four-year
results from a randomized controlled study of knee chondro-
plasty with concomitant medial meniscectomy: mechanical
debridement versus radiofrequency chondroplasty. Arthrosc J
Arthrosc Relat Surg. 2010;26(9):S73-80. https://doi.org/10.1016/j.
arthro.2010.02.030.

7. Spahn G, Hofmann GO, von Engelhardt LV. Mechanical
debridement versus radiofrequency in knee chondroplasty with
concomitant medial meniscectomy: 10-year results from a ran-
domized controlled study. Knee Surg Sport Traumatol Arthrosc.
2016;24(5):1560-8. https://doi.org/10.1007/s00167-015-3810-6.

8. Steadman JR, Briggs KK, Rodrigo JJ, Kocher MS, Gill TJ,
Rodkey WG. Outcomes of microfracture for traumatic chondral
defects of the knee: Average 1l-year follow-up. Arthroscopy.
2003;19(5):477-84. https://doi.org/10.1053/jars.2003.50112.

9. Gobbi A, Nunag P, Malinowski K. Treatment of full thickness
chondral lesions of the knee with microfracture in a group of
athletes. Knee Surg Sports Traumatol Arthrosc. 2005;13(3):213-
21. https://doi.org/10.1007/s00167-004-0499-3.

10. Gobbi A, Karnatzikos G, Kumar A. Long-term results
after microfracture treatment for full-thickness knee chon-
dral lesions in athletes. Knee Surg Sport Traumatol Arthrosc.
2014;22(9):1986-96. https://doi.org/10.1007/s00167-013-2676-8.

11. Mithoefer K, Mcadams T, Williams RJ, Kreuz PC, Mandelbaum
BR. Clinical efficacy of the microfracture technique for articular
cartilage repair in the knee: an evidence-based systematic
analysis. Am J Sports Med. 2009;37(10):2053-63. https://doi.
org/10.1177/0363546508328414.

12. Goyal D, Keyhani S, Lee EH, Hui JH. Evidence-based status

of microfracture technique: a systematic review of level I and

IT studies. Arthrosc J Arthrosc Relat Surg. 2013;29(9):1579-88.

https://doi.org/10.1016/j.arthro.2013.05.027.

13. Arshi A, Fabricant PD, Go DE, Williams RJ, McAllister DR,

Jones KJ. Can biologic augmentation improve clinical outcomes

following microfracture for symptomatic cartilage defects of

the knee? A systematic review. Cartilage. 2017; https://doi.
org/10.1177/1947603517746722.


https://doi.org/10.1016/j.arthro.2006.06.008
https://doi.org/10.1016/j.arthro.2006.06.008
https://doi.org/10.1016/j.arthro.2010.02.030
https://doi.org/10.1016/j.arthro.2010.02.030
https://doi.org/10.1007/s00167-015-3810-6
https://doi.org/10.1053/jars.2003.50112
https://doi.org/10.1007/s00167-004-0499-3
https://doi.org/10.1007/s00167-013-2676-8
https://doi.org/10.1177/0363546508328414
https://doi.org/10.1177/0363546508328414
https://doi.org/10.1016/j.arthro.2013.05.027
https://doi.org/10.1177/1947603517746722
https://doi.org/10.1177/1947603517746722

106

14.

15.

16.

C. Lattermann and B. Altintas

Lynch TS, Patel RM, Benedick A, Amin NH, Jones MH,
Miniaci A. Systematic review of autogenous osteochondral
transplant outcomes. Arthroscopy. 2015;31(4):746-54. https://doi.
org/10.1016/j.arthro.2014.11.018.

Assenmacher AT, Pareek A, Reardon PJ, Macalena JA, Stuart
MJ, Krych AJ. Long-term outcomes after osteochondral
allograft: a systematic review at long-term follow-up of 12.3
years. Arthroscopy. 2016;32(10):2160-8. https://doi.org/10.1016/j.
arthro.2016.04.020.

Pareek A, Reardon PJ, Macalena JA, et al. Osteochondral auto-
graft transfer versus microfracture in the knee: a meta-analysis
of prospective comparative studies at midterm. Arthroscopy.
2016;32(10):2118-30. https://doi.org/10.1016/j.arthro.2016.05.038.


https://doi.org/10.1016/j.arthro.2014.11.018
https://doi.org/10.1016/j.arthro.2014.11.018
https://doi.org/10.1016/j.arthro.2016.04.020
https://doi.org/10.1016/j.arthro.2016.04.020
https://doi.org/10.1016/j.arthro.2016.05.038

®

Check for
updates

Chapter 8

Large Cartilage Defects:
Primary/Bone Loss

Luis Eduardo Tirico and William Bugbee

Primary Bone Loss

Case Presentation

An athletic 17-year-old male high school soccer player pres-
ents with a 4-year history of intermittent anteromedial pain
in the right knee when performing sports. The patient has
been diagnosed with osteochondritis dissecans 3 years prior
but did not receive any specific treatment. The current
episode occurred in the last 6 months and did not resolve
with rest and avoidance of sports. New onset of mechanical
symptoms and swelling has also been observed.

On physical examination, the patient stands 6 ft. and 1 in.
tall, weighs 172 1b., and walks with a slight external rotation on
the right limb, with neutral alignment in both limbs. A trace
effusion on the right knee was noted along with maintained

L. E.Tirico

Knee Surgery Department, Orthopedic and Traumatology Institute,
University of Sdo Paulo Medical School, Sdo Paulo, Brazil

e-mail: luis.tirico@hc.fm.usp.br

W. Bugbee (D<)

Joint Preservation and Cartilage Repair Service, Medical Direction
of Orthopaedic Research, Division of Orthopaedic Surgery, Scripps
Clinic, La Jolla, CA, USA

e-mail: bugbee.william@scrippshealth.org

© Springer Nature Switzerland AG 2019 107
A.B.Yanke, B.J. Cole (eds.), Joint Preservation of the Knee,
https://doi.org/10.1007/978-3-030-01491-9_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01491-9_8&domain=pdf
mailto:luis.tirico@hc.fm.usp.br
mailto:bugbee.william@scrippshealth.org

108 L. E. Tirico and W. Bugbee

range of motion at —5-135 degrees. Pain was noted in the
medial compartment with flexion and internal rotation of the
knee from 60 to 20 degrees of flexion. Mild tenderness to pal-
pation of the medial femoral condyle is present. No ligament
instability is noticed, and the meniscal tests were negative.

Digital weight-bearing AP and lateral and tunnel view
radiographs of the patient showed a radiolucent rounded
lesion on the lateral aspect of the medial femoral condyle
involving approximately 40% of the weight-bearing area.
Magnetic resonance imaging was performed, and an osteo-
chondral lesion was seen on the weight-bearing surface of the
medial femoral condyle measuring approximately 20 x
30 mm (Figs. 8.1 and 8.2). A fluid-filled break in the articular
surface was present, and there was fluid at the interface of the
fragment with the host bone. Edema was present in the bed
of the defect (Fig. 8.3).

FIGurE 8.1 A preoperative weight-bearing radiograph demonstrat-
ing a radiolucent rounded lesion of the medial femoral condyle
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Ficurk 8.2 Sagittal T1 magnetic resonance image showing an osteo-
chondritis dissecans lesion in the medial femoral condyle

The patient’s history and imaging findings are consistent
with the diagnosis of osteochondritis dissecans (OCD) of the
knee. While the presence of external rotation of the limb is
not commonly seen (Wilson’s sign), anterior knee pain on
knee range of motion in flexion and internal rotation
(Wilson’s test) is usually found in symptomatic cases. The
presence of effusion is usually correlated with an osteochon-
dral lesion on the knee. On digital radiographs, OCD in the
classic position of the medial femoral condyle is best seen on
the AP view. A disruption of the subchondral bone plate best
seen on the lateral view is often present, particularly with
large, unstable lesions. Completing the investigation with an
MRI study is usually necessary for a thorough visualization of
the lesion and therapeutic planning. Nonoperative treatment
of OCD is usually the first line of treatment, and it has been
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FiGure 8.3 Coronal T2 magnetic resonance image of the lesion
showing fluid at the interface of the fragment with the host bone
suggesting lack of stability. Edema is present in the bed of the defect

reported to be successful in 50-94% of patients with open
physes and stable lesions [4,9]. When the physes are closed or
the lesion is unstable or detached, surgical treatment is usu-
ally indicated. In this case we chose to use fresh osteochon-
dral allograft (OCA) because of the size of the lesion,
fragmentation of the bony fragment, and the fibrous and
cystic maturity of the interface of the bone and its bed.
Furthermore the use of fresh osteochondral allografts pro-
vides the option to restore both the osseous and chondral
components at the same time with mature hyaline cartilage
and a structured osseous component. As the majority of
OCD lesions are located in the femoral condyles, dowel tech-
nique OCA is best indicated for this type of repair.
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Management

The surgical procedure is performed with the patient in a
supine position with a tourniquet on the proximal ipsilateral
thigh. A leg or foot holder is extremely helpful to position
and maintain the knee in between 70° and 120° of flexion. A
standard midline incision is made and elevated subcutane-
ously, and an anteromedial 5 cm arthrotomy was executed.
The joint is entered by incising the fat pad and retinaculum
without disrupting the anterior horn of the meniscus or dam-
aging the articular surface. Once the joint capsule and
synovium have been incised and retractors carefully placed,
the knee is brought to a degree of flexion that presents the
lesion into the arthrotomy site (Fig. 8.4).

FIGURe 8.4 Arthrotomy showing an osteochondral defect in the
medial femoral condyle. A nerve hook is elevating the osteochon-
dral lesion showing instability of the fragment
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Extending the arthrotomy proximal or distal may be nec-
essary to mobilize the extensor mechanism. Care is taken for
the positioning of the retractor within the notch, to protect
the cruciate ligaments and articular cartilage. The unstable
fragment is excised sharply and measured (Fig. 8.5). The
lesion is then inspected and palpated with a probe, to deter-
mine the extent, margins, and maximum size (Fig. 8.6).

Dowel surgical technique is our preferred choice for the
treatment of femoral condyle lesions whenever feasible, and
a commercial set of instruments is used for this type of OCA
transplantation (Fig. 8.7).

A guide wire is driven through the sizing dowel into the
center of the lesion, perpendicular to the curvature of the
articular surface. The cartilage surface is scored, and a special
reamer is used to remove the remaining articular cartilage

FiGure 8.5 Large osteochondral defect removed from the knee.
Fragment was not suited for fixation
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FiGure 8.6 Osteochondral defect on the lateral portion of the
medial femoral condyle showing a sclerotic subchondral bed. The
lesion is uncontained into the femoral notch, a typical finding

and 3-4 mm of the subchondral bone. In deeper lesions, the
pathologic bone is removed until there is a healthy, bleeding
bone. Generally, the preparation depth does not exceed
5-8 mm. Bone grafting is performed to fill any deeper or
more extensive osseous defects or cysts or to modify the fit of
the graft if there is a depth mismatch between the recipient
socket and allograft plug. At this point the guide pin is
removed (Fig. 8.8), and depth measurements are made and
recorded in the four quadrants of the prepared recipient site.

The corresponding anatomic location of the recipient site
is identified on the graft (Fig. 8.9). The graft is placed into a
graft holder (or, alternately, held with bone-holding forceps).
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FiGURE 8.7 A set of instruments used for the osteochondral allograft
dowel technique transplantation

A graft-harvesting guide is placed in the appropriate position,
again perpendicular to the articular surface, exactly matching
the orientation used to create the recipient site. The appropri-
ate size-matched coring saw is used to core out the graft
(Fig. 8.10). The graft is cut from the donor condyle and
removed as a long plug (Fig. 8.11). Depth measurements,
which were taken from the recipient, are transferred to the
graft, and the excess bone is trimmed with a saw (Fig. 8.12).
The graft is irrigated copiously with a high-pressure lavage to
remove all marrow elements.

The graft is then inserted by hand in the appropriate rota-
tion and is gently pressed into place manually. To fully seat
the graft, the joint can be carefully brought through a range
of motion, allowing the opposing articular surface to seat the
graft. Finally, a very gentle tamping is performed to fully seat
the graft. Once the graft is seated, a determination is made
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Ficure 8.8 Recipient socked with the bleeding subchondral bone

whether additional fixation is required (Fig. 8.13). Typically,
press-fit fixation is used with no additional type of fixation.
The knee is then brought through a complete range of motion
in order to confirm that the graft is stable and that there is no
catching or soft-tissue obstruction noted.

Outcome

Postoperatively, full range of motion is implemented and tol-
erated immediately after surgery. Patient was allowed 25%
weight-bearing for 4-6 weeks after surgery. Progressive
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FiGURE 8.9 Anatomical location and size matching on the donor
condyle

weight-bearing is then implemented and tolerated. The
patient is allowed to return to recreational and sports activi-
ties by 4-6 months, once complete functional recovery and
radiographic healing are demonstrated (Fig. 8.14a-d).

Literature Review

Osteochondritis dissecans affects approximately 15-30 per
100,000 patients, and it is most prevalent in adolescents and
young adults. Conservative treatment is usually indicated as
the initial treatment, and an improved response is usually seen
within 6 months of treatment in cases that tend to evolve to
the healing of the lesion. Juvenile patients and medial OCD
have a better chance of healing with conservative treatment
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FiGure 8.10 Graft positioned in the graft holder and the appropri-
ate saw used to core out the graft

than adult patients and lateral lesions [2]. Surgical procedure
is indicated for unstable lesions or symptomatic patients that
failed conservative treatment and varies between minimally
invasive procedures, such as drilling, fixation, debridement,
and fragment excision, and restorative procedures such as
microfracture, autologous osteochondral transplantation
(OAT), autologous chondrocyte implantation (ACI), OCA,
and stem cell transplantation [6]. Good outcomes in surgical
treatment of OCD with surface procedures such as microfrac-
ture, ACI, and stem cell transplantation have been described
[1,3]. However, a lesion that is deeper than 8-10 mm requires
a surgical technique that will restore the subchondral bone. In
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FiGure 8.11 Saw blade is used to cut the graft from the donor femo-
ral condyle as a long plug that will be trimmed after matching the
depth with the socket in the recipient condyle. An instrument is used
to secure the graft into the bone until the cut is finalized

FiGure 8.12 Final adjustment on the depth of the graft showing the
minimum amount of bone necessary to restore the subchondral
bone at the recipient socket
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Ficurk 8.13 Final view of the graft implanted restoring the defect
on the medial femoral condyle. The graft should be positioned flush
to the articular surface

this scenario, OAT can be used for lesions smaller than
1.5 cm?, whereas ACI sandwich technique and OCA are better
indicated for larger lesions [7 8]. Outcomes with OCA for
OCD have been described by Sadr et al. [8] evaluating out-
comes in 149 knees with a mean follow-up of 6.3 years. Clinical
scores improved significantly from preoperative to latest fol-
low-up (p < 0.001), and failure rate was 8% (12/149), with a
mean time to failure of 6.1 + 1.3 years. Graft survivorship was
95% at 5 years and 93% at 10 years, showing that OCA is
effective for the treatment of OCD lesions with durable long-
term results. Return to sport in patients who underwent OCA
transplantation for OCD in the knee was also studied by
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FiGURE 8.14 (a) Preoperative AP radiographs. (b) Preoperative lat-
eral radiographs. (¢) One-year postoperative AP radiographs. (d)
One-year postoperative lateral radiographs

Nielsen et al. [5] Among the 149 knees treated for OCD in
active sporting individuals, return to sport and recreation was
75% %. Among the 25% (37/149 who did not return to sport
or activity), reasons included both knee-related problems and
lifestyle characteristics.
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Clinical Pearls/Pitfalls

OCA may be used for primary cartilage repair of
large osteochondral lesions or as a salvage procedure
following a failed previous cartilage repair. COA can
anatomically restore large or complex lesions of any
anatomic surface and is particularly useful in dealing
with disorders of the subchondral bone.

OCA has the advantage of restoring both the osseous
and chondral components caused by OCD lesion.
The guide wire for OCA dowel technique must be
placed perpendicular to the articular surface when
preparing the host area. This is of paramount impor-
tance particularly in cases of classic OCD on the
lateral wall of the medial femoral condyle, once the
center of the lesion is usually situated oblique to the
weight-bearing central area of the condyle.

Depth of resection of the area to be grafted must be
kept to a minimum, until healthy subchondral bone
is found.

Pulsatile lavage of the osseous surface is used to
remove marrow elements in order to decrease immu-
nogenicity of the graft.

Medial condyle lesions are usually long and narrow,
and two grafts might be needed in cases of larger
lesions. When using two grafts, they can be placed
adjacent to one another (“snowman”) or overlapping
a small part in its interface (“MasterCard”).

When using more than one plug, the direction of the
plugs must be convergent to one another, in order to
restore the curved articular surface of the femoral
condyle.

For simple dowel plugs, adjuncting fixation is rarely
necessary.

Rehabilitation is simple and usually rapid as bone
healing reliably occurs and the articular surface of
the graft is mature hyaline cartilage and can accept
full loading.
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Chapter 9

Osteochondritis
Dissecans of the Knee

Michael L. Redondo, Adam J. Beer, and Adam B. Yanke

Case Presentation

History

The patient is a 15-year-old female tennis player with a
3-month history of right anteromedial knee pain and mechan-
ical symptoms while playing tennis and walking. The patient
reports her knee locks approximately twice per day when she
is not playing tennis. The patient endorses pain when her
knee is locked. She reports symptoms of instability though
difficult to predict. She denies swelling and has no prior surgi-
cal history for this knee.

Physical Examination

On physical examination, the patient is 5 feet and 6 inches tall
weighing 138 pounds with a body mass index of 22.1. The
patient displayed normal gait with no atrophy or asymmetry in
either limb. She had mild to moderate tenderness to palpation
along the medial joint line and the medial femoral condyle
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(MFC). No effusion was appreciated in the right knee joint,
and the patient’s active range of motion was —5° to 135°.
Wilson’s sign, which is when patients hold the affected leg in
relative external rotation to avoid contact between the tibial
spine and an MFC lesion, was equivocal.

Diagnostic Imaging

Standard four-view X-rays were obtained and revealed open
growth plates with a lucency at the lateral aspect of the MFC
(Fig. 9.1a). Subchondral sclerosis was present deep to the
lesion. There was no evidence of a loose body or joint space
narrowing that was observed. Magnetic resonance imaging
(MRI) revealed a 2 cm osteochondritis dissecans defect at
the lateral aspect of the MFC (Fig. 9.1b). The fragment was
not displaced, but fluid was noted deep to the defect with
adjacent bone marrow signal on T2. Her anterior cruciate

FIGURE 9.1 (a) Lateral view radiograph of the right knee of a
15-year-old female demonstrating an osteochondral dissecans lesion
of the medial femoral condyle. (b) Sagittal T2-weighted image of the
right knee of a 15-year-old male demonstrating osteochondral dis-
secans lesion of the medial femoral condyle with evidence of an
unstable lesion
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ligament (ACL), posterior cruciate ligament (PCL), menisci,
lateral femoral condyle (LFC), patella, and trochlea are all
intact.

Management

The patient was offered a period of non-weight-bearing given
their physeal status. However, due to the signs of an unstable
lesion based on both history and imaging, the patient and
family elected to proceed with arthroscopic evaluation and
treatment. The treatment plan was to evaluate the joint
arthroscopically and perform arthroscopic reduction with
internal fixation versus debridement. The patient was coun-
seled on the potential for hardware removal and future sur-
gery if the fragment was not able to be fixed.

Surgical Technique

In this case, the patient was positioned with an ACL leg
holder and with the foot of the table lowered to allow for
hyperflexion if necessary for fixation. Diagnostic arthros-
copy was performed through a standard inferolateral portal.
No loose bodies or cartilage wear was identified in the patel-
lofemoral or lateral tibiofemoral compartment. The patient’s
medial tibiofemoral joint demonstrated the expected OCD
lesion on the MFC, which was measured to be approximately
12 mm x 16 mm (Fig. 9.2). Importantly, the lesion was bal-
lotable with a probe. This is crucial to not only confirm the
unstable aspect of the lesion but to also help define the
edges of the fragment. In this case the most obvious periph-
eral fissures were central (toward the notch) and at the
proximal and distal aspect of this. Using a bankart elevator,
these two areas were extended to develop a medial hinge
(Fig. 9.3). This allowed visualization of the sclerotic base
under the fragment. An angled curette was used to debride
the overlying subchondral bone to develop a bleeding sur-
face and remove the underlying cortical bone (Fig. 9.4).
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FIGURE 9.2 Intraoperative arthroscopic photograph of an osteo-
chondritis dissecans lesion of the medial femoral condyle in a
15-year-old female measuring to be approximately 12 mm x 16 mm

FIGURE 9.3 Intraoperative arthroscopic photograph of the distal
aspect of the osteochondritis dissecans lesion being unroofed using
an elevator



Chapter 9. Osteochondritis Dissecans of the Knee 127

FIGURE 9.4 Intraoperative arthroscopic photograph of an angled
curette being used to debride the underlying sclerotic base of the
osteochondritis dissecans lesion

In order to create marrow stimulation at the base of the
defect, a 45° PowerPick (Arthrex, Naples, Florida) was uti-
lized to drill the base of the lesion (Fig. 9.5). After comple-
tion of this process, visual confirmation should demonstrate
bleeding from the base of the defect. Through percutaneous
stab incisions, the fragment was reduced using two cannu-
lated wires that were intentionally placed to mirror the
placement of our headless cannulated screws. With two wires
in place, the cannulated drill was used from the Acutrak
standard headless variable compression screws to drill
through the fragment and the defect base (Fig. 9.6). To com-
plete the fixation, two 16 mm standard size headless screws
were recessed 2-3 mm relative to the articular surface
(Fig. 9.7). After fixation, we probed the repair site to confirm
the stability and quality of the fixation.

Postoperatively, the patient was counseled to refrain from
weight-bearing activities and to begin range of motion move-
ments immediately by way of a continuous passive motion
(CPM) device. Two weeks postoperatively, the patient began
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FiGURE 9.5 Intraoperative arthroscopic photograph of a PowerPick
(Arthrex, Naples, Florida) being used to drill marrow access chan-
nels into the subchondral bone at the base of the osteochondritis
dissecans lesion

HROSEOPY

FIGURE 9.6 Intraoperative arthroscopic photograph of the right
knee demonstrating placement of a guide pin into an osteochondri-
tis dissecans lesion of the medial femoral condyle
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FIGURE 9.7 (a) Intraoperative arthroscopic photograph of the right
knee demonstrating placement of a headless screw into an osteo-
chondritis dissecans lesion of the medial femoral. (b) Intraoperative
arthroscopic photograph of the right knee demonstrating two head-
less screws recessed 2-3 mm relative to the articular surface after
fixation of an osteochondritis dissecans lesion of the medial femoral
condyle

6 full weeks of physical therapy with protective bracing and
ambulation restrictions. At 6 weeks the patient was allowed
to discontinue the brace, CPM, and weight-bearing restric-
tions. Prior to fixation, it was discussed that screw removal
occurs routinely at 3 months from surgery and full activity
can resume 2 weeks after removal assuming stability was
confirmed.

Outcome

Three months following arthroscopic reduction and internal
fixation, the patient reported that she was not experiencing
any pain or swelling. Surveillance diagnostic plain radio-
graphs revealed the hardware with appropriate alignment
and no interval radiolucency or migration (Fig. 9.8). At the
time of hardware removal, the lesion was well secured, and
the patient was able to return to all activities per the protocol
listed above (Fig. 9.9).
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L

FiGURE 9.8 Standing anteroposterior (a) and lateral (b) surveillance
diagnostic plain radiographs displaying appropriate hardware align-
ment, no interval radiolucency, or migration

FIGURE 9.9 An arthroscopic image at the time of hardware removal
of a well secured lesion prior to screw removal (a) and after screw
removal (b)
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Prevalence and Risk Factors

Though the exact prevalence is unknown, the reported preva-
lence of OCD is between 15 and 29 incidences per 100,000
patients [1-4]. The peak incidence of OCD has been reported
at age 15, and the highest incidence for developing the lesions
is reported to be between ages 12 and 19 [2, 5]. Several risk
factors have been associated with OCD (Table 9.1). Individuals
who are male, active sports participants, or of African-
American ethnicity are at an increased risk. Interestingly, the
male sex has been reported to increase the risk of OCD devel-
opment approximately fourfold, yet the incidence of OCD
young females is on the rise, which is thought to be due to
increasing numbers of females who participate in sports [5].
Anatomic risk factors, such as having a discoid lateral menis-
cus or prominent tibial spine, have also been identified [6-8].

Though OCD lesions may occur in the ankle, elbow, shoul-
der, wrist, and hip, the vast majority of OCD lesions involve the
knee [7]. Within the knee, the MFC (70-80%) accounts for the
majority of OCD lesions, followed by the LFC (15-20%), and
the patella (5-10%) [4, 7 9]. In a large multicenter study that
examined OCD in the medial compartment of the knee, Hefti
et al. [10] reported that 51% of OCD in the MFC is on the
lateral aspect of the condyle. Bilateral OCD lesions have been
reported in approximately 10% of cases [9, 11].

TaBLE 9.1 Risk factors for Risk factors
development of OCD
lesions of the knee

Male sex
Age (12-19 years of age)
Active sports participant

African-American ethnicity

Discoid lateral meniscus
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Despite being a common knee pathology, the etiology of
OCD has not been fully elucidated. However, once identified,
at least four stages of the disease have been established.
Classification systems have been based upon radiographs,
MRI, and, most importantly, arthroscopic findings (Table 9.2).
Additionally,De Smet et al.[14] have defined four T2-weighted
MRI criteria correlated with successful non-operative treat-
ment of OCD. Irrespective of which staging classification
system is used, it is pivotal to determine the lesion’s stability,
as this is widely considered to be the most prominent deter-
mining factor when choosing treatment modality.

Clinical Considerations

The clinical presentation of OCD is variable and largely
dependent on the pathology’s staging, size, and stability. In
the early stages of the disease, OCD lesions can be asymp-
tomatic and are often found incidentally on imaging for unre-
lated injuries. The initial symptoms of the condition are
variable, nonspecific, and poorly localizable. Similarly, asymp-
tomatic lesions should not be treated with surgery. As the
disease advances, patients are more likely to develop joint
effusions, instability, or painful mechanical symptoms, such as
catching and locking from an unstable lesion or a resulting
loose body.

OCD also displays nonspecific findings on physical exami-
nation. Localized tenderness to palpation is a fairly consistent
(40-70%) finding [7, 15]. Anterior condylar pain is a common
finding in MFC lesions resulting in Wilson’s sign, as well as an
avoidance gait [16, 17]. Range of motion is generally intact
until the more advanced stages of the disease. Passive
extension may be impacted by pain, mechanical symptoms
induced by a loose body, and quadriceps atrophy in chronic
lesions [4, 15, 18]. Finally, due to OCD’s nonspecific physical
examination, a high index of suspicion is recommended to
exclude other structural causes of referred knee pain, such as
ligamentous deficiency, meniscal involvement, and associated
hip pathology.
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TaBLE 9.2 Describes the Dipaola and ICRS classifications for stag-
ing OCD lesions on MRI and arthroscopy, respectively

Dipaola Stage
et al. [12] I

II
III

v

ICRS [13]  Stage

MRI findings
Intact cartilage with signal changes
High-signal breach of cartilage

A thin, high-signal rim extending behind the
osteochondral fragment, indicating synovial
fluid around the fragment

Mixed- or low-signal loose body in the
center of the lesion or within the joint

Arthroscopic findings

I Stable lesions with continuous but softened
area of intact cartilage
II Partial discontinuity but stable when probed
111 Complete discontinuity but not yet
dislocated
v Dislocated fragment or a loose body within
the bed
De T2-weighted MRI criteria associated with success of non-
Smet operative management of OCD

A line of high-signal intensity at least 5 mm in length
between the OCD lesion and underlying bone

An area of increased homogeneous signal

At least 5 mm in diameter, beneath the lesion, a focal
defect of 5 mm, or more in the articular surface

A high-signal line traversing the subchondral plate into

the lesion

Confirmatory imaging is often necessitated due to OCD’s
nonspecific presentation and examination. Radiographs are
essential for characterization of the lesion location, assess-
ment of skeletal maturity, and exclusion of other bony pathol-
ogies. Plain radiographs of the knee should include standard
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weight-bearing anteroposterior and lateral views.
Posteroanterior and merchant views at 45° of flexion can be
considered for suspected MFC or patellar lesions, respec-
tively [15]. OCD, especially in later-stage cases, may appear
on plain radiographs as well as circumscribed osseous frag-
ments separated from the underlying subchondral bone by a
radiolucent line [7 18]. Contralateral knee radiographs are
suggested in order to provide comparisons for assessing the
presence of asymmetric physeal status, joint space narrowing,
and ossification irregularities.

MRI has a superior sensitivity and specificity compared to
plain radiographs, making MRI useful for the identification
and diagnosis of OCD [16]. Not only can MRI reliably dif-
ferentiate OCD from other pathologies or abnormal ossifica-
tion, it also allows for detailed characterization of lesion size,
location, depth, and associated loose bodies. In particular, T2
MRI is worthwhile for identifying osseous edema, articular
cartilage surface instability or incongruity, and subchondral
separation [16]. Diagnostic imaging, like MRI, is an essential
component of preoperative planning, yet arthroscopy remains
the gold standard for staging OCD lesions.

The patient’s history, examination, and results on diag-
nostic imaging are all paramount in diagnosing OCD of the
knee. The main goals of OCD management are to promote
healing of the osteochondral unit and mitigate the progres-
sion of osteoarthritis via restoration of joint congruity. The
senior author’s OCD management algorithm (Fig. 9.10) is
largely based upon lesion stability but considers physeal

NotHealed ——  Driling
Conservative Fixation
Open physes —— treatment 3-6
i months
Stable lesion/No (i)
loose body -
rilling
Closed physes —— Fixation
OCD Lesion
Salvageble Fixation with
—— Drilling/Marrow
(gL Stimulation
Unstable lesion
Unsalvageble Fragment I,
fragment Removal (RS ECs

FIGURE 9.10 Chart demonstrating a decision tree for the senior
author’s treatment approach to a patient with osteochondritis dis-
secans
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status, fragment salvageability, and lesion size for a patient-
focused approach.

When weighing options for the course of treatment, phy-
seal status is a unique consideration. OCD can be divided into
juvenile OCD (JOCD), which occurs in the setting of an open
epiphyseal plate, or adult OCD (AOCD), which develops
after the physis has closed. Though AOCD may develop de
novo, most AOCD is hypothesized to be the result of unre-
solved or previously asymptomatic JOCD. The prognosis and
management of AOCD and JOCD differ. JOCD lesions with
intact articular cartilage surfaces retain the potential to heal
and respond effectively to non-operative, conservative man-
agement [1, 7 18]. In contrast, AOCD lesions are more likely
to be unstable and generally require surgical intervention.

Non-operative Management

Non-operative or conservative management of OCD is typi-
cally recommended for stable lesions, especially stable JOCD
[15]. Experts have described several factors associated with
the failure of non-operative treatment [18], but lesion staging
and stability remain the ultimate deciding factors in manage-
ment and prognosis. Regardless of physeal status, stable
lesions are more likely to heal when taking a non-operative
approach. Unstable AOCD lesions almost certainly require
surgical intervention [16].

The rationale for non-operative treatment is to reduce the
loading on the injured aspect of the knee in an effort to pro-
mote spontaneous healing. This is generally implemented by
incorporating pain management through activity modifica-
tion. Activity modification, the mainstay of non-operative
management, includes restricting weight-bearing, participa-
tion in sports, and participation in other high-impact activities
[15, 18]. Essentially, the clinician can restrict to activities that
do not cause symptoms. For some patients this can range
from no high-level sports to complete non-weight-bearing
during activities of daily living. Finally, immobilization by
bracing or casting is highly recommended against [19].
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The senior author recommends non-operative manage-
ment of OCD primarily for stable lesions in skeletally imma-
ture patients. The likelihood that a JOCD lesion will heal
spontaneously is estimated to be 50-94% at 6-18 months [2,
16, 18]. In a large, multicenter, 452-patient trial, those with
open epiphyseal plates responded significantly better to con-
servative management than skeletally mature patients [10].
At the mean follow-up of 33 years, Linden reported that sta-
ble JOCD treated non-operatively did not increase the rate
of degenerative joint changes, regardless of the type of con-
servative management used [20]. However, other studies
have reported that patients diagnosed with JOCD have up to
a 50% chance of developing radiographic evidence of osteo-
arthritis at an older age [19]. OCD that presented after phy-
seal closure, as in AOCD, however, was more likely to display
premature osteoarthritis [19, 20].

Surgical Intervention

As previously mentioned, surgical options for patients who
fail conservative management for OCD include palliative
(fragment excision), reparative (fixation or subchondral drill-
ing), and restorative techniques (marrow stimulation, ACI,
OAT, and OCA) [7]. The widely agreed-upon indications for
operative treatment are detached or unstable lesions and/or
patients who have failed conservative management with a
closed or nearly closed (6-12 months away) physis [1, 3]. Due
to the large breadth of current surgical management options,
no singular standard of care exists. Treatment is typically
patient-specific and based upon the patient’s demand and
goals, as well as physeal status, lesion size, lesion stability, and
lesion grade. Furthermore, the aforementioned arthroscopic
grading scheme remains pivotal to surgical decision-making.

Despite the absence of clear guidelines for when surgical
intervention is indicated, the outcomes for surgical interven-
tion are generally positive. Recently, Trinh et al. [3] published
a systematic review examining 30 studies (levels I-1V) and
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evaluating a total of 862 knees. The mean postoperative fol-
low-up was 77 months, and the minimum follow-up was
24 months. Overall, outcomes were significantly better when
treating JOCD surgically as compared to AOCD. Nearly all
the included studies demonstrated significant clinical and
radiographic improvements in surgically treated JOCD at
short-, mid-, and long-term follow-up [3]. Interestingly,
patients who underwent isolated fragment excision experi-
enced worse outcomes than those who underwent other sur-
gical techniques. Furthermore, in a study that examined 20
patients with a prior OCD excision, 6 patients had signifi-
cantly poor outcomes, and 5 failures were reported at a mean
follow-up of 9 years [21]. Additionally, equally disappointing
outcomes were seen with regardless of the subject’s skeletal
maturity [21].

A review of 25 recent articles demonstrated that the
most common technique used to repair stable lesions is
transarticular drilling [22]. A separate study reported that
the most important prognostic factor for OCD subchondral
drilling is age, as up to 100% of JOCD patients experienced
radiographically visible healing within 6 weeks to 2 years
postoperatively [19]. Similar results have also been reported
in retrograde drilling, which is the authors preference and
preserves the articular surface. In comparison, AOCD
lesions repaired with OCD drilling display less radio-
graphic healing and poorer symptomatic outcomes. This is
likely due to a higher prevalence of more advanced-stage,
unstable lesions with decreased rates of spontaneous heal-
ing (5%-50%) [1, 23].

Restorative procedures focus on replacing or regenerating
damaged articular cartilage with either hyaline or hyaline-
like fibrocartilage repairs. For the treatment of OCD, the
senior author considers these techniques if fixation is not
possible due to the size and level of fragmentation or if the
patient has failed a prior reparative procedure. The cartilage
restoration method is dependent on factors such as lesion
size, quality of subchondral bone, and the goals and demand
of the patient.
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Initial treatment of fragment excision should be followed
by a period of non-operative management. If the patient con-
tinues to have no joint space narrowing on surveillance radio-
graphs, swelling, or pain, the lesion should be left without
further treatment. If symptoms develop, then treatments that
can be considered include marrow stimulation, osteochondral
autograft transplant, or osteochondral allograft transplant.
OAT may be considered as a first-line treatment for small
(<2 cm?) OCD lesions when the subchondral bone quality
would not support marrow stimulation or if the patient’s hab-
its of physical activity are of higher demand [1, 24]. Gudas
et al. [25] reported on 50 children with OCD lesions of the
knee randomized to receive microfracture or OAT. Both
groups had excellent short-term outcomes, yet patients who
underwent microfracture displayed significant deterioration
in International Cartilage Repair Society (ICRS) scores with
41% continuing to failure. Importantly, only 14% of patients
in the microfracture group returned to their preinjury level at
4.2 years after surgery versus 81% in the OAT group [25].
These studies highlight the shortcomings of isolated marrow
stimulation for OCD lesions, and this is rarely recommended.

The approach to treating large OCD lesions (>2 cm?) may
also be delineated by the quality of subchondral bone below
the defect and the activity demands of the patient. ACI is a
two-stage, cellular-based autograft technique. It is ideal for
symptomatic, unipolar, well-contained chondral defects that
are larger than 2 cm? in the absence of significant bone loss
[15, 24]. Reported ACI outcomes are favorable, as studies
have detailed significant improvements in patient-reported
pain and function. Many authors have reviewed efficacy of
treating OCD with ACI and have found good or excellent
results in 73-86% of patients [26,27]. Peterson et al. reported
on 58 patients who underwent ACI for their knee OCD and
found that 91% of patients had good or excellent results at
2-10 years after surgery [27]. Among patients with JOCD
who were treated with ACI prior to physeal closing, 91%
achieved good to excellent outcomes, compared with 77% in
those treated after skeletal maturity had been reached, which
suggests that early treatment is optimal [27].
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Conversely, OCA is indicated for larger OCD lesions with
or without subchondral bone loss, as well as in patients who
have failed other restorative techniques. OCA allows for the
simultaneous restoration of the osteochondral defect with a
single graft. OCA should be viewed as a strong therapeutic
option especially for patients with high physical demand and
lesions greater than 2 cm? [7]. Potential OCA disadvantages
include limited graft availability, decreased cell viability,
immunogenicity, and disease transmission [28]. It has been
reported that OCA provides good to excellent clinical out-
comes with long-term follow-up, as patient-reported out-
comes have demonstrated improvement in upward of 90% of
cases [7 29]. It should be considered that most OCD treat-
ment that utilized cell-based transplantations occurs in
Europe where OCA is not available. It is the authors pre-
ferred treatment to approach symptomatic OCD defects
post-excision with OCA in the vast majority of patients.

Conclusion

OCD is a common and well-known condition, yet much
remains to be understood about it. OCD of the knee requires
a timely diagnosis to prevent progression of the lesion and
degeneration of the joint. In stable JOCD, non-operative
management is highly effective. Indications for surgical
treatment are based on lesion stability, physeal status, and
failure of prior treatments. Reestablishment of the joint con-
gruity, fragment stabilization, and early range of motion are
primary goals for preservation of the osteochondral frag-
ment. The question of whether or not to treat the condition
surgically by way of a cartilage restoration procedure (mar-
row stimulation, ACI, OAT, and OCA) depends on the size
of the lesion, quality of the subchondral bone, and demand
of the patient, though most patients are appropriately
treated with OCA. The overall goal for the treatment of
adult OCD lesions is to relieve pain, decrease mechanical
symptoms, and prevent development of secondary
osteoarthritis.
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Post-meniscectomy
Syndrome

Trevor R. Gulbrandsen, Katie Freeman,
and Seth L. Sherman

Clinic Presentation: Medial
Post-meniscectomy Syndrome

Patient is a 15-year-old female who presents with 6 months of
worsening left knee medial-based pain and activity-related
swelling. Initially at age 12, the patient sustained a bucket-
handle medial meniscus tear that was treated with hybrid
all-inside and inside-out medial meniscus repair. The repair
failed, and she subsequently underwent subtotal medial
meniscectomy 1 year following index arthroscopy. The
patient did well following this procedure with resolution of
her pain and mechanical symptoms. She was able to resume
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sporting activity until the past 6 months when she noted
worsening medial pain (VAS 6-8) and activity-related swell-
ing. At present, she rates her knee 50% of normal. She has
symptoms at night and with ADL and had to discontinue
competitive gymnastics because of her symptoms. The patient
has tried and failed considerable conservative treatment
including NSAIDs, Tylenol,compression sleeves and unloader
bracing, activity modification, and extensive “core-to-floor”
physical therapy.

On physical exam, her BMI is 22. She stands with bilateral
neutral alignment and walks with a slow non-antalgic gait.
Double limb squat is symmetric but painful on the left. She has
good quadriceps tone, mild effusion, focal tenderness over the
medial compartment, negative McMurray, and stable ligaments.

Weight-bearing AP, PA flexion, and lateral and Merchant
views demonstrate no joint space narrowing (Fig. 10.1). The
patient is skeletally mature. Mechanical axis view demon-
strates neutral alignment. Magnetic resonance imaging (MRI)
demonstrates medial meniscal deficiency with foci of sub-
chondral bone signal within the medial femoral condyle.
There is no focal cartilage defect noted on MRI (Fig. 10.2).

FIGURE 10.1 Preoperative weight-bearing Rosenberg radiograph
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Ficure 10.2 Tl-weighted coronal MRI showing medial meniscal
deficiency

Diagnosis/Assessment

This patient’s clinical examination and imaging studies are
consistent with medial post-meniscectomy syndrome. She is
likely experiencing overload secondary to meniscus deficiency
manifest as biologic effusions and pain in the medial compart-
ment. Despite optimization of dynamic flexibility and strength,
the patient has persistent symptoms that are affecting her abil-
ity to sleep, her daily life, and her quality of life. At this point,
surgical intervention is warranted. Her problem list is isolated
to medial meniscus deficiency with neutral alignment, liga-
mentous stability, and no focal cartilage defects. The patient is
indicated for salvage intervention, which would be an isolated
medial meniscus allograft transplantation.
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Management

Examination under anesthesia demonstrated no abnormali-
ties and was followed by diagnostic arthroscopy. The patel-
lofemoral and lateral compartments remained pristine.
Synovectomy and lysis of adhesions were performed to
remove scar tissue from prior injury and surgery. Arthroscopy
confirmed medial meniscal deficiency (Fig. 10.3). When pos-
sible, a 2-3 mm rim of healthy remaining tissue was main-
tained for repair to the native structures. Ideally punctate
bleeding should be noticed so the repair is not performed to
the white zone. The MFC had Grade I-early Grade II changes
and the MTP had Grade I softening. There was no indication
for cartilage treatment and no contraindications to moving
forward with medial MAT.

The deep MCL was trephinated with a spinal needle to
improve access to the medial compartment. A power rasp
was utilized to perform a reverse notchplasty beneath the
femoral PCL insertion. A FlipCutter guide was utilized to
create a 9.5 mm wide x 10 mm deep socket in the anatomic
posterior root insertion of the medial meniscus, and a shuttle
suture was passed. An accessory high anteromedial portal
was established with the knee in deep flexion. A k-wire was
placed into the anterior root insertion, and an outside-in
reamer was utilized in an antegrade fashion which was used

Ficurk 10.3 Evidence of meniscal deficiency in the medial compart-
ment
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FIGURE 10.4 (a) Posterior meniscal tunnel using ACL guide to pass
shuttle stitch (left). (b) Low-profile reaming of anterior meniscal
tunnel (right)

to create a 9.5 mm wide x 10 mm deep socket just anterior
and medial to the ACL insertion. An ACL guide was used to
pass a shuttle suture from the anterior tibial socket to the
anteromedial cortex of the tibia. An inside-out technique was
used to pass shuttle sutures at the junction of the middle
meniscus with the anterior and posterior horns, respectively.
A passport cannula was placed, and all shuttle sutures were
retrieved through the medial portal (Fig. 10.4).

The medial meniscus allograft was prepared using
TightRope ABS (attachable button system) for suspensory
cortical fixation of both anterior and posterior bone plugs.
The bone plugs were 9 mm wide by 3 mm in depth. Labral
tape horizontal mattress sutures were passed at the junction
of the mid-body of the meniscus with the anterior and poste-
rior horns, respectively.

The MAT was shuttled into the joint. The posterior bone
plug was seated first and fixed with the suspensory cortical
sutures for provisional fixation. Posterior all-inside sutures
and several inside-out sutures were then passed to help
secure the meniscus to the rim posteriorly and in the mid-
body of the meniscus. The anterior bone plug was then well
seated and provisionally fixed (Fig. 10.5).

There was minimal graft mismatch which was reduced by
recessing both bone plugs slightly deeper into the sockets so
that the meniscus had precise fit. The knee was placed in exten-
sion, and the sutures were retrieved through a small medial-
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FiGURE 10.5 (a) MAT placement. (b) MAT with inside out suture
placement

FIGURE 10.6 AP (a) and lateral (b) views of the left knee showing
postoperative medial MAT suspensory cortical fixation

based incision. The labral tapes were secured to the tibia using
PushLock anchors to restore meniscotibial attachments, and
the inside-out sutures were tied. Direct visualization showed
the meniscus was nicely approximated to the rim with excellent
fixation. Outside-in PDS sutures were placed anteriorly
and tied over the capsule. The knee was taken through a range
of motion demonstrating stability of the medial MAT.
Postoperative radiographs were obtained (Fig. 10.6).
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Outcome

The patient had an uneventful course after the medial
MAT. On follow-up at 3 months, the patient had achieved full
ROM, normalized her gait, and had minimal pain that was
relieved with NSAIDs. At 6 months postoperative, she contin-
ued to report minimal pain but had significant improvement
of her subjective assessment scores, including Knee Injury and
Osteoarthritis Scores (KOOS) of 95.59 for daily living, 91.67
for pain, 70 for sports and recreation, and 875 for symptoms.
Her Lysholm Knee Scoring Scale was 78, as well as a 10 on her
Marx score and a 7 on the Tegner Activity Scale.

Clinical Presentation: Lateral Post-
meniscectomy Syndrome

This female patient presented to our clinic at age 12 with symp-
toms of diffuse knee pain, swelling, and inability to fully extend
the knee for 1 year following a football injury. She was diag-
nosed with a chronic locked bucket-handle tear of her lateral
meniscus and indicated for arthroscopic surgery. Unfortunately,
the meniscus was not reducible, and she was treated with sub-
total lateral meniscectomy. Her cartilage surfaces were pristine
at this time. She had slight asymmetric valgus and was strictly
monitored for signs/symptoms of post-meniscectomy syn-
drome. She was treated with lateral unloader brace, NSAIDs,
and home exercise program. While she was initially improved
after index arthroscopy, serial follow-up over several months
demonstrated progressive valgus deformity and onset of lat-
eral-based pain and activity-related swelling even with ADLs.
On physical exam, she has a BMI of 24. She walks with a
non-antalgic gait and has symmetric double limb squat with
pain on the left. She has asymmetric valgus, left greater than
right. Her knee has a trace effusion and tenderness over the
lateral joint line with a negative McMurray. Ligaments are
stable and ROM is normal. Distal neurovascular intact.
Weight-bearing AP, PA flexion, and lateral, Merchant, and
bilateral standing mechanical axis view radiographs demon-
strated asymmetric valgus without lateral joint space narrow-
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ing (Fig. 10.7). Magnetic resonance imaging (MRI) revealed
a trace effusion, evidence of mild fibrillation of her cartilage
surface in her lateral compartment with femoral subchondral
edema and early sclerosis. Lateral meniscus deficiency was
noted (Fig. 10.8).

Diagnosis/Assessment

This case highlights the rapid progression of lateral knee joint
breakdown that follows subtotal lateral meniscectomy in the
valgus active female. In general, MAT is indicated for symp-
tomatic meniscal deficiency and is not recommended as a

FIGURE 10.7 AP weight-bearing - Auto Pagted Image
alignment view showing left knee (=
valgus malalignment with right
knee varus malalignment
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FIGURE 10.8 Initial T1-weighted coronal MRI of the left knee show-
ing lateral meniscal deficiency

prophylactic procedure. However, the valgus active female
with meniscal deficiency is a rare exception to this overall
rule. As can be seen in this case vignette, the patient had only
transient symptomatic relief before return of painful swelling
several months after arthroscopy. Even in this short time, her
valgus had worsened, and she began to develop chondral
surface changes and subchondral edema in the lateral com-
partment. This is a scenario with a poor natural history and
one in which aggressive surgical treatment is strongly consid-
ered. In her case, her problem list includes asymmetric valgus
and lateral meniscus deficiency. Her ligaments are stable, and
she has no obvious focal, full-thickness cartilage defects. She
is indicated for either combined realignment osteotomy and
lateral MAT versus staged intervention or osteotomy fol-
lowed by lateral MAT/cartilage restoration at a later date.
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The lateral compartment is convex, and the lateral menis-
cus covers more of the surface than the medial meniscus. As
such, the lateral side is more sensitive to changes relating to
partial or subtotal meniscectomy. There is significant increase
in contact pressure, decreased contact area, and often rapid
progression of cartilage wear following meniscectomy. This is
amplified in the setting of valgus alignment and hastened by
attempts at increased high-demand activity in young female
athletes. Given the natural history of this condition, surgeons
should have a low threshold for action to avoid onset of
lateral-based arthritis at a young age.

In general, surgeons prefer the use of bone plug MAT on
the medial side and trough-type MAT on the lateral side,
given the close proximity of the lateral meniscus root inser-
tions. Both techniques have demonstrated acceptable clinical
outcomes for MAT, and technique is based largely on sur-
geon preference. In our hands, we prefer lateral MAT with
small bone plugs placed in anatomic sockets and secured with
suspensory cortical fixation. Despite the small bone bridge
between the root insertions, mechanical testing has demon-
strated root insertion strength near native meniscus without
tunnel convergence. Advantages of this technique include
all-arthroscopic visualization throughout the entire proce-
dure, maintenance of bone stock, ability to handle graft mis-
match in real time, and no need to “flip” the meniscus into a
tight compartment, among others.

Management

After careful discussion with the patient and family, decision
was made to proceed with staged intervention. The first stage
would include arthroscopic evaluation of her cartilage sur-
faces followed by distal femoral varus producing osteotomy.
Second stage would include lateral MAT plus cartilage res-
toration if indicated. At arthroscopy, progression of Grade
I-1I cartilage changes over the lateral femoral condyle and
lateral tibial plateau was noted. Medial and patellofemoral
compartments remained pristine. Arthroscopic lysis of adhe-
sions was performed.
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Standard lateral-based approach was taken for distal fem-
oral osteotomy. Using fluoroscopic guidance, a guidewire was
placed parallel to the joint line at the level of the epicondyles.
The osteotomy guide was then placed over this guidewire,
and two pins were placed in line with the planned osteotomy
and confirmed with fluoroscopy. Blunt retractors were placed
subperiosteally posteriorly around the femur to protect the
neurovascular structures. The osteotomy was performed with
a saw and completed with osteotomes. Osteotomy wedges
were used to open to the desired correction, which was 75°, as
measured from preoperative templating. The plate was
secured with 4.5 mm cortical screws proximally and 6.5 mm
cancellous screws distally. The osteotomy site was packed
with a combination of Beta-tricalcium phosphate wedges
soaked in BMAC (bone marrow aspirate concentrate).

The patient recovered uneventfully from her DFO.
Alignment radiographs were obtained (Fig. 10.9). She elected
to proceed with lateral MAT 5 months after osteotomy. There
was progression to Grade II chondral disease on the lateral
femoral condyle and lateral tibial plateau but no focal, full-
thickness cartilage lesions and no indication for cartilage
restoration which was not performed. The lateral meniscus
remnant was debrided down to a healthy peripheral 2-3 mm
rim when present. A FlipCutter was used to prepare a 9.5 mm
x 10 mm socket at the posterior root insertion of the lateral
meniscus. A shuttle suture was passed. The FlipCutter was
again utilized to create a 9.5 mm x 10 mm deep socket at the
anterior root insertion adjacent to but avoiding the
ACL. Shuttle sutures were passed. Inside-out zone-specific
cannula was used to pass a shuttle stitch just anterior to the
popliteal hiatus. This was retrieved through an accessory pos-
terolateral incision (Fig. 10.10).

The lateral MAT was prepared on the back table. Bone
plugs 9 mm wide and 3 mm deep were secured with Fiberloop
sutures through the bone/soft tissue junction on both ends.
Fiberwire suture was placed in the meniscus at the level of
the popliteal hiatus to assist in graft passage.

A passport cannula was placed and sutures retrieved
through the cannula which was subsequently removed. The
MAT was shuttled into the joint and the root sutures secured
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FIGURE 10.9 Post DFO AP - AutaPasted|
alignment showing left knee val- [H)
gus correction

with cortical buttons. Hybrid all-inside, inside-out, and outside-
in meniscus repair technique was performed (Fig. 10.11).

Outcome

The patient did well in her early postoperative lateral MAT
recovery (Fig. 10.12). By 6 months post-MAT, she completed
physical therapy. At this time she had continual improvement
in her subjective assessment scores including Knee Injury and
Osteoarthritis Outcome Scores (KOOS) of 95.59 for daily
living, 86.11 for pain, 60 for sports and recreation, and 96.88
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FIGURE 10.10 (a) 9.5 mm x 10 mm deep socket at the anterior root
insertion adjacent to the ACL. (b) Drill guide. (¢) Placement of
Fiberwire suture to assist in graft passage

for symptoms. Her Lysholm Knee Scoring Scale was 78. She
reported no pain or swelling. By 1 year posterolateral MAT,
she had completely normalized her ADLs and could partici-
pate in low-impact athletic activities. At 18 months she expe-
rienced symptomatic distal femoral hardware and underwent
removal of hardware with postoperative symptomatic
improvement. At 2 years posterolateral MAT, the patient had
normalized her ADLs and was able to fully participate in
low-impact activities without significant limitations.

Literature Review

Despite the above clinical vignette, post-meniscectomy syn-
drome is less commonly encountered following medial men-
iscectomy as compared to lateral meniscectomy. The medial
compartment is concave, and the medial meniscus covers less
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FiGure 10.11 (a) Placement of MAT. (b) Hybrid all-inside, inside-
out, and outside-in meniscus repair technique shown on final lateral
MAT placement. (¢) Final lateral MAT placement

Iiil.{

FiGURE 10.12 AP (a) and lateral (b) views of the left knee showing
postoperative changes with DFO and lateral MAT suspensory corti-
cal fixation placement
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of the surface area of the medial tibial plateau. Therefore,
meniscectomy has less detrimental effect on the contact areas
and contact pressures in the medial compartment and is less
likely to lead to early and symptomatic post-meniscectomy
syndrome. Additionally, these characteristics also make it less
likely for there to be cartilage breakdown in the medial com-
partment and less need for concomitant cartilage restoration
procedure at the time of MAT as compared to the lateral side.
More often the case, medial meniscus deficiency is associated
with failure of ACL reconstruction, and medial MAT is often
performed as a combined procedure alongside revision ACL
surgery with the indication of improving functional stability.

There are several surgical techniques that may be utilized
for medial MAT including fixation that is soft tissue only, with
bone plugs, or with an osseous trough. Guidance in choosing
between these techniques can be obtained through the litera-
ture but is not conclusive. Ultimately, all techniques have good
reported outcomes, and due to procedural complexity, the
technique the surgeon is most facile with should be utilized.
Considerations to take into account are the increased distance
in medial meniscal insertional footprint compared to the lat-
eral side and run in an oblique orientation in the axial plane.
As such, anatomic trough techniques require loss of signifi-
cant bone stock and also require violation of at least a portion
of the native ACL. Additionally, combined ACL reconstruc-
tion/medial MAT can be more challenging using the trough
technique. However, the native donor root relationship is
preserved with the trough technique which is not the case
when utilizing bone plugs. When compared to soft tissue-only
MAT which is technically the easiest, clinical outcomes are
similar but may result in increased graft extrusion.

Several studies have shown favorable outcomes of the
medial MAT using bone plugs. Ha et al. performed a 2-year
follow-up study on medial MAT using the bone plug tech-
nique. They reported significant improvement of the mean
IKDC scores (from 60.3 to 85.4 (P < 0.05) and mean Lysholm
scores (from 68.2 preoperatively to 89.7 postoperatively
(P <0.05)). Additionally, they reported that 100%, 83.3%, and
94.4% of patients had healing at the anterior root, the poste-
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rior root, and the meniscal rim on MRI, respectively. Second-
look arthroscopy further supported these findings [1].

Verdonk et al. performed a study on 39 medial MAT and
61 lateral MAT with a mean follow-up of 72 years. Using the
modified Hospital for Special Surgery (HSS) function and
pain scoring system, they reported a significant improvement
in regard to both pain and function from preoperative to the
time of final follow-up. Additionally, they reported that the
cumulative survival rates for the lateral and medial allografts
were 69.8% and 74.2% at 10 years [2].

Furthermore, LaPrade and colleagues performed a pro-
spective 2-year follow-up study that showed significant sub-
jective improvements associated with lateral and medial
MAT. In this study, 19 patients underwent medial MAT with
baseline Cincinnati scores of 52.3. In post-MAT, these scores
improved to 73.2 (P < 0.001). This groups IKDC subjective
scores preoperatively averaged at 51.2 and improved to 68.2
(P < 0.001) postoperatively. Furthermore, this study included
21 patients who underwent lateral MAT. This group had
baseline Cincinnati scores of 57.8. There were 15 patients with
follow-up scores averaging 779 (P < 0.001). All 21 patients
who underwent lateral meniscal improved from baseline
scores of 576 to an average of 76.6 (P < 0.001) [3].

Several studies have demonstrated success with the bone-
in-slot technique. McCormick et al. [4] reported upon MAT
survival in 172 patients at a mean follow-up of 59 months with
a minimum 2-year follow-up. Only eight patients (4.7%) went
on to require revision MAT or total knee replacement at final
follow-up. Additionally, Kaplan-Meier survival analysis
showed no significant difference between medial MAT or
lateral MAT. Additionally, Saltzmann et al. [S] reported on
the survivorship of the same MAT technique when per-
formed concomitantly with ACL reconstruction. These
authors reported overall survival of 40 patients (33 medial
MAT, 7 lateral MAT) at a mean S5-year follow-up which was
80%, and there was no significant increase in joint space nar-
rowing from preoperative radiographs.
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Return to sport following meniscus transplant remains con-
troversial. Chalmers et al. studied the results of the bone
trough MAT in high school and high-level athletes who had
meniscal deficiency and symptomatic post-meniscectomy syn-
drome. Thirteen athletes were followed post-MAT for a mean
of 3.3 years (range 1.9-5.7), and their ability to return to their
preinjury level of play was analyzed. More than three-quarters
(77%) of the athletes who underwent MAT had significant
improvements and were able to return to their desired level of
play, while the remaining athletes (23% ) required further sur-
gery including one revision MAT, one partial meniscectomy,
and one meniscal repair [6].

There is still controversy regarding the treatment of post-
meniscectomy syndrome. In general, MAT is indicated for
patients with symptomatic meniscal deficiency who have
failed conservative treatment and have symptoms with activi-
ties of daily living. Being able to return to sport following
MAT should be considered icing on the cake. Although
patients with meniscal deficiency often advance to radio-
graphic osteoarthritis, clinical symptoms do not accurately
correlate with these findings [7, 8]. Additionally, there is no
clear evidence that meniscal allograft transplantation
decreases the radiographic advancement of osteoarthritis [9].
Therefore, MAT is currently not indicated for asymptomatic
patients. These patients should be closely followed over time
for subjective and objective signs and symptoms of meniscal
deficiency. A specific clinical scenario that should be followed
closely is the valgus active female status post-functional lat-
eral meniscectomy. In this case, the patient may develop rapid
progression of lateral-based osteoarthritis. Overall, the main
goal of MAT is to provide relief of symptoms and improve
quality of life. The technique used to perform MAT varies
and ultimately should be left to the treating physician based
on comfort level. Although there may still be an increased
risk of progression toward osteoarthritis, there is growing
evidence that MAT provides clinical improvements with
potential for chondroproctection [10].
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Clinical Pearls

Patients with functional or subtotal meniscectomy
must be counseled effectively and followed at regu-
lar intervals for signs/symptoms of meniscus
deficiency.

Symptoms include compartment-based pain, swell-
ing, and mechanical symptoms.

Signs include progressive limb deformity, joint space
narrowing, and chondral or subchondral changes on
serial advanced imaging studies.

Morphological differences between medial and lat-
eral compartments predict differences in clinical
onset of post-meniscectomy syndrome.

The medial compartment is more tolerant to menis-
cectomy changes as it concaves and is more conform-
ing. The lateral compartment is convex and less
tolerant to meniscectomy.

Malalignment increases the risk of post-meniscec-
tomy syndrome, particularly in the case of the valgus
active female following subtotal meniscectomy.
While prophylactic MAT is generally not indicated,
the natural history of lateral meniscal deficiency is
poor, and early surgery should be considered, par-
ticularly in the setting of valgus malalignment.
There is no MAT technique that has demonstrated
clinical superiority. In general, surgeons in the USA
utilize bone plug MAT medially and trough MAT
laterally.

Managing patient expectation is CRITICAL. This is
a salvage intervention intended to improve quality of
life. Sporting goals are secondary and may not be
achievable or allowed. This surgery will not last for-
ever, and it is likely the patient will require other
procedures throughout their lifetime.
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Chondral Defects
of the Patella: Diagnosis
and Management

Andreas H. Gomoll and Brian J. Chilelli

Case Presentation

The patient is a 33-year-old female who presented with
chronic right anterior knee pain. She endorses significant
crepitus in the right knee. She reports the pain is located
directly behind the patella, worse with weight-bearing, espe-
cially going up and down stairs. In particular, she complains
of night pain that is exacerbated after prolonged use. She
endorses significant swelling associated with the pain. She
also reports difficulty with rising from a seated position
after prolonged sitting. She rates her symptoms as 7/10. She
has tried ice, TENS unit, physical therapy, corticosteroid
injection, and viscosupplementation. The patient reports
injections improved her symptoms, but not significantly. The
patient also comes today for discussion and evaluation of
her MRI on the right knee. She is interested in discussing
surgery.
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Physical Exam

Evaluation of the right lower extremity reveals skin that is
warm, dry, and intact. There is a mild intra-articular effusion
in the left knee. She has significant pain and audible patello-
femoral crepitus with single leg squat on the right side. She is
tender to palpation on the right knee overlying the patellar
tendon, but otherwise non-tender to palpation. She is stable
to varus and valgus stress at 0 and 30°. She is ligamentously
intact and has a mild J sign.

Diagnostic Imaging

Merchant view radiograph of the patellofemoral joint
revealed a preserved joint space without subluxation or
significant tilt (Fig. 11.1b). Magnetic resonance imaging
demonstrated right knee full-thickness chondral loss on
the proximal aspect of the patella with subchondral cyst
formation (Fig. 11.1a). The trochlea is completely spared,

FiGure 11.1 (a) Sagittal MRI PD FS sequence demonstrating a
chondral defect of the mid- to proximal patella with mild associated
subchondral edema and a small cyst; (b) Merchant view of the patel-
lofemoral joint demonstrating preserved joint space without sublux-
ation or significant tilt
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with no element of dysplasia. The ACL, PCL, LCL, and
MCL are intact.

Management

Conservative and operative management were discussed with
the patient. Due to exhausting all conservative options, her
history, and MRI, the patient elected to proceed with staging
arthroscopy and biopsy for matrix-associated autologous
chondrocyte implantation (MACI).

On diagnostic arthroscopy, the patient had a grade 3 to
grade 4 cartilage lesion in the patella that was 25 x 20 mm in
size (Fig. 11.2a). The patellar lesion was central and distal.
The trochlear cartilage was intact. The remainder of her knee
was normal. After visualization, the patella lesion was
debrided using a 4.0 mm shaver for full visualization
(Fig. 11.2b). The chondroplasty completed until the forma-
tion of a stable rim and no element of any loose flap-type
component.

The patient reported significant relief after chondroplasty.
However, her anterior left knee pain, symptoms, and physical
exam findings reverted 4 months after arthroscopy. After
discussion, the patient elected to proceed with the MACI
and TTO.

FIGURE 11.2 A staging arthroscopy image through the lateral portal
of an isolated patella cartilage defect prior (a) and after (b) debride-
ment of the lesion
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Surgical Technique

The patient was positioned supine with all osseous promi-
nences padded. Anesthesia was induced without any diffi-
culty, and antibiotics were given within 30 min of skin
incision. The operative extremity was prepped and draped in
the normal sterile fashion using chlorhexidine, and a tourni-
quet was placed. A timeout was performed that confirmed
the side, site, and type of surgery to be correct. A longitudinal
skin incision was made along the length of the patella at the
midline and then developed down to the lateral retinaculum
where Bovie electrocautery was used to perform an arthrot-
omy. The arthrotomy was completed up to the inferior edge
of the vastus lateralis and down to the origin of the patellar
tendon. After completing this, the patella was everted to
expose the articular cartilage. No damage on the trochlea was
found; however, the patient did have a large grade 3 to grade
4 patellar defect, which was 20 x 25 mm and located central
and distal (Fig. 11.3a). The defect was fully debrided using a
ring curet, an 11-blade knife, and saline down to the bony bed
(Fig. 11.3b). The calcified cartilage layer was removed. After
full preparation, we then moved our attention to the tibial
tubercle.

FiGUrRe 11.3 (a) Intraoperative image of an everted patella to
expose the large grade 3 to grade 4 articular cartilage defect. (b) The
same patellar defect after full debridement down to the bone bed
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The tibial tubercle osteotomy was made through a separate
7 cm incision at the tibial tubercle and distal. Medial and lateral
flaps were made to the anterior compartment fascia which was
incised using Bovie electrocautery. After elevating the muscu-
lature, full visualization of the lateral aspect of the tibia was
achieved. An Arthrex guide set to 90° was used to make an
anterior to posterior cut just through the anterior cortex. A
lateral to medial cut was made using an ACL saw blade and
tapering distally. After release with osteotomes proximally, a
tricortical bone graft was performed in a wedge that was 1 cm
at its maximum height in order to anteriorize the bone. Two 4.5
screws were used in a standard AO technique. The screws were
countersunk to place fixation from lateral to medial. After
completion, the area was copiously irrigated, and we turned
our attention back to the MACI portion of the case.

The Chondro-Gide membrane patch (Geistlich Pharma
AG, Switzerland) was cut and injected and soaked with one vial
of cultured cells. After this was complete, thrombin-soaked
sponges were placed in the base of the defect with the tourni-
quet down to reduce bleeding. Any additional punctate bleed-
ing was stopped adequately using fibrin glue. The tourniquet
was then reinflated, and the joint was copiously irrigated. The
patch was sewn in place using 6-0 Vicryl. After 50% of the
patch was sewn in place, fibrin glue was placed peripherally,
and the remaining vial of the ACI cells was injected under-
neath the patch. The remainder of the patch was secured with
6-0 Vicryl and the fibrin glue (Fig. 11.4). After adequate seal
was confirmed, the patellofemoral joint was reduced. The
arthrotomy was closed with #1 Vicryl, the subcutaneous skin
with a 2-0 Monocryl, and the skin with running 3-0 Prolene. The
fasciotomy was closed with #1 Vicryl, and the subcutaneous
skin with a 2-0 Monocryl followed by a running 3-0 Prolene.
The wound was dressed with Steri-Strips, gauze, Kerlix, Ace
wrap, Recovery Plus ice unit, and brace locked in extension.

Postoperatively, the patient was counseled to be restricted
to partial heel-based weight-bearing activities and full exten-
sion bracing and to begin range of motion movements imme-
diately by way of a continuous passive motion (CPM) device.
Two weeks postoperatively, the patient began 6 full weeks of
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FIGURE 11.4 An intraoperative image of an isolated patella cartilage
defect repaired with matrix-associated autologous chondrocyte
implantation using the Chondro-Gide membrane patch

physical therapy with protective bracing and continued
weight-bearing restrictions. At 6 weeks the patient was coun-
seled to continue physical therapy and allowed to advance to
weight-bearing as tolerated.

Outcome

Six months following MACI and TTO, the patient reported
improving anterior knee pain, mild clicking in the front of the
knee, and mild difficulty in squatting. The patient endorses
improved stiffness and no effusion. On physical examination,
range of motion was 0/0/125. No effusion or tenderness to pal-
pation was identified. Mild patellofemoral crepitus remained.

History and Clinical Evaluation
When patients with patella cartilage injuries are symptom-

atic, they will typically present with anterior knee pain that is
exacerbated by activity. The most common activities include
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bending, kneeling, squatting, running, jumping, and using
stairs; all of which involve loading a flexed knee. Posterior
knee pain can occur but most people will describe pain deep
to the patella or may point to an area just below the patella.
Swelling will occasionally arise and patients may experience
catching or locking as a result of an unstable cartilage flap. A
thorough history is obtained and includes questions about
patellar instability (acute or chronic). In patients with known
patellar instability, is important to distinguish between tran-
sient pain as a result of a specific unstable event and pain as
a result of a chondral defect that has occurred secondary to
instability.

Physical examination starts with assessing a patient’s gait
and inspecting for lower extremity malalignment. The Q
angle (anterior superior iliac spine to the central patella to
the tibial tubercle) can be measured, and an elevated value
(>14 in males and >17 in females) may be associated with
patellar maltracking or instability [1]. For this test, the patella
needs to be located in the groove. A laterally subluxed patella
will result in a falsely low Q angle. Palpation of the joint is
performed to determine if an effusion is present and to assess
for patellar translation and apprehension. Motion is observed
while paying close attention to patellar tracking and mobility
throughout the entire range of motion. The patient should be
evaluated for generalized ligamentous laxity as well as lower
extremity malalignment or malrotation.

Imaging

Radiographs are obtained and include standing anteroposte-
rior, lateral, merchant, and 45° flexion posteroanterior views.
These images are analyzed for fractures, loose bodies, joint
space narrowing, osteophytes, patella alta, patellar subluxation,
and patellar tilt. MRI is useful to detect chondral or osteochon-
dral defects and to further characterize them. Determining the
size of the lesion is helpful for prognostic purposes and to aid in
surgical decision-making, but MRI has been shown to underes-
timate lesion size by as much as 60% [2]. In addition to evaluat-
ing lesion characteristics, MRI can be used to determine tibial
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tubercle-trochlear groove (TT-TG) distance, presence of troch-
lear dysplasia, patellar height, subchondral edema, and associ-
ated ligamentous injuries. A recent MRI comparative study
concluded that a flat and shallow trochlea, trochlea dysplasia,
and patella alta are associated with the development of patellar
cartilage defects [3]. The tibial tubercle-posterior cruciate liga-
ment (TT-PCL) distance has been found to be an effective
alternative method for determining the position of the tibial
tubercle [4]. This measurement is not influenced by the rotation
of the knee or shape of the trochlea, and values greater than or
equal to 24 are considered abnormal. Computed tomography
(CT) or CT arthrogram may be particularly useful when evalu-
ating for subchondral bone deficiency.

Treatment Options

Nonoperative Treatment

The initial approach to managing most patients with patellar
cartilage defects should focus on conservative measures.
Nonetheless, patients with mechanical symptoms as a result
of an unstable chondral flap or osteochondral fragment may
be considered for early surgical intervention. The mainstays
of nonoperative treatment include activity modification, anti-
inflammatory medications, physical therapy, bracing, and
injections (cortisone or hyaluronic acid). Physical therapy
focuses on quadriceps strengthening to improve patellofemo-
ral biomechanics. However, newer studies confirm the impor-
tance of a more comprehensive approach to physical therapy
which includes core strengthening, hip abductor and external
rotator strengthening, and iliotibial (IT) band stretching [5-
8]. Nonoperative treatment should be attempted for 6 weeks
to 6 months prior to determining whether or not it has been
successful.
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Surgical Treatment

Surgical treatment is reserved for the subset of patients who
fail nonoperative management or for individuals who have
displaced chondral or osteochondral fragments resulting in
mechanical symptoms. Incidental cartilage lesions of the
patella found at the time of ACL reconstruction or meniscus
surgery should not be treated with cartilage repair since it is
unclear whether or not that lesion is or will be symptomatic.
Surgical options for known symptomatic full-thickness
defects include arthroscopic chondroplasty, open reduction
internal fixation (ORIF) of the chondral/osteochondral frag-
ments, marrow stimulation, osteochondral autograft transfer
(OAT), osteochondral allograft transplantation (OCA),
autologous chondrocyte implantation (ACI), and particu-
lated juvenile articular cartilage (PJAC). The goal of surgery
is to restore the chondral surface anatomy with tissue that
exhibits biomechanical properties as closely as possible to
native articular cartilage. Additional procedures such as lat-
eral release/lengthening, MPFL reconstructions, tibial and
femoral rotational osteotomies, and tibial tubercle osteoto-
mies can be combined with cartilage restoration surgery.
Patellofemoral arthroplasty is used as a salvage procedure
for failed cartilage procedures or for patients who are not
candidates for cartilage restoration. Surgical decision-mak-
ing depends on defect characteristics such as size, location,
and status of the subchondral bone. Other associated condi-
tions include instability and malalignment. Patient factors
also play a vital role in the decision-making process.
Compliant patients with realistic expectations who compre-
hend the postoperative rehabilitation process are ideal can-
didates. Relative contraindications include smokers, patients
with increased BMI, non-compliant patients, and radio-
graphic evidence of joint space narrowing (Kellgren
Lawrence grades III-1V).
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Marrow Stimulation

Marrow stimulation can be considered for small (<2 cm?) full-
thickness chondral defects of the patella. This technique is
most commonly performed through an arthroscopic approach,
which can be technically challenging to orient the instru-
ments perpendicular to the defect. Alternatively, an open
arthrotomy can be performed allowing for eversion of the
patella. Unfortunately, there is a paucity of outcome studies
looking at isolated patellar chondral defects treated with
microfracture. Instead, several studies combine femoral con-
dyle and patellofemoral data. Most of these studies report
good outcomes at short term for small lesions in low-demand
patients but acknowledge that deterioration of clinical out-
comes should be expected after 2-5 years [9-11]. Kreuz et al.
[12] reported outcomes based on location of the defect fol-
lowing microfracture in 70 patients. There were 32 femoral
condyle, 11 tibia, 16 trochlear, and 11 patella defects. Good
results were documented at 6 months and 18 months, but
deterioration in outcome scores and MRI defect filling
occurred at 36 months. In addition, the trochlea and patella
groups experienced greater deterioration compared to the
femoral condyle group. The authors concluded that young
patients (<40 years) with femoral condyle lesions are associ-
ated with a better prognosis.

Osteochondral Autograft Transfer

Osteochondral autograft transfer is used to treat small
(<2 cm?) full-thickness chondral or osteochondral defects of
the patella. It restores the articular surface with native hya-
line cartilage and can be used to address concomitant abnor-
mal subchondral bone and/or deficiency. However, it can be
difficult to match the complex morphology of the patella
utilizing donor femoral condyle cylinders that often have a
different hyaline cartilage thickness and structural properties
than that of the native patella [13, 14]. In a retrospective
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study, 33 patients were followed for an average of 19.3 months
after undergoing osteochondral autograft transfer mosaic-
plasty to treat patellofemoral cartilage defects [15]. The mean
age was 31 and the average lesion size was 2.4 cm?. The results
were good in 24 cases and fair in 9 cases. The mean Lysholm
knee score prior to surgery was 51.9 and increased to 85.5 at
final follow-up. In another series, Nho et al. [16] reported on
22 patients treated with OAT for patella defects with an aver-
age size of 1.65 cm?. Significant improvements were docu-
mented at a mean follow-up of 28.7 months with improved
IKDC (472-74.4), ADL (60.1-84.7), and SF-36 (64.0-79.4).
Similarly, Astur et al. [17] found statistically significant
improvements in Lysholm, Kujala, Fulkerson, and SF-36
scores following OAT to treat symptomatic patellar defects.
In this study there were 33 patients followed for 2 years with
all defects measuring less than 2.5 cm? Results reported by
Bentley et al. [18] were less encouraging with a high failure
rate associated with mosaicplasty for patellar cartilage lesions.
All five of the patients who underwent surgery failed at a
mean follow-up of 1.7 years. As a result the authors consid-
ered mosaicplasty of the patella to be contraindicated.

Osteochondral Allograft Transplantation

Osteochondral allograft transplantation is ideal for large
defects (>2-4 cm?) of the patella and can be used to address
associated subchondral bone pathology. Similar to OAT,
matching the complex architecture of the patella can be tech-
nically challenging. In a recent case series, 28 knees in 27
patients with a mean age of 33.7 were treated with OCA for
isolated full-thickness patellar chondral defects [18]. This
series represented a challenging patient population since 26
of 28 knees (92.9%) had previous procedures (mean, 3.2 pro-
cedures) and the mean allograft area was 10.1 cm?
Survivorship at 5 and 10-years was 78.1% and at 15 years was
55.8%. Failures were documented in 8 of the 28 knees
(28.6%) but among the 20 knees with grafts in situ, 89% of
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patients were extremely satisfied or satisfied with the results.
The authors concluded that the outcomes in their study were
inferior to published outcomes following OCA for femoral
condyle defects. Similarly, a systematic review of 19 studies
discovered a trend toward inferior results following OCA to
treat patellofemoral lesions compared to treated tibial and
femoral condyle lesions [19]. Torga Spak et al. [20] reported a
high reoperation rate (86%, 12/14) in their series of 14 fresh
patellofemoral allografts (11 patients), but 10 of the 11
patients in the study stated that they would repeat the proce-
dure. At last follow-up, 8 grafts were still in place, 4 for more
than 10 years, 2 for more than 5 years, and 2 for more than
2 years. Of the non-surviving grafts, three survived more than
10 years.

Autologous Chondrocyte Implantation

Autologous chondrocyte implantation is used to treat medium
to large (>2—4 cm?) chondral defects of the patella. This tech-
nique makes it easier to match the native surface architecture
of the patella compared to OAT and OCA. In a prospective
study, 25 knees in 23 patients were treated with ACI and
anteromedialization of the tibial tubercle for isolated patellar
articular cartilage lesions [21]. The mean age was 31.0 with a
mean defect size of 6.4 cm? At an average follow-up of
76 years, significant improvements were observed in the
IKDC score (42.5-75.7), modified Cincinnati Knee Rating
System score (3.0-70), Lysholm score (40.2-79.3), and SF-12
score. The majority of patients (83%, 19/23) rated their sur-
gery as good or excellent. Another prospective study involved
39 patellofemoral defects (14 patella, 18 trochlea, 7 bipolar)
in 38 patients treated with ACI with a mean follow-up of
37 months [22]. The lesions were large (5.4 cm? patella,
4.3 cm? trochlea, 8.8 cm? bipolar) and tibial tubercle antero-
medialization was performed as indicated in 28 patients. At
final outcome significant improvements were observed in all
outcome measure including modified Cincinnati, Lysholm,
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and VAS scores. Second-look arthroscopy in 22 patients
revealed repair tissue that scored a median of 11 of 12 points
using the International Cartilage Repair Society cartilage
repair assessment. There were 3 failures, and 25 patients
underwent subsequent surgery, including 14 to remove hard-
ware from a prior osteotomy. In a recent long-term prospec-
tive series, Kon et al. [23] reported on 32 patients treated with
matrix-assisted autologous chondrocyte transplantation
(MACT) for full-thickness chondral lesions of the patello-
femoral joint. The final follow-up was at 10 years and included
the same cohort of patients who were evaluated at 2 and
5 years. The average defect size was 4.45 cm? and included 20
patellar lesions, 8 trochlear lesions, and 4 patients with mul-
tiple patellofemoral lesions. All scores (IKDC, EuroQol
visual analog scale, and Tegner) showed a statistically signifi-
cant improvement at 2-, 5-, and 10-year follow-up with
respect to the preoperative level. In addition, there was no
worsening observed at last follow-up compared to 5-year
follow-up. The authors concluded that the long-term results
were reassuring since their previous study showed that the
short-term improvement was not maintained at midterm fol-
low-up with worsening of results from 2 to 5 years after
MACT [24]. Gomoll et al. [25] performed a large multicenter
study consisting of 110 patients treated with ACI for cartilage
defects of the patella with an average follow-up of 90 months.
The average age was 33 and patellar defect size was 5.4 cm?.
Significant outcome score improvements were documented
as a group (IKDC 40-69, modified Cincinnati 3.2-6.2,
WOMAC 50.4-28.6). Of importance, 86% of patients rated
their knee as good or excellent at final follow-up, and 92%
stated they would undergo the procedure again. In another
study, Von Keudell et al. [26] presented 30 consecutive
patients with isolated chondral lesions of the patella treated
with ACI. At an average follow-up of 73 years, knee function
was rated as good to excellent in 83% (25/30) of patients, fair
in 13% (4/30) of patients, and poor in 3% (1/30) of patients.
Significant improvements in all outcome scores were seen.
The average lesion size was 4.7 cm? and 19 of 30 patients
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underwent concomitant tibial tubercle osteotomy. There were
three failures, all of which were workers’ compensation (WC)
cases and had an average age of 42 years compared to the
non-WC age of 28 years.

Particulated Juvenile Articular Cartilage

Particulated juvenile articular cartilage (PJAC) is an emerg-
ing technique to treat patellofemoral chondral defects of any
size. An advantage of this technique includes the improved
ability to recreate the complex patellofemoral surface anat-
omy, similarly seen with ACI. In addition, it is readily avail-
able and therefore can be useful for treating patellofemoral
defects when concomitant osteochondral allograft transplan-
tation is performed for femoral condyle lesions. While this
technique brings promise to cartilage repair surgery, there are
few outcome studies to date, especially involving isolated
patella lesions. Tompkins et al. [27] followed 13 patients with
15 patellar defects (2 bilateral lesions) treated with PJAC
(Tompkins 2013). At an average follow-up of 28.8 months, the
majority (11 of 15,73%) of knees were found to have normal
or near normal cartilage repair based on MRI evaluation
with a mean fill of the defect of 89%. Favorable outcome
scores (IKDC, VAS, KOOS, Tegner, and Kujala) were docu-
mented at final follow-up. Three patients required reopera-
tion for symptomatic grafts, and two patients required knee
manipulation under anesthesia.

Concurrent Procedures (Osteotomy, Soft Tissue
Stabilization)

Tibial tubercle osteotomy (TTO) can be performed in isola-
tion or in combination with other procedures to treat patel-
lar instability and patellofemoral cartilage lesions. The most
common technique, as described by Fulkerson [28], involves
anteromedialization of the tibial tubercle. Lateral patella
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and trochlea lesions have the greatest potential to benefit
since biomechanical studies demonstrate decreased lateral
patellofemoral contact pressures following this procedure
while medial, proximal, and diffuse lesions are less likely to
have a favorable result [29, 30]. Concomitant osteotomy and
cartilage repair have gained popularity as a result of encour-
aging results reported in recent studies when combining
these procedures. A systematic review consisting of 11 stud-
ies observed significantly greater improvements in multiple
clinical outcomes in subjects undergoing ACI combined with
osteotomy compared to ACI alone [31]. Gillogly et al. [21]
achieved good to excellent results in 83% of patients (19 of
23) at a mean of 76 years following ACI and TTO. In a
cohort of 62 patients, Pascual-Garrido et al. [32] discovered
a tendency toward better outcomes in patients undergoing
ACI combined with anteromedialization compared to dislo-
cated ACIL. On the contrary, no significant difference was
observed in patients treated with and without TTO at the
time of patellofemoral ACI in a recent, large, multicenter
study [25]. The authors concluded that most of the defects in
their patient population were pan-patellar, which would be
expected to result in less of a response following TTO than
patients in other studies that had more lateral defects.
However, they stressed that TTO is indicated to normalize
an abnormal biomechanical environment. Additional proce-
dures such as medial patellofemoral ligament (MPFL)
reconstruction should be considered when treating patellar
chondral defects associated with recurrent patellar instabil-
ity. Siebold et al. [33] treated ten patients with a combination
of MPFL reconstruction and ACI. All patients had a history
of two or more patella dislocations and full-thickness carti-
lage lesions of the patella measuring on average 72 cm? All
patients reported a stable patella with no instability at a
mean follow-up of 2 years. Improved subjective and objec-
tive scores were achieved in all patients, and complete fill of
the defect was noted in 80% of lesions based on postopera-
tive MRI.
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Conclusion

Treatment of patellar chondral defects is challenging as a
result of the complex biomechanical environment of the
patellofemoral joint. Lesion characteristics and patient fac-
tors should be carefully considered when developing a surgi-
cal plan. Associated conditions such as malalignment and
instability can be addressed with concomitant procedures
when indicated. Small chondral lesions (<2 cm?) can be suc-
cessfully treated with OAT and PJAC, while larger lesions
(>2-4 cm?) are better treated with ACI or OCA. There is
conflicting evidence to recommend for or against marrow
stimulation. Subchondral bone loss (>6-10 mm) is best
addressed with OAT or OCA.
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Introduction

Also known as “kissing lesions,” bipolar chondral defects are
less common than isolated chondral lesions in the non-
arthritic knee. In published literature, bipolar lesions are often
inappropriately classified as having either widespread osteo-
arthritis (OA) [1] or multiple isolated lesions [2], so it is diffi-
cult to ascertain the exact prevalence, with rates reported at
9-18%. In a multicenter study of 1020 patients undergoing
knee arthroscopy specifically for the treatment of a symptom-
atic cartilage lesion (61 % male; mean age, 37.6 years), 95 cases
(9.3%) of bipolar chondral lesions were identified [3]. Of
these 95 cases, 27 (28 %) were patellofemoral, 57 (60% ) involved
the medial tibiofemoral articulation, and 11 (12%) affected
lateral compartment [3]. In a different study of 1000 patients
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undergoing knee arthroscopy (59% male; mean age, 47 years),
57% of arthroscopies revealed chondral or osteochondral
lesions, with bipolar lesions found in 103 patients (10%) [4].
Patients with bipolar lesions are more likely to have a degen-
erative or indolent onset rather than traumatic etiology [3].
Additionally, patients are likely to present with a greater
degree of dysfunction [3]. Solheim et al. reported that while
mean Lysholm score was not significantly affected by lesion
location, number of lesions, or total area of lesions, mean
Lysholm score was significantly lower for patients with bipo-
lar lesions than for patients with isolated lesions [4].

Despite a significant prevalence in younger and physically
active patients, bipolar lesions are often a relative contraindi-
cation for multiple surgical cartilage restoration or resurfacing
procedures [5]. However, under treatment may contribute to
heightened risk of revision reoperation or secondary arthro-
plasty with further degenerative progression [6]. Due to this
disconnect, chondral restoration procedures are being increas-
ingly explored. These treatments are often accompanied by
adjunctive procedures to address associated pathology, correct
underlying coronal or rotational malalignment, and off-load
treated chondral defects. Spahn et al. reported that malalign-
ment was significantly associated with the occurrence of bipo-
lar lesions of the medial tibiofemoral joint (878%), lateral
tibiofemoral joint (572%), and patellofemoral articulation
(15.8%) [3]. Additionally, malalignment may contribute to
faster rate of arthritic progression [7 8]. Furthermore, meniscal
procedures are commonly performed concomitantly in
patients with tibiofemoral lesions. Spahn et al. reported a sig-
nificantly higher incidence of concomitant meniscal tear in the
medial tibiofemoral lesion group (571%) than in the patello-
femoral lesion group (16.9%) [3]. Notably, combined meniscus
allograft transplantation (MAT) and chondral restoration
[osteochondral allograft transplantation (OCA), autologous
chondrocyte implantation (ACI)] for biologic knee recon-
struction has shown promise at midterm follow-up [9, 10].
However, in a study with long-term follow-up, failure occurred
in four out of seven knees with bipolar lesions treated with
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combined MAT and ACI [11]. Additionally, ligament repair is
a common concomitant procedure in the treatment of bipolar
chondral lesions. This is due to the relatively high incidence of
ligament injury and bipolar lesions. Previous rupture or
chronic insufficiency of the ACL has been reported to increase
the likelihood of developing bipolar lesions and secondary
arthritis [12, 13]. Additionally, both PCL and MPFL injury are
associated with chondral lesions [14, 15].

Despite the prevalence of bipolar lesions in patients with
knee dysfunction, there is a lack of published literature and
high-level evidence focusing specifically on treatments for
bipolar lesions. The following cases present patients with
bipolar chondral lesions treated with different cartilage resto-
ration or resurfacing procedures.

Clinical Case Presentation

Case 1

A 36-year-old female with a BMI of 21.3 kg/m? presented
initially with anterior left knee pain. She had experienced a
patellar dislocation 20 years prior while playing soccer, which
was initially treated conservatively with closed reduction at
the time of injury and physical therapy. After approximately
15 years, the patient developed persistent anterior knee pain,
episodic subluxations, and intermittent effusion exacerbated
by stair-climbing, kneeling, and running. She was subse-
quently treated with further physical therapy, McConnell
taping, and a patellofemoral stabilizer brace, which improved
stability but did not reduce activity-related pain. Upon fur-
ther presentation, she exhibited a pathologic J sign with
audible crepitations during an active range of motion arc of
0-140°, and no evidence of generalized ligamentous instabil-
ity. She also demonstrated positive patellar apprehension,
lateral tilt, and patellofemoral grind test. Plain and advanced
radiographic imaging revealed no frank evidence of arthritis,
slight patella alta, and a focal chondral defect in the apex of
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the patella (Figs. 12.1 and 12.2). At the time of diagnostic stag-
ing arthroscopy, bipolar lesions of the lateral patella (28 mm x
20 mm) and lateral trochlea (10 mm x 12 mm) were observed,
and chondroplasty was performed. Rotational malalignment
was not an issue.

Due to limited improvement, the patient underwent particu-
lated juvenile allograft cartilage transplantation (DeNovo NT,
Zimmer Biomet, Warsaw, IN) to the patella, microfracture of
the trochlea, and tibial tubercle osteotomy with anteromedial-
ization at 5 months following the initial arthroscopy. The
anteromedialization was performed with 10-12 mm of correc-
tion. For the patella, a subvastus arthrotomy was performed and
extended distally to allow eversion of the patella for defect

FIGURE 12.1 Sunrise view of plain axial radiographs displaying
patellar malalignment

FIGURE 12.2 Axial and sagittal T2-weighted MRI displaying bipolar
patellofemoral chondral defects



Chapter 12. Bipolar Articular Chondral Lesions... 187

FIGURE 12.3 An intraoperative photo displaying the patella everted
through a subvastus arthrotomy exposing a bipolar patellofemoral
defect

FIGURE 12.4 An intraoperative photos displaying left knee bipolar
defects after preparation via curettage (a) Patellar Defect (b)
Trochlear Defect

exposure (Fig. 12.3). Vertical walls were created, and a pineap-
ple bur was used to create subchondral vents to improve the
adherence of the de novo allograft material. Minced particulate
allograft cartilage was placed in the defect to approximate a
50% lesion fill and then secured with fibrin glue. On the troch-
lear side, the lesion had progressed in size to an uncontained
lesion, and the subchondral plate demonstrated a sclerotic base
with intralesional osteophyte formation. Accordingly, gentle
curettage was performed to restore the normal contour of the
subchondral bone (Fig. 12.4), and nanofracture was performed
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using a 1.5-mm-powered drill. Finally, a titrated lateral length-
ening procedure was performed to address tilt and achieve
congruity. Postoperatively, the patient was given a cryotherapy
unit and continuous passive motion device to facilitate edema
control and prevent excessive scar formation. Partial weight-
bearing was permitted with the brace locked in full extension
for ambulation with crutches.

At 6-week follow-up, physical examination revealed nota-
ble quadriceps atrophy, with passive range of potion from 0°
to 90°. Continued brace wear with crutches was encouraged,
and physical therapy was initiated. At 3-month follow-up, the
patient was instructed to progress to further strengthening
and core-based exercises outside of the brace.

At 6 months, the patient reported generally doing well. The
patient did not have significant difficulty with ambulation or
stairs. The patient affirms that she has not done any running
yet. The patient has full passive range of motion and rates her
pain level at 1-2/10, compared to 5/10 at best prior to surgery.
She did not require any additional formal physical therapy.

Particulated juvenile allograft cartilage (PJAC) transplanta-
tion remains a fairly new technique, and the available case
series and indications are still evolving. Unipolar lesion treated
with PJAC has demonstrated modest success in series by
Tompkins et al., Bucketwalter et al., and Farr et al., although
these series are limited to only 25 patients with short-term
follow-up. Recent Level V evidence again suggests that bipolar
lesions are a contraindication to juvenile transplantation due
to shear of lesions against each other destabilizing the trans-
planted material [16]. Notably, the patient in this case under-
went tibial tubercle osteotomy to off-load the bipolar lesions
and diminish shear stress, which can also be facilitated through
additional use of an overlying type I/III collagen patch.

Case 2

A 28-year-old male former college basketball player with a
BMI of 276 presented with sharp lateral left knee pain aggra-
vated by walking, standing, bending, and twisting, swelling,
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and painful mechanical symptoms. The patient had a history
of left knee lateral meniscal tear 12 years prior and under-
went two lateral meniscectomies on separate occasions. He
previously received prior hyaluronic acid injections in the left
knee and had failed a prolonged course of physical therapy
and activity modification. Plain radiography revealed KL
grades II to III with lateral joint space narrowing (Fig. 12.5).
No other osseous abnormality including fracture or disloca-
tion was observed.

Based on recent arthroscopic images, the patient was indi-
cated for combined osteochondral allograft transplantation
to the lateral femoral condyle, microfracture to the lateral
tibial plateau, and lateral meniscal allograft transplantation.
Standard diagnostic arthroscopy was performed to reveal
normal medial compartment, no ligamentous damage and
normal patellofemoral articulation. Inspection of the lateral
compartment revealed meniscal insufficiency with bipolar
lesions of the lateral femoral condyle and the lateral tibial
plateau measuring 25 mm x 25 mm and 12 mm x 12 mm,
respectively (Fig. 12.6). In order to prepare for the lateral
meniscal allograft transplant, a complete meniscectomy was
performed, with care to preserve the peripheral meniscal rim

FIGURE 12.5 Preoperative imaging of (a) standing posterior-anterior
Rosenberg radiograph and (b) standard anterior-posterior radio-
graph displaying lateral joint space narrowing of the left knee
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FIGURE 12.6 Arthroscopic images through the lateral portal of (a) a
grade IV lateral femoral condyle defect and (b) a grade IV lateral
tibial plateau cartilage defect of the left knee

for fixation. A posterolateral accessory approach was per-
formed, with an incision 1/3 above and 2/3 below the joint
line, and the lateral head of the gastrocnemius was elevated
to expose the posterior capsule. A 10 mm x 8 cm slot was
made through a cannulated guide and transpatellar portal,
and a pituitary rongeur and box rasp were used to contour
the recipient site. The meniscus was thawed and prepared to
match the recipient slot, while maintaining the native ante-
rior and posterior horn attachments on the bone block. The
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graft was subsequently manually inserted through an
extended anterior incision while carefully pulling on traction
sutures placed at the junction of the anterior two-thirds of the
meniscus and exiting lateral to the popliteal fossa. Inside-out
suture repair was then performed in a vertical mattress pat-
tern on the superior and inferior surface of the meniscus and
additional all-inside device posteriorly. Finally, a 7 x 23 mm
biocomposite screw was placed for interference fixation lat-
eral to the bone block. After fixation, the arthrotomy incision
was then extended further proximally to expose and debride
the tibial plateau defect to stable margins. Marrow stimula-
tion was performed with both curettage and microfracture
awl fenestration (Fig. 12.7). On the corresponding femoral
condylar lesion, central guide pin placement and reaming
were performed to achieve a depth of 7 mm and diameter of
25 mm. The fresh osteochondral allograft was sized and
prepared for a line-to-line fit and gently impacted into place.
Flush margins with the surrounding intact articular cartilage
were obtained, and final arthroscopic images confirmed

FIGURE 12.7 An arthroscopic image displaying marrow stimulation
of a grade I'V lateral tibial plateau defect
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secure fixation of both the meniscal and osteochondral
allograft (Figs. 12.8 and 12.9).

At 6-week follow-up, the patient was able to achieve full
extension and flexion to 90°. He demonstrated minimal

FIGURE 12.8 An arthroscopic image displaying confirm secure fixa-
tion of a lateral meniscus allograft transplantation of the left knee

FIGURE 12.9 (a) An arthroscopic image displaying a lateral femoral
condyle defect prior to preparation. (b) An arthroscopic image dis-
playing secure fixation of an osteochondral allograft transplantation
on the lateral femoral condyle



Chapter 12. Bipolar Articular Chondral Lesions... 193

tenderness and was instructed to gradually progress weight-
bearing to full at 8 weeks while increasing his range of
motion as tolerated. At 6-month follow-up, physical exami-
nation revealed trace effusion, no lateral joint line tender-
ness, and range of motion from 0° to 115° flexion.
Surveillance MRI revealed a stable meniscus, incorporation
of the osteochondral allograft, and resolution of underlying
marrow edema in the tibia. At this point, the patient was
cleared for running and jumping, and he returned at 1-year
follow-up with continuing improvement and full resump-
tion of all pre-injury activities despite mild degenerative
changes in the lateral compartment on routine
radiographs.

There is a paucity of literature on treatment of bipolar
lesions with osteochondral allograft transplantation. Most
existing series suggest that treatment of bipolar lesions has
worse outcomes than the treatment of isolated lesions.
Ghazavi et al., Chu et al., and Fischer et al. reported bipolar
lesions as a contraindication for osteochondral allograft
transplantation in 1997 and 1999 and 2006, respectively [17-
19]. Additionally, a high reoperation rate (50% ) was observed
for patients undergoing bipolar osteochondral allograft trans-
plantation in more contemporary series [20]. However, this
study did note that patients who did not undergo reoperation
had significant clinical improvement.

Comprehensive treatment of patellofemoral lesions
requires optimization of axial or coronal plane malalignment
and dynamic patellar instability in order to ensure reproduc-
ible outcomes. Importantly, this patient had previously under-
gone tibial tubercle osteotomy with MPFL reconstruction to
both off-load symptomatic defects and decrease shear stress
or eccentric loading patterns. The combination of these pro-
cedures may serve to both prevent recurrence of patellar
instability and enhance likelihood of symptomatic relief with
revision osteochondral allograft transplantation.

Meniscal allograft transplantation is fairly common in con-
junction with treatment of tibiofemoral lesions, especially
bipolar lesions, because it has been shown to effectively pro-
vide symptomatic relief and improve joint contact forces and
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dynamic loading patterns [21]. However, it also has a signifi-
cantly higher failure rate in patients with bipolar lesions [21].
There is limited data to suggest the success of microfracture
alongside other hybrid treatments of bipolar lesions. However,
multiple lesions have been reported to do worse with micro-
fracture than isolated defects at both midterm and long-term
follow-up [22, 23]. Additionally, microfracture is contraindi-
cated by larger lesion size (>2-cm?), degenerative etiology,
and untreated malalignment — all factors commonly associ-
ated with bipolar lesions. This suggests that bipolar lesions
are a relative contraindication to microfracture, although
further research is necessary to delineate its role, particularly
on the tibial surface where limited options exist.

Other Treatments

There are many emerging options for treatment of chondral
lesions, but more research is needed to determine if they will
be effective for bipolar lesions. Bone marrow aspirate concen-
trate (BMAC) has shown promise in the treatment of focal
chondral defects and in early stage OA [24], and platelet-rich
plasma (PRP) has shown promise for treatment of overall
degenerative changes in the knee [25]. However, more
research is necessary to determine if BMAC and PRP are
appropriate and effective treatments for bipolar lesions.
Additionally, procedures using scaffolds for new cartilage to
grow, in conjunction with either BMAC or PRP, have shown
promising results for treatment of focal chondral lesions [26,
27]. Gobbi and Whyte reported superior outcomes of an HA
scaffold supplemented with BMAC as compared to microfrac-
ture at 5-year follow-up for the treatment of large lesions and
multiple lesions, although the study does not specify if this
included any bipolar lesions [26]. Siclari et al. included 10
patients with bipolar lesions in their larger study cohort of
patients undergoing treatment of one lesion with a PGA-HA
scaffold and PRP injection [27]. There was significant improve-
ment in KOOS score at 5-year follow-up of the total cohort,
but subgroup analysis did not include the presence of bipolar
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lesions and did not address the outcomes of the original 10
bipolar lesion patients [27]. More research is necessary to
determine the effectiveness of these procedures for treatment
of bipolar lesions. Additionally, while novel hybrid techniques
show promise for the treatment of chondral lesions, to the best
of the authors’ knowledge, there does not exist any literature
examining these techniques in patients with bipolar lesions.

Bipolar lesions cause a high degree of dysfunction in
patients and are often difficult to treat. This is complicated by
the relative dearth of literature detailing evidence-based
treatment strategies of bipolar lesions. Further research is
warranted to determine the most appropriate and effective
treatment for this complicated pathology.
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Case Presentation

A 40-year-old man initially presented to our office in 2010
with a 9 month history of right medial-sided knee pain and
locking symptoms that abated with manual manipulation. At
that time, physical examination revealed a mild varus align-
ment, and MRI revealed a large, chronic-appearing osteo-
chondritis dissecans lesion involving the medial femoral
condyle (MFC) measuring roughly 3 cm x 3 cm. Three months
after an initial arthroscopy for chondrocyte harvest and loose
body removal, he underwent valgus-producing high tibial
osteotomy (HTO) and autologous chondrocyte implantation
(ACI) sandwich technique of the MFC using autologous dis-
tal femoral cancellous bone graft (Fig. 13.1a—c).

Following the HTO and ACI sandwich procedure, the
patient did well for a 7 year interval with the ability to partici-
pate in hiking, running, and cycling. However, he represented
in 2017 with 2 months of increased pain after he missed a step
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FIGURE 13.1 (a—¢) Intraoperative photographs from initial ACI
sandwich procedure demonstrating the MFC osteochondral defect
(a), preliminary placement of the deep collagen membrane after
bone grafting (b), and final graft construct after cell injection and
fixation of the superficial collagen membrane with circumferential
6-0 resorbable sutures (c)

while ascending stairs and experienced a pop over the medial
aspect of the right knee. Since that time, he also experienced
recurrent knee swelling and intermittent catching.

Physical Assessment

The patient presented with a BMI of 25.8. Examination of the
right knee revealed a subtle valgus mechanical alignment consis-
tent with prior valgus-producing high tibial osteotomy. He had a
nonantalgic gait. Knee range of motion was 0-135° with no effu-
sion. He had a stable ligamentous examination to Lachman,
posterior drawer, and varus and valgus stress at 0° and 30° of
knee flexion. Patellofemoral examination revealed mild crepita-
tion, normal patellar mobility, and no J-sign. There was tender-
ness to palpation along the medial joint line and over the MFC.

Diagnostic Studies

Anterior-posterior (AP) and lateral radiographs revealed
evidence of a well-healed high tibial osteotomy with
retained hardware (Arthrex Puddu locking plate, Naples, FL;
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FiGURE 13.2 (a,b) Standing AP (a) and lateral (b) radiographs of the
right knee obtained at representation in 2017 demonstrating subtle
medial joint space narrowing and large subchondral cyst at the
medial aspect of the MFC

Fig. 13.2a,b). Standing AP radiograph (Fig. 13.2a) revealed
subtle medial compartment joint space narrowing without
significant progression compared to 1 year after initial
reconstruction (Fig. 13.3a, b). Compared to films obtained
1 year after his initial reconstruction, there was an evolu-
tion of new cortical irregularity along the MFC with a
large subchondral cyst at the medial margin of the
MFC. MRI redemonstrated the large subchondral cyst and
showed an adjacent chondral defect measuring 2 cm x 2 cm
(Fig. 13.4a, b).

Diagnosis

The patient was diagnosed with an osteochondral lesion
involving the MFC as a result of ACI graft delamination.
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FiGURE 13.3 (a, b) Standing bilateral AP (a) and lateral (b) radio-
graphs of the patient’s operative right lower extremity obtained in
2011, 1 year following initial reconstruction

FIGURE 13.4 (a,b) Coronal (a) and sagittal (b) proton density MRI
slices demonstrating a full-thickness chondral defect involving the
MFC, large underlying subchondral cyst, and intact medial meniscus

Management Options

Cases of revision cartilage repair can be very challenging.
Prior attempts at cartilage repair often result in compromised
subchondral bone and increased lesion size. Notably, 30-50%
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of patients who have undergone marrow stimulation tech-
niques (MST, microfracture or subchondral drilling) present
with altered subchondral bone [1]. Surgical options for larger
lesions with damaged subchondral bone include the ACI
“sandwich” technique with bone grafting, osteochondral
autograft (OAT) mosaicplasty, osteochondral allograft
(OCA) transplantation, unicompartmental knee arthroplasty
(UKA), and, more recently, biphasic biomimetic osteochon-
dral scaffolds such as Agili-C (Cartiheal Ltd., Israel) and
MaioRegen (FinCeramica S.p.A., Italy). Considering the
patient’s young age, well-preserved tibiofemoral joint space,
and lack of osteoarthritis, it was deemed appropriate to pur-
sue another attempt at cartilage restoration (as opposed to
arthroplasty). This case involved failure of prior ACI “sand-
wich” technique with significant subchondral changes, and, as
such, it was felt prudent to utilize an osteochondral restor-
ative procedure. Although promising, biomimetic osteochon-
dral scaffolds like Agili-C and MaioRegen remain
investigational and only available in Europe through clinical
trials. Both mosaicplasty and osteochondral allograft trans-
plantation are viable options for lesions with damaged sub-
chondral bone; however, mosaicplasty demonstrates inferior
results in lesions >3 c¢m?, as well as increased concerns over
donor site morbidity [2].

Surgical Technique

Due to the large lesion size and the extent of damage to the
underlying bone, the decision was made to perform autologous
bone grafting to address the large subchondral cyst and osteo-
chondral allograft transplantation to address the osteochon-
dral defect. Examination under anesthesia redemonstrated a
stable ligamentous exam. Utilizing the prior anterior surgical
incision, a medial parapatellar arthrotomy was performed, and
a large osteochondral defect was identified on the MFC mea-
suring 24 mm in its largest dimension (Fig. 13.5). A 2.4 mm
guide pin was placed in the center of the defect, and this was
over-reamed with a 24 mm diameter reamer to a depth of
8 mm. After reaming, a very large cyst over the medial aspect
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Ficure 13.5 MFC following medial parapatellar arthrotomy dem-
onstrating delaminated ACI graft

of the defect was identified (Fig. 13.6). The cyst was evacuated
with a curette, and an OATS harvester was used to create a
cylindrical cavity of 10 mm diameter. A corresponding 10 mm
autograft plug was harvested from the medial epicondyle and
placed into the cavity and impacted until it was flush (Fig. 13.7).
A 24 mm x x 8§ mm cylindrical osteochondral allograft was
fashioned at the back table. Prior to placement, the bony por-
tion of the graft was perforated multiple times with a 0.7 mm
Kirshner wire to facilitate bony ingrowth and thoroughly
washed with a pulsatile lavage to clear marrow elements to
minimize immunogenicity. A Jamshidi needle was used to
obtain bone marrow aspirate from the medial epicondyle,
which was applied to the graft’s subchondral bone to further
optimize the healing environment. The graft was then placed
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FIGURE 13.6 Initial lesion preparation included placement of a cen-
tral guide pin which was over-reamed with a 24 mm reamer to a
depth of 8 mm. Reaming revealed a medial subchondral cyst mea-
suring 10 mm in diameter

into the recipient socket and reduced with manual pressure
until it was seated flush with the surrounding MFC (Fig. 13.8).
It was deemed to be mechanically stable and no further fixa-
tion was utilized.

Clinical Pearls/Pitfalls

When performing osteochondral allograft transplanta-
tion for large osteochondral defects, there are a number
of important technical strategies to minimize graft
immunogenicity, improve graft placement, and optimize
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graft incorporation. Grafts should be treated with sus-
tained pulsatile lavage with saline admixed with bacitra-
cin prior to implantation to flush out marrow elements
from the bony portion of the graft that contribute most
to graft immunogenicity. When compared to a pulsatile
saline lavage, a combined saline and high-pressure car-
bon dioxide lavage more effectively clears marrow ele-
ments in the deep zone of osteochondral allografts [3].
Overly aggressive recipient site reaming can result in
thermal necrosis of the underlying bone and an exces-
sively deep socket, which necessitates a graft with larger
bony component (increasing graft immunogenicity).
The use of bone marrow aspirate concentrate or plate-
let-rich plasma to the allograft subchondral bone may
enhance biologic graft incorporation [4]. When inserting
the graft, a freer elevator or dental pick can be helpful to
“shoehorn” the graft into place. Strong impaction of the
graft may compromise chondrocyte viability, and man-
ual placement is preferred. If the graft is determined to
be unstable after placement or if >40% of the graft is
unshouldered (in the case of peripheral defects), adjunc-
tive fixation with headless screws or a biocomposite
implant is recommended. If the graft is incongruous
with the surrounding articular surface after final impac-
tion, the edges can be carefully contoured with a No. 15
blade for minor localized incongruity or removal of the
plug with addition of bone graft to the socket or removal
of bone from the plug, for more significant incongruity
to optimize articular congruity. The latter is preferred as
using a blade will remove the superficial zone of the car-
tilage which is important for several reasons.

Literature Review and Discussion

Patients with failed cartilage repair present a challenging prob-
lem. Prior to embarking on a revision procedure, it is essential
to explore reasons for failure. Several host factors have been
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FiGure 13.7 Further lesion preparation included placement of a
10 mm core of autologous bone from the medial epicondyle and
application of bone marrow aspirate concentrate to further optimize
the healing environment

identified that confer a poor prognosis with cartilage repair
such as high demand level, worker compensation status, age
>30 years, and BMI >30 kg/m? [5]. In these patients, it is impor-
tant to have a discussion of goals of care, and the decision to
proceed with revision cartilage repair procedure should be
made with caution (particularly if the risk factors cannot be
modified). Furthermore, a comorbid condition such as
malalignment, instability, or meniscal deficiency can lead to
premature degradation of primary cartilage repair tissue.
Cartilage lesions with concomitant malalignment, instability
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Ficure 13.8 MFC after placement of the osteochondral allograft.
The graft is flush with surrounding MFC. In light of excellent press-
fit stability, no additional fixation was utilized

caused by ACL deficiency, or meniscal deficiency should be
managed with concomitant procedures to optimize the intra-
articular environment. To assess for these conditions, a careful
physical exam should be performed to assess ligamentous sta-
tus and static and dynamic alignment. Standing mechanical
axis radiographs should be obtained to evaluate limb align-
ment. MRI can also be helpful to evaluate the integrity of the
meniscus, size of the cartilage lesion, and quality of the oppos-
ing chondral surface. Of note, MRI should not be used in isola-
tion to predict lesion size. Gomoll and colleagues demonstrated
in a retrospective review that MRI may underestimate lesion
size by 47-377% (depending on lesion location) when
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compared with intraoperative findings [6]. Staging arthroscopy
or requesting old operative reports and arthroscopic images
are both useful strategies to determine the post-debridement
dimensions of the lesion in question.

When selecting a revision cartilage repair technique, sur-
geons should select a technique that it is effective in treating
large lesions and damaged subchondral bone. Successful car-
tilage repair requires recapitulation of the tissue composition,
zonal architecture, and material properties of the articular
cartilage-subchondral bone unit [7]. Cartilage repair options
for larger lesions with compromised subchondral bone
include OAT/mosaicplasty, ACI “sandwich” technique with
bone grafting, OCA transplantation, and, more recently,
biphasic biomimetic osteochondral scaffolds (Agili-C,
Cartiheal, Kfar Saba, Israel and MaioRegen Fin-Ceramica
Faenza SpA, Italy).

OAT mosaicplasty is an attractive option for revision carti-
lage repair as it allows immediate restoration of the articular
cartilage-subchondral bone unit with autologous tissue (which
removes concerns regarding graft availability, graft expense,
and disease transmission). Nevertheless, the results of mosaic-
plasty for large lesions (>3 cm?) have been less favorable than
ACI and OCA. Solheim and colleagues reported a poor long-
term outcome (defined as a Lysholm score of 64 or less or
having had a knee replacement) in 57% of mosaicplasty
patients with lesions >3 cm? in size [2]. Bentley and colleagues
performed a randomized trial comparing mosaicplasty and
ACI for lesions with an average size of 4 cm? [8]. The authors
reported a failure rate at 10 years of 55% in the mosaicplasty
group compared to just 17% in the ACI group. Gudas and col-
leagues performed a randomized controlled trial comparing
mosaicplasty and microfracture for small and medium lesions
(<4 cm?), noting significant improvement in ICRS scores for
both techniques and reduced failure with mosaicplasty com-
pared to microfracture at 10 years post-op (14% vs.38%) [9].
As such, osteochondral autograft remains a viable revision
cartilage repair technique for lesions <2-3 cm? however, ACI
or OCA should be favored for larger lesions.
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ACI has been broadly demonstrated to be an effective
treatment for full-thickness chondral defects of the knee, with
authors consistently reporting good to excellent outcomes in
more than 80% of patients. However, due to technical-,
patient-, and lesion-specific factors, it remains difficult to
determine the optimal place for ACI in the algorithm for
treating chondral defects of the knee joint. ACI has displayed
favorable results for large lesions; however, the results of ACI
following failed cartilage repair in the literature have been
controversial. Pestka and colleagues reported a dramatically
higher rate of clinical failure in patients with prior marrow
stimulation (25% vs. 3.6%) in a matched pair series of 56
patients (28 undergoing primary ACI, 28 with history of mar-
row stimulation) [10]. Similarly, Zaslav and fellow contribu-
tors to the STAR (Study of the Treatment of Articular
Repair) clinical trial reported a high rate of clinical failure in
ACI patients with history of prior debridement (26%) and
marrow stimulation (25%) [11]. Minas and colleagues per-
formed a large-scale series of 321 patients comparing clinical
failure rates among ACI patients who had undergone either
primary ACI or ACI following failed MST (with failure
defined as persistent symptoms in the setting of MRI evi-
dence of graft delamination, surgical removal of 25% of graft
area, repeat cartilage procedure, or prosthetic replacement)
[12]. The authors reported a dramatically higher rate of clini-
cal failure in the MST cohort compared with those treated
with primary ACI (26% vs. 8%). The authors suggested that
prior marrow stimulation may result in unfavorable thicken-
ing of the subchondral bone and may promote formation of
an intralesional osteophyte, both of which compromise graft
incorporation. Nevertheless, the authors also noted that in a
small cohort, they performed careful lesion prep with a
microbur to thin the thickened subchondral bone and that
this technique seemed to result in a trend toward reduced
failure rate. For the use of ACI in the setting of deep osteo-
chondral lesions, Jones and Peterson proposed the ACI sand-
wich technique which involves initial placement of bone graft
and “sandwiching” the autologous chondrocytes between two
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membranes on the surface to separate the cells from the
underlying bone graft and marrow space. Although limited
results are available on this technique, Minas and colleagues
reported survival in 87% of ACI sandwich procedures and
90% good/excellent satisfaction at 5 years [13].

Gracitelli and colleagues evaluated the results of osteo-
chondral allograft transplantation after failed cartilage repair
(163 patients with history of MST, OAT, or ACI) [14]. The
authors reported a reoperation rate of 42%; however, graft
survivorship was 82% at 10 years, and 89% of patients
reported being “extremely satisfied” or “satisfied.” Another
manuscript from Gracitelli and colleagues compared the
results of primary OCA with OCA s/p MST and reported
comparable clinical outcomes, clinical failure rates, and
patient satisfaction among both groups [15]. Rosa and col-
leagues performed a recent systematic review of revision
cartilage repair techniques and concluded that OCA trans-
plantation is the most reliable treatment in the setting of
failed cartilage repair [16].

Off-the-shelf osteochondral scaffolds are an exciting fron-
tier in the treatment of large osteochondral defects as they
promise improved accessibility compared to OCA without
concern for immunogenicity. MaioRegen (Fin-Ceramica
Faenza SpA, Italy) is a tri-layered biomimetic osteochondral
scaffold first introduced for clinical use in 2011 in Europe. The
superficial layer consists of type I equine collagen, the inter-
mediate layer of 60% equine collagen and 40% magnesium-
enriched HA (Mg-HA), and the deep layer of 30% equine
collagen and 70% Mg-HA. The scaffold has been shown to
induce subchondral trabecular bone regeneration in an equine
model [17]. Agili-C (Cartiheal, Israel) is a porous bioabsorb-
able biphasic scaffold derived from coral, to which HA is
added. It contains (1) a bone phase composed of calcium car-
bonate in an aragonite crystalline form and (2) a cartilage
phase composed of modified aragonite and HA [18]. Aragonite
possesses a nano-rough surface and porous architecture which
permit cell adhesion and proliferation. Kon and colleagues
reported complete histologic restoration of hyaline cartilage
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and subchondral bone in six of seven goats 12 months follow-
ing treatment with Agili-C [19]. While these products offer
promise for revision cartilage repair in the future, to date
human patients have only been treated in phase IV clinical
trials in Europe.

The revision cartilage repair situation is truly a salvage
situation, and patients must be counseled that all available
treatment options are fraught with moderate rates of failure
and high rates of revision surgery. Multiple studies in the lit-
erature have suggested inferior outcomes of ACI following
MST compared to primary ACI. The literature comparing
primary OCA with OCA s/p MST is limited, but what exists
seems to suggest results are unaffected by prior surgery. For
patients who have failed a prior MST, we would recommend
obtaining an MRI to evaluate for the presence of an intrale-
sional osteophyte or subchondral cystic change. If those ana-
tomic changes are encountered, it is likely wise to favor OCA;
however, in their absence the surgeon may proceed with
either OCA or ACL
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Case Presentation

This patient is a 24-year-old female with a complex history
relating to recurrent right knee pain and instability. As a
15-year-old high school soccer athlete, she sustained a contact
injury resulting in an anterior cruciate ligament (ACL) rup-
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ture and medial meniscus tear. This was treated with hamstring
autograft ACL reconstruction and medial meniscal repair at
an outside institution. She returned to sport but a year later
sustained a noncontact injury with re-rupture of the ACL. This
was treated with revision ACL reconstruction using allograft
and partial medial meniscectomy. She again returned to sport
but at the age of 18 sustained another noncontact injury
with a third ACL rupture. This was again treated with re-
revision ACL allograft and subtotal medial meniscectomy.
The patient’s knee never returned to normal following this
surgery. She presented to our clinic with 1 year of insidious
worsening right knee pain and instability even with daily
life activity. Her right knee “gives way” and has diffuse but
mostly medial-based pain and activity-related swelling. This
problem is significantly affecting her overall quality of life.

On physical examination, the patient had a BMI of 24. She
has near neutral alignment and walks with a non-antalgic gait.
She has adequate dynamic strength and is able to squat with
reasonable symmetry. Involved side demonstrates well-healed
incisions, good quadriceps tone, and ROM that is 10-0-140 and
equal to the opposite limb. Anterior drawer test is grossly
positive. Lachman test is a grade 3B; pivot shift is a grade 3.
Posterior sag and posterior drawer are negative. There is ten-
derness to palpation along the medial joint line with a nega-
tive McMurray test. Varus and valgus stress at 0° and 30° is
stable. Prone dial test is symmetric at 30° and 90°. Distal com-
partments are soft and otherwise neurovascularly intact.

Weight-bearing AP, PA flexion, and lateral and Merchant
view radiographs demonstrated a posteriorly placed nonana-
tomic ACL tibial tunnel with suggestion of tunnel widening.
There was some early narrowing of the medial compartment.
The mechanical axis view demonstrates neutral alignment.
Lateral tibial x-ray demonstrates normal tibial slope. Magnetic
resonance imaging showed evidence of medial meniscus defi-
ciency (Fig. 14.1).
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FIGURE 14.1 Preoperative Rosenberg (a) and lateral radiographs (b)
showing previous ACL reconstruction button. Preoperative coronal
MRI showing meniscus deficiency and healthy articular cartilage

(¢). Preoperative mechanical axis radiograph demonstrating normal
alignment
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Diagnosis/Assessment

The patient’s clinical presentation is consistent with attri-
tional failure of her third ACL reconstruction and symptom-
atic medial meniscal deficiency. Her alignment in both the
coronal and sagittal planes is neutral without varus or
increased tibial slope. She does not have any obvious large,
focal full-thickness cartilage defects. Lateral and patellofem-
oral compartments are unremarkable.

The patient has several risk factors for failure of her prior
ACL reconstructions including young age, high activity level,
early return to play, prior graft choices, tunnel position, under-
lying hyperlaxity, and medial meniscus deficiency. Regarding
graft choices, primary ACL reconstruction with hamstring is
commonly performed, but there are concerns with this choice
regarding graft laxity and increased failure rate, particularly in
young female athletes with small hamstring grafts and under-
lying hyperlaxity. For revision and re-revision, there is also
concern that allograft ACL reconstruction may have a higher
failure rate than revision using autograft tissue. For both the
primary and revision settings, ACL tunnel position is critical
and likely nonanatomic in this case. Additionally, there is con-
cern for tibial ACL tunnel widening that may require bone
grafting prior to any definitive salvage intervention. Underlying
hyperlaxity is a clinical problem that may influence outcome
and should be addressed at the time of repeat revision surgery.
Medial meniscal deficiency is a major cause of ACL recon-
struction failure. The medial meniscus is an important second-
ary stabilizer to anterior translation whereby medial meniscal
deficiency puts undue stress on the ACL graft and may lead to
recurrent laxity and failure. This should also be addressed at
the time of repeat revision.

Management

Given her complex problem list, staging arthroscopy is a rea-
sonable option to consider for this patient. Staging will allow
careful examination under anesthesia with a focus on con-
firming ACL functional instability and identifying missed
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laxity of her secondary stabilizers (i.e., posteromedial, pos-
terolateral). ROM assessment will ensure symmetry with the
opposite limb or allow for treatment of arthrofibrosis before
definitive revision surgery. Regarding the ACL reconstruc-
tion, prior graft material and/or hardware in the path of
future revision should be removed. Tunnels should be evalu-
ated and debrided with bone grafting performed as
indicated.

Arthroscopy will also confirm medial meniscus deficiency
and allow for initial preparation of 2-3 mm rim of healthy
meniscus for future meniscus allograft transplantation
(MAT). Additionally, arthroscopy will rule out concomitant
cartilage pathology that may require treatment at the defini-
tive intervention. If there is malalignment present, realign-
ment osteotomy (i.e., valgus-producing HTO,slope-decreasing
HTO, biplanar HTO) should be performed at index proce-
dure following arthroscopy. This is not indicated for the
above patient.

EUA confirmed preserved ROM including symmetric
hyperlaxity to 10°. Lachman and pivot remained grade 3 B
and grade 3, respectively. Other secondary stabilizers were
intact. On staging arthroscopy, there was notable tricompart-
ment synovitis and scar adhesions that were lysed. The previ-
ous ACL allograft was lax and functionally incompetent. This
was removed to better evaluate ACL tunnels. The femoral
tunnel was vertical and not within the ACL footprint and
could be left alone as it would not interfere with revision
surgery. The tibial tunnel was posterior to the anatomic foot-
print and would also not require bone grafting because it
would not significantly overlap with our revision tunnel. The
medial meniscus had evidence of deficiency following prior
meniscectomy, particularly in the mid-body (Fig. 14.2). A
small meniscal root flap tear was debrided. The meniscus was
prepared to a healthy rim of 2-3 mm of remnant tissue.
Chondroplasty was performed for a small, less than 2 cm?,
grades 2-3 unstable cartilage lesion of the medial femoral
condyle. The medial tibial plateau had diffuse grade 1 soften-
ing with an area posterior of grade 2 changes that was left
alone. Lateral and patellofemoral compartments were
unremarkable.
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FIGURE 14.2 Medial compartment with severe meniscus deficiency

The patient recovered uneventfully from staging arthros-
copy. She was able to WBAT with a compression sleeve, wean
her crutches over 1-2 weeks, and regain full ROM. After
obtaining insurance approval and finding an acceptable size-
age-matched MAT graft, she underwent definitive salvage
intervention 3 months after staging arthroscopy. Pre-surgical
planning is documented below.

Problem List

Repeat revision ACL reconstruction: Tunnels are nonana-
tomic and avoidable with standard drilling techniques. Graft
choice will be soft tissue-only quadriceps autograft fixed with
suspensory fixation using an all-inside technique.

Medial meniscal deficiency: MAT using fresh frozen size-
and age-matched allograft tissue. Bone plug MAT for the
medial side can avoid the ACL footprint and preserve bone
stock since the anterior and posterior insertions are farther
apart and obliquely oriented on the medial side.

MFC chondral lesion: <2 cm2 and not full thickness. If
progressed to full thickness, OAT autograft vs. consignment
osteochondral allograft performed through mini-arthrotomy
after MAT can be considered. It likely would not need to be
addressed if no progression.
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Hyperlaxity: In the revision setting, this can be managed with
the addition of a lateral extra-articular tenodesis, performed
using either a strip of iliotibial band or allograft tissue.

Surgical Technique

General anesthesia was performed along with a single-shot
adductor canal nerve block.

Quadriceps harvest was performed with the use of a tourni-
quet. The tourniquet was deflated following harvest and not
used for the remainder of the case. A 10 mm double blade was
used to harvest a 70 mm soft tissue-only full-thickness quadri-
ceps graft. The extensor mechanism was repaired with running
0 vicryl suture. The ACL graft was prepared on the back table
(QuadLink construct using TightRope suspensory fixation).
The femoral graft diameter was 9.5 mm and tibial diameter
10.5 mm. The graft was pretensioned on the back table.

Arthroscopy was then initiated, and a lysis of adhesions was
done to improve access and visualization. There was no evidence
of disease progression on the cartilage surfaces and no indica-
tion for cartilage restoration, which was not performed. Attention
was turned to the medial compartment. The deep medial col-
lateral ligament was trephinated with a spinal needle, which was
performed in order to gain improved access to the compart-
ment. A reverse notchplasty was performed with a power rasp.
The meniscus remnant was debrided to a 2-3 mm rim of healthy
stable meniscus. A flip cutter was brought in through the medial
portal to the posterior root insertion, and a 9.5 mm x 10 mm
socket was reamed. A shuttle suture was then passed.

The femoral revision ACL tunnel was then prepared. The
flexible reamer was brought into the knee through the
anteromedial portal. A 9.5 mm x 30 mm socket was reamed.
It was recognized that the lateral femoral cortex was weak-
ened by prior surgery. Decision was made to utilize an
extended femoral TightRope button to ensure adequate sus-
pensory fixation.

The femoral ACL guidewire was left in place, and atten-
tion was turned to the approach and preparation for the lat-
eral extra-articular tenodesis. A 6 cm incision was made along
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the lateral aspect of the knee, and the iliotibial band was split.
The lateral collateral ligament (LCL) was identified, and a
guidewire was placed posterior and proximal to the origin of
the LCL for the lateral extra-articular tenodesis.

AP and lateral plane radiographs were then obtained with
fluoroscopy to confirm the position. The guidewire was over-
reamed to accommodate the tenodesis graft. Shuttle sutures
for the femoral ACL and lateral tenodesis were passed at this
time.

Attention was then turned to the tibia. A flipcutter was
used to create a 10.5 mm x 28 mm tibial ACL socket, and a
shuttle suture was passed. With the knee in hyperflexion, a
high anteromedial portal was established to prepare the ante-
rior medial meniscal root insertion. A guidewire was placed
in the anatomic origin of the anterior root of the medial
meniscus and was over-reamed in an antegrade fashion to
create a 9 mm x 10 mm socket. An ACL guide was used to
shuttle a suture into this socket from the medial aspect of the
tibia. Zone-specific cannulas were then used with an inside-
out technique to shuttle two sutures through the junction of
the mid-meniscus remnant with the anterior and posterior
horns, respectively. These would be used during graft passage
and fixation (Figs. 14.3 and 14.4).

The meniscus transplant had been previously prepared.
The bone plugs were 9 mm x 3 mm and loaded with suspen-
sory cortical suture x2 for the anterior and posterior meniscal
root. Two labral tapes were placed at the junction of the mid-
meniscus with the anterior and posterior horn, respectively. A
passport cannula was placed medially and MAT shuttle
sutures were retrieved. The meniscus transplant was shuttled
uneventfully into the joint, and posterior root suspensory cor-
tical fixation was provisionally secured (Figs. 14.5 and 14.6).

The anterior suspensory cortical fixation was then provi-
sionally secured for the anterior root. There was no appre-
ciable graft mismatch. Hybrid meniscus fixation was
performed with combination of all-inside for the posterior
horn, inside-out for the mid-body, and outside-in for the ante-
rior horn. FastFix was used posteriorly. The three inside-out
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FIGURE 14.3 (a) Posterior meniscal tunnel using ACL guide to pass
shuttle stitch. (b) Femoral ACL tunnel. (¢) Tibial ACL tunnel. (d)
Low-Profile Reamer through accessory high AM portal in deeper
flexion

FIGURE 14.4 Anterior meniscal tunnel (left tunnel) in proximity to
the femoral ACL tunnel (right tunnel)
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FIGURE 14.6 MAT in place in the medial compartment

FiberWire sutures and the labral tapes from the MAT were
retrieved through a medial-based incision. The suture pairs
were tied in extension, and the labral tapes were secured to
the tibia to reproduce the meniscotibial ligaments. Outside-in
technique was used to pass a no. 2 FiberWire in a horizontal
mattress fashion through the anterior horn of the meniscus
that was tied over the capsule. The MAT was probed and
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determined to be stable throughout a ROM arc with no need
for further fixation.

Attention was turned to the ACL reconstruction. Shuttle
sutures were passed through the passport cannula, which was
subsequently removed. The femoral suspensory cortical
sutures were shuttled through the anteromedial portal and out
the lateral based incision. The femoral button was docked on
the lateral cortex using direct and fluoroscopic visualization.
The quadriceps autograft was then pulled into the femoral
socket. The knee was cycled and brought into full extension
where the tibial button was placed and secured. Lachman and
pivot shift demonstrated good stability. Direct visualization
demonstrated that the ACL graft had good physiologic ten-
sion without any graft impingement in extension. There was at
least 20 mm of graft in both the femoral and tibial tunnels.

Finally, attention was turned to the lateral extra-articular
tenodesis. The semitendinosus graft was prepared with a sus-
pensory cortical fixation suture. The suspensory cortical
suture was shuttled into the femoral tunnel and secured on
the far medial cortex. The graft was provisionally brought
into the femoral tunnel. The graft was then looped under the
LCL and brought to a point midway between Gerdy’s tuber-
cle and the fibular head, approximately 1.5 cm distal to the
joint line. The graft was secured in this location using a
SwiveLock anchor with the knee at 30°. The graft was finally
tensioned on the femoral side using the suspensory cortical
fixation device. The graft demonstrated favorable anisometry,
tight in extension and loose in flexion (Figs. 14.7 and 14.8).

Outcome

This patient has had an expected gradual recovery with mild
stiffness in terminal flexion. At 7 months postoperative, she
was making excellent subjective and objective gains. She had
good quadriceps tone, no effusion, no tenderness, and near-
full extension that was lacking 5-10° of terminal flexion. At
9 months she had continual recovery with her outcomes
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FIGURE 14.8 Postoperative AP and lateral radiographs showing
quadriceps autograft suspensory cortical buttons and medial menis-
cal suspensory cortical fixation placement
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scores that were a Single Assessment Numeric Evaluation
(SANE) value of 25 and a Visual Analogue Scale (VAS) of 3.4.

Literature Review

The medial meniscus has a conferred mid-body attachment to
the deep medial collateral ligament as well as adjacent
anchoring of the posterior horn to the PCL in the intercondy-
lar area. Due to these important attachments, the medial
meniscus plays a unique role in stabilization in regard to ante-
rior translation, especially in the ACL-deficient state [1,2].

Untreated ligamentous instability (i.e., ACL, PCL, PLC,
MCL) is a contraindication for meniscal allograft transplan-
tation due to the increased risk factor of failure of the
transplant. Furthermore, due to the previously described sta-
bilizing role of the medial meniscus, meniscal deficiency
could lead to increased stress forces on the ACL reconstruc-
tion [3]. In 1995, Van Arkel and de Boer were the first to sug-
gest the benefits of combined ACL reconstruction and MAT,
indicating that the ACL could provide knee stability and the
MAT could decrease the risk of ACL graft failure [4]. Since
then, ACL and medial MAT arthroscopic surgical techniques
have dramatically improved, resulting in more successful
outcomes.

Although there have been few long-term follow-up studies
on combined ACL reconstruction and medial MAT, there
have been several short-term follow-up reports that have
confirmed the benefit of combined ACL reconstruction and
MAT. Sekiya et al. looked at the clinical outcomes of 28
patients after combined ACLR and MAT with an average
follow-up of 2.8 years. Twenty-one of those 28 had medial
MAT/ACLR. On follow-up, these patients had improved
clinical outcome scores including Activities of Daily Living
Scale of the Knee Outcome Survey score of 89.9, Sports
Activities Scale score of 80.0, and Lysholm score of 92.5. On
radiographic studies there was no significant difference in
joint space narrowing between the transplanted compart-
ment and that of the contralateral knee [5].
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Graf et al. reported an 8.5-year follow-up of clinical and
radiographic outcomes in eight patients who underwent com-
bined ACLR and medial MAT: six consisted of patellar ten-
don allograft ACLs, and two consisted of patellar tendon
autograft. Using IKDC symptom evaluation, they reported
improvement in subjective clinical outcome scores with two
normal scores, five nearly normal scores, and one abnormal
score. They additionally reported five normal scores, one
nearly normal score, and two abnormal scores on the IKDC
functional test assessment. Significantly, six of the eight
patients reported that they were extremely pleased with the
function of their knee and were able to participate in recre-
ational sports [6].

Furthermore, Saltzman et al. reported the benefit of con-
comitant ACLR and MAT in enhancing objective knee sta-
bility. They reported a 5-year follow-up of 40 patients on
clinical and radiographic outcomes after concomitant ACLR
and MAT. Thirty-three (82.5%) of the 40 consisted of
medial MAT. There were significant improvements in both
patient-reported outcomes and clinical outcome scores. On
the final follow-up, the mean medial joint space height
decreased from 5.2 + 1.1 mm preoperatively to 4.5 + 0.8 mm
(p = 0.02). There were no significant differences in ligament
laxity on 30Ib and maximum manual strength. There were,
however, eight (24%) reported graft failures (one patient
requiring revision MAT, six patients progressing to total
knee arthroplasty, and one patient requiring revision ACLR/
MAT) [7].

When deciding on the best surgical technique for concomi-
tant primary or revision ACL reconstruction with medial
MAT, several factors must be considered including adequate
anatomic footprint restoration, preserved bone stock, and
fixation strategy. The medial meniscus has a wide separation
of the anterior and posterior horns in the sagittal plane.
Additionally in the axial plane, the horn attachments have an
oblique trajectory. Due to these anatomical factors, modified
surgical techniques using bone plugs have advantages in the
medial compartment. The bone plug technique provides flex-
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ibility to adjust for small graft size mismatch and helps to
restore the horns to anatomic location while sustaining bone
stock preservation. Though technically demanding, the trough
meniscus transplant technique can be performed in conjunc-
tion with ACL reconstruction as well, even in the lateral
compartment.

As described in this case, medial MAT with concomitant
ACL reconstruction can be a successful procedure providing
radiographic and clinical improvements with proper patient
selection and preoperative planning.

Clinical Pearls

e Recognition of risk factors for failure of the previous
ACL reconstruction is a critical first step in the
workup of these complex patients (i.e., graft choice,
tunnel position, meniscal deficiency, malalignment,
unrecognized secondary stabilizer injury, etc.).

e Workup must include thorough H&P including eval-
uation of prior surgical reports, weight-bearing x-rays
including assessment of sagittal and coronal align-
ment, and advanced imaging study (i.e., MRI).

e Staging arthroscopy can be advantageous. This will
allow for careful EUA, lysis of adhesions, removal of
hardware, tunnel bone grafting, and precise evalua-
tion of chondral or meniscal lesions. Realignment
osteotomy may be performed at the time of staging
arthroscopy, as indicated.

e Second-stage surgery includes all intra-articular
work including revision ACL reconstruction and
medial MAT. The medial MAT should be completed
prior to placing and tensioning the ACL graft.
Cartilage restoration may also be performed during
this stage.

e In general, bone plug medial MAT is preferred for
these combined cases as it is technically easier, bone
stock preserving, and ACL tunnel sparing and can
accommodate for graft size mismatch better than
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trough techniques. The use of soft tissue ACL auto-
graft and suspensory cortical fixation is also advanta-
geous in these combined cases with closely drilled
tunnels.

e Appropriate counseling and realistic patient expec-
tations are critical. Combined ACL reconstruction
and medial MAT is a salvage procedure. The goal is
functional stability and pain relief for daily life and
improvement of quality of life. Sporting goals are
secondary and may not be achievable. Durability
may be placed at significant risk with high-impact
loading, which should likely be avoided. These proce-
dures do not last forever and should be considered as
bridges for future intervention including eventual
arthroplasty.
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Tibiofemoral Cartilage
Defect with Malalignment

Christian Lattermann and Burak Altintas

Chief Complaint

Medial knee pain

History of Present Illness

The patient is a 34-year-old otherwise healthy and athletic,
non-smoking female who is a passionate water skier and
teacher presents with 2 years of atraumatic pain in the medial
side of the knee. She reports temporary swelling of the joint
and pain after activity and sometimes during weight-bearing
along the medial aspect. She denies any feeling of instability.
She has occasional swelling and stiffness that resolve over-
night. She reports having a partial medial meniscectomy
10 years ago. Nonoperative treatment with ice, elevation, and
anti-inflammatory medications did not provide lasting relief.

C. Lattermann (D<)

Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA, USA

e-mail: clattermann@bwh.harvard.edu

B. Altintas
Steadman Philippon Clinic, Vail, CO, USA

© Springer Nature Switzerland AG 2019 235
A.B.Yanke, B.J. Cole (eds.), Joint Preservation of the Knee,
https://doi.org/10.1007/978-3-030-01491-9_15


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01491-9_15&domain=pdf
mailto:clattermann@bwh.harvard.edu

236  C. Lattermann and B. Altintas

Pearls

e History of partial meniscectomy: Partial meniscec-
tomy is a risk factor for chondral degeneration.
Particularly pain after activity is an indicator of pos-
sible degenerative changes rather than an acute
injury.

Physical Examination

The patient has a normal BMI of 23.5. She walks with a nor-
mal gait and gross macroscopic alignment of the lower
extremity shows varus deformity. The right knee has no effu-
sion, soft tissue swelling, erythema, or warmth. The range of
motion is from 0° to 135°. There is tenderness to palpation
over the medial compartment diffusely more along the
proximal tibia than the joint line. Meniscal tests (flexion,
compression, rotation) are negative. There is good patello-
femoral tracking without crepitus. The ligamentous examina-
tion shows no abnormalities. The neurovascular examination
is within normal limits.

Pearls

e Medial-sided symptoms: Medial-sided symptoms
may have their origin in the joint but can also come
from other medial structures such as pes anserine
bursitis, a meniscal cyst, or medial collateral ligament
injury. A comprehensive exam is important to delin-
eate if this is specific to the joint line or proximal or
distal to the joint. Questions related to the pain
before, during, and after activity are an important
discriminator regarding acute and chronic as well as
stable and unstable meniscal injuries. Finally, medial
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overload can also cause generalized medial-sided
pain. Inspection of the gait and alignment should be
done in all cases.

e Effusion: Any effusion is suspicious for chondral
damage. Effusions that are not self-limited may be
more synovial irritation and can happen with OA,
RA, or severe overloading. Effusions that resolve
overnight and reoccur with specific events may be
structurally related to a chondral or meniscus injury.

Imaging

Imaging with standard x-rays of the knee (AP and lateral) is
obtained to evaluate for avascular necrosis, osseous lesions,
or joint space narrowing. In this case, the plain radiographs
show low-grade medial joint space narrowing (2 mm). The
long-leg alignment (MTP-2) view shows varus malalignment
of 6°. Due to the normal joint space on radiographs, an MRI
was ordered to assess the articular cartilage and meniscus
status and showed a 2 cm? chondral defect in the medial
femoral condyle with an intact subchondral bone plate. There
were also findings consistent with a prior partial medial men-
iscectomy. There is no evidence of damage to the lateral
meniscus or the ligaments.

Pearls

e Varus malalignment: Alignment plays an important
role in decision-making, as malalignment can predis-
pose to overloading on either side of the joint. A
clinical diagnosis of axial deformity should be veri-
fied with a single leg weight-bearing (MTP-2) long-
leg alignment x-ray.
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Approach to Treatment

The following aspects should be considered in this young
active patient with persistent symptoms related to a symp-
tomatic cartilage lesion of the medial femoral condyle with
varus malalignment and prior meniscal deficiency:

1.

Evaluating alignment is crucial for the treatment planning.
This patient has a varus deformity with a concomitant
chondral lesion on the medial side. The choice to include
osteotomy typically requires the weight-bearing line to be
in the affected joint compartment.

. The patient is status post partial medial meniscectomy,

which puts her at increased risk of early medial osteoar-
thritis. If the diagnostic arthroscopy shows a re-rupture of
the medial meniscus, this should be debrided judiciously. If
a subtotal or total meniscectomy is needed, meniscus trans-
plantation should be considered due to the young age of
this patient. The patient should be counseled regarding
having a higher risk of advanced medial osteoarthritis in
the future with a need of joint replacement surgery. It
should be clearly conveyed that this procedure is per-
formed to alleviate her symptoms and prevent an early
replacement surgery.

. Though the evidence can be inconsistent, treating the car-

tilage lesion in conjunction with the malalignment is typi-
cally recommended. The type of cartilage modality that is
chosen is likely secondary to the fact that it should be
addressed in some way.

. Patient’s ability and willingness for compliance should not

be noted. Especially, the limited weight-bearing following
the osteotomy should be discussed carefully.

In case of a combination of malalignment with cartilage

abnormalities, the primary objective should be the correction
of the alignment. A thorough analysis of the long-leg standing
radiographs must be done to determine how to correct the
deformity. The genu varum arises typically from the tibia;
however the distal femoral angle should be measured as well.
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If the origin is from the proximal tibia, either a medial open-
wedge or lateral closing-wedge high tibial osteotomy (HTO)
can be performed. The movement of the tibia into valgus
reduces the forces acting onto the medial compartment, at
the expense of increased lateral cartilage stress. Therefore it
should be kept in mind that overcorrection can lead to rapid
degeneration in the lateral compartment [1]. A recent study
by Tsukada et al. showed no significant differences in terms
of the ratio of cartilage repair tissue in the medial compart-
ment between 17 overcorrected knees with mean deformity
of 15° + 1° and 54 moderately corrected knees with mean
deformity of 10° + 2° after open-wedge HTO [2].

With appropriate patient selection, accurate preopera-
tive planning, modern surgical fixation techniques, and rapid
rehabilitation, it is an effective biological treatment for
degenerative disease, deformity, and knee instability and also
as an adjunct to other complex joint surfaces and meniscal
cartilage surgeries [3]. Bonasia et al. analyzed prognostic fac-
tors and showed that advanced age, possibly obesity and fail-
ure to regain adequate postoperative motion, may predispose
to early failure. On the other hand, younger patients with
good knee function and only mild degenerative joint disease
appear to be ideal candidates for this procedure [4]. In critical
or borderline indications, the temporary use of an unloading
valgus producing knee brace may well predict future outcome
of HTO surgery in terms of expectable postoperative pain
relief [S]. A lateral closing-wedge HTO is usually performed
for osteoarthritis patients with no morphotype alterations
and with light or moderate deformity. However, it is more
difficult to change the tibial slope. Additional factors that
influence the choice of osteotomy include age, bone qual-
ity, patellar height, and functional demand. Patients at risk
for nonunion, such as patients with a high BMI or smokers,
should be strongly considered for closing-wedge osteotomy,
if as surgical candidates at all [6]. Relative and absolute
contraindications for osteotomy include significant osteo-
arthritis and cartilage/meniscus lesion in the contralateral
compartment, bone loss of more than 3 mm in the affected
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compartment with high risk of subsequent joint instability,
reduced range of motion with more than 10° extension loss,
less than 90° of knee flexion, more than 20° of need for cor-
rection, advanced knee instability, morbid obesity, smoking
and rheumatoid arthritis, or other systemic joint disease [7].
The relationship of smoking and outcomes from articular
cartilage surgery in the knee suggests an overall negative
influence [8]. Regarding cartilage regeneration, a recent study
demonstrated cartilage regeneration after opening-wedge
valgus HTO, which was affected by BMI, preoperative carti-
lage degeneration grade, and postoperative limb alignment.
The authors underlined that patient selection based on BMI
rather than age should be considered [9].

The preservation of the tibiofibular joint and the postero-
lateral structures along with easier adjustment of the tibial
slope are the main advantages of the medial open-wedge
HTO. The disadvantages lie in the risk of correction loss and
nonunion together with longer rehabilitation due to limited
weight-bearing. On the other hand, lateral closing-wedge
HTO allows earlier weight-bearing and has less risk of non-
union and loss of correction. However, closing-wedge oste-
otomy alters the tibial shape, which can complicate subsequent
arthroplasty [6]. Complications include neurovascular inju-
ries (peroneal nerve), as the most serious ones, along with
non-/malunion, infection, deep vein thrombosis, and intraop-
erative fracture of the tibial plateau [10].

Retrospective analysis of 533 patients revealed favorable
midterm results after valgus HTO in varus osteoarthritis even
in older patients with a high degree of cartilage damage [11].
Jung et al. demonstrated that the degenerated cartilage of the
medial femoral condyle and medial tibial plateau could be
partially or entirely covered by newly regenerated cartilage
at 2 years after adequate correction of varus deformity by
medial opening-wedge HTO without cartilage regeneration
strategies [12]. However, these results should be interpreted
with caution due to short-term follow-up and sole macro-
scopic evaluation without histology. Other studies with short-
term follow-up reported promising results [13, 14]. Bode et al.
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analyzed the outcome in 51 patients and reported a survival
rate of over 96% at 5 years, concluding HTO as a reliable
treatment option with satisfying and stable clinical outcome
following 60 months [15]. Hantes et al. demonstrated that
medial open-wedge HTO with a locking plate is an effective
joint preservation method to treat medial compartment
osteoarthritis in active patients younger than 45 years with
satisfactory clinical and radiological results along with a 95%
survival rate 12 years postoperatively [16]. A study on sport-
ing activity following HTO for the treatment of medial com-
partment knee osteoarthritis in the active patient
demonstrated favorable clinical results and allowed patients
to return to sports and recreational activities similar to the
preoperative level [17].

Despite the abundance of literature favoring the utiliza-
tion of open-wedge HTO for varus knee deformity, Kanamaya
et al. showed improved JOA scores after short-term follow-
up following closing-wedge osteotomy [18]. Furthermore, a
recent study comparing both techniques demonstrated favor-
able clinical outcomes for patients who underwent a closed-
wedge osteotomy after a mean follow-up of 79 years [19].

The chondral damage of the medial compartment in
patients with repairable chondral defects and no established
OA should be addressed at the time of osteotomy [20]. In the
United States, HTO was performed at a significantly higher
rate in conjunction with autologous chondrocyte implanta-
tion and open osteochondral allograft [21]. However, in this
chapter, we will focus on marrow stimulating therapy. Parker
et al. showed in an MRI follow-up study on patients following
medial opening-wedge HTO that after a non-weight-bearing
period, the rate of change in the medial compartment
changed from negative to positive, indicating the potential for
articular cartilage recovery secondary to an improved
mechanical environment [22]. Early results following HTO
with an external fixator and microfracture for the varus knee
with medial chondral wear in 33 patients led to significant
improvements in WOMAC and Lysholm scores [23]. The
combination of HTO and chondral resurfacing on 91 knees
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with a minimum follow-up of 5 years was deemed effective in
the treatment of severe medial osteoarthritis and varus
malalignment as a high survival rate of 95.2% was found indi-
cating that arthroplasty can be initially postponed in most of
these patients [24]. On the contrary, another study showed
that subchondral drilling had no effect on the outcome at
2 years after medial open-wedge HTO [25]. Akizuki et al.
showed that 64% of the regenerated tissue following abra-
sion arthroplasty for medial compartment osteoarthritis with
eburnation in patients undergoing HTO consisted of fibro-
cartilage at around 12 months after surgery. However, there
was no difference in the clinical outcome at 2-9 years postop-
eratively between the patients with and without concomitant
cartilage therapy [26].

A survivorship analysis showed 91% survivorship at
7 years with patients who proceeded to knee arthroplasty
after combined HTO/microfracture had a mean delay of
81.3 months. The authors noted that patients with medial
meniscus injury at surgery were 9.2 times more likely to
undergo arthroplasty than patients without [27]. This under-
lines the importance of providing the patient in our case
scenario with sufficient information as her history of partial
meniscectomy puts her at increased risk for failure. Harris
et al. could show in 18 patients undergoing varus or valgus
osteotomy combined with meniscal transplantation and
articular cartilage surgery a statistically significant and clini-
cally meaningful improvement in clinical outcome scores at
long-term follow-up. Although there was a low rate of carti-
lage or meniscal revision (or both) and total knee arthro-
plasty, there was a high rate of reoperation [28]. This
underlines the importance of meniscal preservation in this
patient population.

Kim et al. showed microfracture with collagen augmenta-
tion was superior to that after microfracture in terms of the
cartilage repair quality in patients undergoing HTO despite
the clinical results not reflecting this difference in tissue repair
after 1 year [29]. The histological evaluation of the articular
cartilage from the medial compartment after arthroscopic
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subchondral drilling followed by postoperative intra-articular
injections of autologous peripheral blood stem cells and hyal-
uronic acid with concomitant medial open-wedge HTO in
patients with varus deformity of the knee joint demonstrated
regenerate that closely resembled the native articular carti-
lage [30]. Another study showed that intra-articular injection
of cultured mesenchymal stem cells is effective in improving
both short-term clinical and MOCART outcomes in patients
undergoing HTO and microfracture for varus knees with
cartilage defects [31]. However, studies with longer follow-up
are needed to add more substantial evidence to these newer
treatment methods.

The advantages and disadvantages of the techniques can
be depicted in Table 15.1.

TaBLE 15.1 Different therapeutic approaches

Technique Advantages Disadvantages
Marrow Easy to perform Short-term benefit
stimulation Uncomplicated Only temporary relief
procedure postoperative
without rehabilitation
osteotomy
Cartilage Long-lasting Strict postoperative
procedure with functional outcome rehabilitation with
osteotomy Treatment of the limited weight-bearing
underlying cause Enhanced risk of
Possible conversion complications including
to other treatment nonunion
options later on, if
needed
Unicondylar Early symptom Burns the bridges for
knee relief any reconstruction in
replacement the future
High likelihood that

the patient will need a
revision replacement
surgery at some point
in the future
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Technique Description

Due to the abovementioned arguments, the preferred treat-
ment for this patient is an arthroscopy followed by a high
tibial valgus osteotomy. The patient is positioned supine on
the operating table. During diagnostic arthroscopy, a full-
thickness 10 mm by 20 mm chondral lesion of the medial
femoral condyle within the weight-bearing zone in extension
is identified (Fig. 15.1). After confirming the absence of any
ligamentous lesion, a microfracture procedure is performed
(Fig. 15.2). The stability testing of the medial meniscus with
the probe does not show any re-rupture, which would require
further treatment (Fig. 15.3).

Following the arthroscopy, a 7-8 cm incision is made
between the tibial tuberosity and the posteromedial border of
the tibial joint line (Fig. 15.4). The sartorius fascia is incised
longitudinally above the semitendinosus attachment in the pes
anserinus. After releasing the hamstrings from the tibia and
partially detaching the superficial medial collateral ligament, a
Hohmann retractor is inserted along the posterior tibia.
Agneskirchner et al. could show in a biomechanical study that
a complete release of the distal fibers of the MCL is necessary
after valgus opening-wedge HTO for effective decompression
of the medial joint space [32]. The utilization of the Hohmann
retractor serves for the protection of the neurovascular struc-
tures in the posterior compartment. Under fluoroscopic con-
trol, a 2 mm Kirschner wire is introduced at the
metaphyseal-diaphyseal transition zone of the medial tibia
toward the tip of the fibular head (Fig. 15.5). It is important to
stop drilling as soon as the lateral cortex is reached in order not
to injure the peroneal nerve. Another Kirschner wire is placed
parallel to the first one along the planned osteotomy level.
Next, a calibrated saw is used for the horizontal cut with an end
approximately 1 cm medial to the lateral cortex. It is important
to complete the osteotomy of the posterior cortex. Then, an
anterior ascending cut is made posterior to the tibial tuberosity
(TT). Care must be taken not to injure the patellar tendon or
induce a detachment of the TT. The TT fragment should have
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FiGure 15.1 Long-leg alignment film indicating varus malformation
of the left knee

a minimum thickness of about 10 mm to minimize the risk of
fracture (Fig. 15.6). Despite the usefulness of the calibrated
saw, an image intensifier should be utilized as needed to make
the correct cuts. With growing experience, the surgeon will be
able to limit the dose of radiation to the patient. After the
completion of the osteotomy, an osteotomy chisel is inserted
into the transverse osteotomy above the Kirschner wires up to
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FIGURrE 15.2 Grade 3a chondral lesion on medial femoral condyle of
the left knee (circle indicating 2 x 2 cm area). Arrow indicating nor-
mal anterior and middle contour of the medial meniscus

FIGURE 15.3 Microfracture treatment of the chondral defect after
debridement of the defect to the subchondral bone and stabilization
of the edges
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FIGURE 15.4 Medial-sided incision approximately from the joint line
to about 2-3 cm distal of the tibial tubercle

the lateral bony hinge with careful hammering. Then a second
osteotomy chisel is inserted between the first chisel and the
guidewires. Additional chisels are inserted between the first
two for gradual spreading of the osteotomy. The desired cor-
rection is achieved using a spreader introduced into the most
posterior part of the osteotomy site. This enables the creation
of a trapezoidal gap to minimize the risk of tibial slope incre-
ment. As shown in a 3D finite element model, joint line oblig-
uity of more than 5° induces excessive shear stress in the tibial
articular cartilage. Thus, attention should be paid to joint line
congruity [33]. After adequate correction, the chisels are
removed, and the alignment can be checked with the help of a
rod connecting the center of the femoral head with the ankle
joint center under image intensifier. Next, a 4.5 mm locking
plate is inserted subcutaneously on the medial proximal tibia.
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FiGure 15.5 Under fluoroscopy the guidewire is inserted to be posi-
tioned in the lateral target zone. It should be located within 1 cm of
the lateral cortex between the tip of the fibula and the base of the
fibula. This will protect against lateral breakout. The osteotome (vis-
ible here) will follow the guidewire

The shaft portion must be in line with the tibial diaphysis to
avoid overhang in the anteroposterior direction. The plate
must bridge the osteotomy, and the proximal part must be
positioned parallel to the slope approximately 1 cm subchon-
dral to the joint line. After the correct positioning, the plate is
secured by insertion of a Kirschner wire into the central drill
sleeve in the proximal portion. After fixation of the proximal
part of the plate with locking screws, the distal part is fixed with
the knee in full extension (Fig. 15.7). If needed, the lateral
hinge can be compressed with the help of a cortical screw
before the fixation of the distal part. Once the fixation was
finished, the spreader is removed. The osteotomy gap can be
filled with allograft bone or autograft. A systematic review of
opening-wedge osteotomies showed good short-term to mid-
term outcomes with acceptable complication rates. The lowest
rates of delayed union/nonunion were in autograft bone-filled
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FIGURE 15.6 With the guidewire positioned, the biplanar osteotomy
is begun using an Army-Navy retractor to elevate the patellar
tendon and carefully scoring the tubercle toward the osteotomy
plane in a slightly a-/p-angled position. The osteotomy should be
positioned such that the tubercle is not thinner than 1 cm to prevent
fracture of the tubercle

osteotomies [34]. After the procedure, the medial collateral
ligament and the hamstring tendons will be covered by the
plate.

Postoperative Rehabilitation Protocol

Following surgery, the patient is mobilized with partial weight-
bearing (10-15% of current weight) on crutches for 6 weeks
followed by gradual increase of weight-bearing in the follow-
ing weeks. Quadriceps strengthening exercises are started
immediately. She is placed on continuous passive motion
without limitation for 6 weeks at 4 hours per day. Concomitant
physiotherapy is initiated with focus on reducing the
inflammation.
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FiGURE 15.7 The osteotomy plane is carefully cut up to within 1 cm
of the lateral cortex and a wedge (in this case a variable pitch
wedge) is inserted to open up the osteotomy to the predetermined
angle or mm distance. Then the fixation of choice can be utilized to
secure the osteotomy in place. It is important that the osteotomy
cleft is equal all along or wider posteriorly than an anteriorly in
order not to decrease the posterior tibial slope
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Chapter 16
Tibial Cartilage Defects

Kevin C. Wang, Rachel M. Frank, and Brian J. Cole

Case Presentation

History

A 56-year-old gentleman presented to the office with a chief
complaint of several months of left, lateral knee pain. He states
that the knee pain has been gradual in onset with no specific
inciting event. Since its onset, the pain has been slowly worsen-
ing. The pain is generally localized to the lateral side of the knee
with occasional episodes of medial-sided pain. He reports occa-
sional swelling in the knee, often related to activity. He rates his
average pain as 3/10 but states that the pain is worse with any
sort of weight-bearing activities, especially with pivoting,
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twisting, and going up and down stairs. The pain is usually worse
toward the end of the day after ambulating on it. He will occa-
sionally feel catching or have locking symptoms while ambulat-
ing. The patient denies any pain behind the kneecap. Therefore
his presentation could be summarized as unicompartmental,
weight-bearing pain that is associated with swelling.

The patient was initially treated with anti-inflammatories
as needed and underwent a series of hyaluronic acid injections
as well. These resulted in some relief, but did not provide a
satisfactory reduction in symptoms. He has not had any ste-
roid injections or previous surgical procedures on his knee,
and he has not engaged in any regimented physical therapy
sessions.

Physical Examination

On physical examination, the patient was 5 feet, 9 inches tall,
weighed 184 pounds (body mass index of 272), was in no
apparent distress, and could ambulate without apparent dif-
ficulty. He had a mild effusion in the left knee with mild ten-
derness to palpation along the lateral joint line. He had active
range of motion from 0° to 125° with no catching or clicking.
The patient’s motor strength was 5/5 in the quadriceps and
had no visible atrophy. There was no tenderness to palpation
along the lateral femoral condyle and only mild pain with
lateral joint line palpation.

Diagnostic Imaging

X-rays were obtained and reviewed in the office and revealed
well-preserved joint spaces with no evidence of medial or
lateral joint space narrowing (Fig. 16.1). There was no
evidence of patellofemoral arthrosis. MRI revealed a local-
ized chondral defect in the lateral tibial plateau with evidence
of subchondral edema (Fig. 16.2). The remaining structures
including the lateral meniscus and femoral cartilage appeared
intact.
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FIGURE 16.1 Preoperative plan standing AP (a) and lateral (b)
radiography

Management and Treatment Options

The patient’s findings were consistent with a localized chon-
dral defect of the lateral tibial plateau. The location of this
defect on imaging was consistent with the patient’s clinical
presentation and physical exam findings, and the possible
treatment options, including continued conservative
treatment, were discussed with the patient. The treatment
plan was a diagnostic arthroscopy for index evaluation and, if
the findings were consistent with an isolated tibial plateau
defect, marrow stimulation of the defect with BioCartilage
(Arthrex) and platelet-rich plasma (PRP) augmentation.
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FIGURE 16.2 Preoperative coronal (a) and sagittal (b) magnetic reso-
nance imaging demonstrating an isolated tibial plateau articular car-
tilage injury (white arrow) and associated bone edematous changes

Other treatment options for tibial plateau defects include
microfracture alone, matrix-associated autologous chondro-
cyte implantation (MACI) with fibrin glue, and osteochon-
dral allograft or autograft. MACI techniques should only be
considered if the practitioner is comfortable using this treat-
ment methodology for other indications, as it can be a techni-
cally challenging procedure that requires specialized
equipment. In the tibial plateau, geometry, exposure, and
access present challenging hurdles for osteochondral allograft
or autograft applications, and practitioners should proceed
with caution if considering these techniques. These also
would typically require an open approach including take-
down of the distal MCL.

In patients with articular cartilage defects of any kind, it is
important to consider and address concomitant pathology
when indicated. While the majority of published research for
these indications addresses lesions of the femoral condyle, it
is likely that similar principles apply in the treatment of tibial
plateau lesions, and the following pathologies are concomi-
tantly addressed in the senior author’s practice. In tibial
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lesions with a bipolar component, a corresponding femoral
condyle cartilage defect, the bipolar pathology should be
addressed. Additionally, patients with ligamentous instability
and meniscal pathology should undergo concomitant liga-
ment reconstruction or meniscal allograft transplantation
(MAT) to improve the chance of a successful outcome.

Surgical Technique

Diagnostic Arthroscopy

The diagnostic arthroscopy was performed through standard
inferomedial and inferolateral portals. The knee was examined
for meniscal, ligamentous, and articular cartilage pathology.
Specifically, the femoral condyle, meniscus, and tibial plateau
were evaluated on the lateral side. A degenerative medial
meniscal tear of about 10% was identified and debrided, and a
degenerative lateral meniscal tear of between 10% and 20%
was identified and debrided. A trochlear defect that was
approximately 20 mm x 20 mm was identified. This was
debrided to a stable rim but otherwise left untreated given its
inconsistency with the patient’s clinical presentation. An area
of delamination was identified on the lateral tibial plateau and
measured to be approximately 15 mm long and 6 mm wide
(Fig. 16.3). This was debrided down to a stable rim utilizing a
4.5 mm rotary shaver and a curette.

FIGURE 16.3 An intraopera-
tive arthroscopic image of an
isolated tibial plateau chon-
dral defect prior to prepara-
tion of the defect
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Marrow Stimulation

Prior to marrow stimulation, the calcified layer was debrided
with an angled curette. The rim was debrided with a shaver to
establish stable, vertical walls at the border of the defect. An
arthroscopic K-wire was utilized to create atraumatic perfo-
rations in the subchondral plate to allow access to bone mar-
row mesenchymal stem cells. These holes were spaced
2-3 mm apart avoiding confluence to minimize the likelihood
of ectopic bone formation (Fig. 16.4).

Application of BioCartilage and PRP

The microfracture site was dried with neurosurgical patties
to optimize the adherence of the BioCartilage and PRP
mixture (Fig. 16.5a). Blood pressure and tourniquet control
were utilized to minimize bleeding into the area (Fig. 16.5b).
The BioCartilage/PRP mixture was prepared outside of the
knee and introduced within the defect taking care not to
overfill the defect. A Freer elevator was utilized to flatten the
surface of the BioCartilage/PRP mixture to lie slightly below
the level of the surrounding articular cartilage. After appro-
priately applying the BioCartilage/PRP mixture, fibrin glue
was applied over the top of the mixture taking care not to

FIGURE 16.4 An arthroscopic
image of a tibial plateau
lesion after preparation via
curettage and subchondral
bone perforation via drilling
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FiGURE 16.5 (a) An arthroscopic image of a tibial plateau chondral
defect after preparation being adequately dried for optimal
BioCartilage adhesion. (b) An arthroscopic image of a fully pre-
pared tibial chondral lesion prior to BioCartilage application

FIGURE 16.6 An arthroscopic image of an isolated tibial plateau
lesion after being filled with the BioCartilage/PRP mixture (a) and
after sealing the defect with fibrin glue (b)

over-apply the glue to reduce the risk of adherence to oppos-
ing surfaces. The fibrin glue was allowed to cure for 7 min
prior to range of motion testing to minimize the risk of dis-
lodgement (Fig. 16.6).
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Postoperative Care

The patient was made nonweight-bearing immediately post-
operatively with a 1-week delay in continuous passive motion
(CPM) because of the application of BioCartilage. After
1 week, CPM was initiated for 6 hours a day with passive and
active range-of-motion (ROM) exercises that were allowed
as tolerated. At 6 weeks postoperatively, weight-bearing was
slowly initiated with a steady increase of 25% weekly.
Advanced strengthening exercises were initiated at 8 weeks
postoperatively with further progression of weight-bearing
activities as tolerated. Functional activity was started at
6 months postoperatively, and return to full activity was
allowed at 8 months with physician clearance.

Literature Review

While there have been publications on the treatment meth-
ods and outcomes for treating cartilage lesions of the knee,
these primarily focus on lesions of the femoral condyles and
patellofemoral joint with few investigations specifically
detailing treatment of the tibial plateau [1]. This paucity of
available literature leaves surgeons with little clinical guid-
ance on the treatment of these kinds of defects. While micro-
fracture surgery is generally the first line of treatment for
articular cartilage defects given its relative technical simplic-
ity and low complication rates, the long-term outcomes have
been questioned [2-4]. Additionally, osteochondral grafts
(both autograft and allograft) have demonstrated success in
cartilage defects of the knee, specifically for defect of the
femoral head and patellofemoral joint involving the subchon-
dral bone [5, 6], but the geometry and anatomical restrictions
imposed by tibial plateau defects present unique challenges
when pursuing these kinds of treatment [7-9]. While osteo-
chondral grafts have shown positive outcomes for more
severe tibial plateau cartilage defects, the technical chal-
lenges and potential for injury to surrounding structures
when using these approaches necessitate caution.
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In addition to direct treatment of the cartilage lesions,
mechanical realignment may be an effective management strat-
egy for tibial plateau defects, with high tibial osteotomy (HTO)
used to reduce mechanical loading of diseased compartments
[9]. A recent investigation has shown improved International
Cartilage Repair Society (ICRS) cartilage grading in 34.6% of
medial tibial plateau cartilage lesions in patients treated with
HTO alone. Patient-reported outcome scores were also signifi-
cantly improved in these patients at final follow-up; however,
these did not correlate with the ICRS grading [10]. This litera-
ture suggests that HTO, both in isolation and as a concomitant
procedure, can be an effective treatment for tibial plateau
lesions, specifically those of the medial compartment, when
varus malalignment is identified. While the patient in the cur-
rent case example did not suffer from malalignment, in cases
with varus malalignment, HTO should be strongly considered.

Given concerns regarding the long-term durability of micro-
fracture — often attributed to the development of mechanically
inferior fibrocartilage — new adjunct treatments have been
developed with the hope of improving hyaline cartilage regen-
eration and improving the long-term durability of microfracture
[2, 11]. In an animal model, BioCartilage (Arthrex, Naples, FL),
a minced allogeneic cartilage product, combined with platelet-
rich plasma, a promising biologic, has been shown to facilitate
the generation of hyaline cartilage compared to microfracture
alone. Similar results have also been shown with bone marrow
aspirate concentrate (BMAC) [12]. Clinical outcomes remain to
be determined, but the use of BioCartilage/PRP or BMAC to
augment microfracture has been shown to improve hyaline car-
tilage regeneration in translational studies. These treatment
strategies may potentially improve the long-term durability of
microfracture treatment by affecting the type of cartilage fill.

Though clinical evidence for appropriate treatment of
tibial plateau lesions is limited, the same principles for carti-
lage defect treatment apply here. As outlined above, care
should be taken to utilize a technique that is logistically rea-
sonable without adding increased risk. Therefore, treatments
in this arena should focus on microfracture augmentation and
cell-based treatments.
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Tips and Tricks

Avoid excessive application of BioCartilage/PRP mixture,
as this can be easily dislodged by shear stresses if it stands
proud over the surrounding cartilage margins.

High tibial osteotomy should be strongly considered in
cases with medial compartment involvement in the setting
of varus malalignment.

Order of operations:

— Standard anterolateral arthroscopic approach.

— Diagnostic arthroscopy.

— Debridement of symptomatic articular cartilage lesions.

— Microfracture of bare subchondral plate.

— Evacuate saline from the knee and dry the microfrac-
ture site.

— Prepare BioCartilage/PRP mixture.

— Apply BioCartilage/PRP mixture and spread evenly,
taking care not to exceed the height of the surrounding
articular cartilage rim.

— Apply fibrin glue to fix the BioCartilage/PRP mixture.

— Close in standard fashion.
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Evidence-Based Treatment
of Articular Cartilage
Lesions in the Knee

Kyle R. Duchman and Jonathan C. Riboh

Introduction

Articular cartilage lesions of the knee are a common finding
at the time of knee arthroscopy [1, 2], and they tend to be
particularly prevalent in young, athletic patient populations
[3]- While the natural history of isolated articular cartilage
lesions in the knee remains an area of ongoing debate [4, 5],
the utilization of surgical management in the United States to
treat these lesions has increased significantly in recent years
[6, 7]. Despite the increased surgical utilization and impres-
sive amount of literature dedicated to articular cartilage
lesions in the knee, there remain more questions than answers
when it comes to treatment of these lesions due in large part
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to the limited amount of high-level evidence on the topic [8].
The following will review the best available evidence for
treatment of articular cartilage lesions in the knee while pro-
viding an update on current reparative and restorative treat-
ment options, recommended treatment algorithms, special
considerations in the competitive athlete, and future direc-
tions for research and clinical improvement.

Quality of the Current Literature:
What Is the Best Available Evidence?

Despite a relatively high volume of primary clinical literature,
the quality of clinical studies dedicated to articular cartilage
lesions of the knee remains low. Limitations in study quality
were recognized over a decade ago [9]. Today, the same method-
ological flaws, including a lack of consistency with outcome
reporting and failure to track outcomes across domains, con-
tinue to plague the primary literature [10]. Of the available lit-
erature on articular cartilage lesions in the knee, approximately
76% can be classified as Level IV evidence, with only 8% and
7% of studies classified as Level I or II evidence, respectively [§].
Furthermore, the quality of evidence on the topic has failed to
improve with time, despite previous recognition of the short-
comings in the literature. Because of these limitations, results of
clinical studies are rightfully interpreted with caution, and con-
sensus statements for or against specific treatments are lacking.

Currently Available Techniques for Cartilage
Restoration in the Knee

Bone Marrow Stimulation

Bone marrow stimulation techniques include transarticular
or retrograde drilling and microfracture, with microfracture
most frequently used to address articular cartilage lesions in
the knee. Microfracture, originally described in the 1990s by
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Dr. Richard Steadman, results in the production of Type I
fibrocartilage by accessing marrow mesenchymal stem cells
through penetration of the subchondral bone [11]. Due in
part to its long track record, widespread availability of instru-
mentation, relative technical ease compared to other carti-
lage restoration procedures, and the fact that it is a single-stage
procedure, microfracture remains one of the most commonly
employed reparative cartilage techniques for the knee [6].
Still, there remains concern that the improvement in short-
term outcomes following microfracture deteriorates over
time [12], potentially due to the fact that the procedure fails
to histologically replicate hyaline cartilage [13].

While the technical aspects of microfracture have remained
largely unmodified since its original description, there has been
a growing interest in the use of adjuncts with microfracture.
Enhanced microfracture techniques, or the so-called microfrac-
ture plus, which typically consists of the addition of acellular
matrix products with or without stem cell or peripheral blood
additives, have been explored in hopes of improving histological
and clinical outcomes (Fig. 171). Despite promising early results
[14-16], these modifications remain relatively new, and the lon-
gevity of outcomes compared to microfracture alone or other
cartilage restoration techniques needs further exploration.

FiGURe 17.1 (a) Large trochlear cartilage defect arthroscopically
prepared to a circumferential stable rim and penetration of sub-
chondral bone with microfracture awls. (b) Using dry arthroscopic
techniques, acellular cartilage matrix is applied to the prepared
defect prior to sealing with fibrin glue
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Cell-Based Therapies

Available cell-based therapies for articular cartilage lesions
of the knee include autologous chondrocyte implantation
(ACI) or particulated juvenile cartilage allograft. ACI has
been available for several decades and, over time, has went
through several derivations. ACI is a two-stage procedure,
requiring an initial arthroscopic biopsy to harvest chondro-
cytes for isolation and expansion by proprietary means, fol-
lowed by implantation of the cells during a second surgical
procedure [17]. Containing expanded cells was initially a
challenge, and several generations of ACI techniques required
a periosteal patch or collagen membrane to contain cells [18].
Recently, matrix-induced ACI became available for use in the
United States, supplanting many of the technical challenges
associated with earlier ACI techniques (Fig. 172) [19]. ACI

FiGURE 17.2 (a) Large medial femoral condyle defect after removal of
calcified cartilage layer through a medial parapatellar arthrotomy. (b)
The defect is sized using a foil impression, which will aid with sizing
the matrix containing chondrocytes on the back table. (¢) The matrix
is implanted in the prepared defect prior to sealing with fibrin glue
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has shown the ability to produce “hyaline-like” cartilage [13]
and is useful for large lesions with low risk of donor site mor-
bidity. Multiple generations of the procedure have shown
promising clinical outcomes [20], although the two-stage
requirement of the procedure remains the major downside.

Particulated allograft cartilage is an off-the-shelf product
that can be used to address articular cartilage lesions in the
knee during a single stage without donor site morbidity [21,
22]. As a new procedure, there remain insufficient random-
ized or comparative studies to guide specific indications [23].
Basic science studies have suggested that particulated juvenile
cartilage allograft may provide an improved ability to restore
articular cartilage surfaces as compared to adult allograft
cartilage [24]. As new products become available, it will be
important to consider the effect of donor age on outcomes in
clinical studies. While the limited morbidity and technical
ease associated with the procedure are promising, further
clinical studies are needed to better determine the clinical
applications for particulated allograft cartilage procedures to
address articular cartilage lesions in the knee.

Osteochondral Autograft Transfer

Osteochondral autograft transfer (OAT) provides the ability
to replace the entire osteochondral unit with local autogenous
tissue from non-weight-bearing portions of the knee [25].
OAT can be particularly useful for articular cartilage lesions
with an underlying cystic component or necrotic regions of
the bone. Additionally, OAT allows for transfer of hyaline
cartilage to the articular cartilage lesion, providing the most
predictable histologic outcome for all cartilage restoration
procedures [13]. However, the procedure can be technically
demanding, as achieving a flush graft that is neither proud
nor depressed is imperative to restore native contact pres-
sures that do not put the graft or adjacent cartilage at risk
[26]. The application of OAT is limited primarily by lesion
size, as locations for local autologous tissue are limited pri-
marily to the lateral border of the lateral femoral condyle
proximal to the sulcus terminalis or intercondylar notch.
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Even with careful graft harvest, donor site morbidity remains
a concern [27,28]. Despite providing the most consistent his-
tologic outcomes, OAT is clearly limited by the size of the
articular cartilage lesion as well as the technically demanding
nature of the procedure. Given the fact that OAT has not
shown clear superiority to other cartilage restoration proce-
dures in studies using pooled data [29, 30], the benefits of
transfer of healthy articular cartilage to a damaged region
must be weighed with the potential for donor site morbidity.

Osteochondral Allograft Transplantation

Fresh osteochondral allograft transplantation has recently
gained popularity as a surgical option for treatment of large
articular cartilage lesions in the knee mainly due to improved
allograft processing techniques and more widespread avail-
ability of grafts in the United States. The procedure is not
limited by lesion size, nor does it result in donor site morbid-
ity while potentially restoring the hyaline surface in the knee
(Fig. 173) [31, 32]. However, as a fresh allograft tissue, con-
cerns over graft immunogenicity and transmission of infec-
tious disease have been raised [33]. Additionally, additional
imaging procedures may be needed to obtain appropriately
sized allografts [34, 35]. Recent studies have highlighted the
importance of graft and chondrocyte viability at the time of
implantation as a potentially important factor influencing
both clinical and histologic outcomes [36]. In order to opti-
mize chondrocyte viability, graft implantation should not be
excessively delayed, and surgeons should understand the
processing and storage techniques of their respective tissue
bank [37-39]. Because of this, both patients and surgeons
need to have flexibility to accommodate scheduling when
appropriate size-matched tissue becomes available. Despite
promising results in non-comparative studies [40], it will be
important to carefully track outcomes and the potential fac-
tors that may predict outcomes, including chondrocyte viabil-
ity, carefully in order to better define its role in the treatment
of articular cartilage lesions in knee.
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FIGURE 17.3 (a) Medial femoral condyle with large area of grade III and
IV chondromalacia viewed through a medial parapatellar arthrotomy.
(b) The lesion is prepared with a cylindrical reamer placed over a guide
pin in the center of the lesion. (¢) After preparation on the back table,
the matching cylindrical allograft is implanted with interference fit

Randomized Control Trials: Comparison
of Cartilage Restoration Techniques

The number of randomized, prospective, comparative, clinical
trials focused on treatment of articular cartilage lesions in the
knee is limited, with Level III and IV studies making up the
majority of the available literature [8]. Even when consider-
ing the higher-level randomized studies, many of them are
limited by small sample size, unpredictable patient crossover,
and poor patient follow-up, which in some cases does not
allow the studies to be considered Level I based on follow-up
<80% [41]. Additionally, many of these studies are the result
of evaluation of the same cohort or subgroup of the same
cohort at multiple timepoints, which artificially increases the
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volume of available high-quality studies. Still, these studies
provide the best available evidence to guide treatment deci-
sions for articular cartilage lesions in the knee. The majority
of available comparative studies compare variable genera-
tions of ACI with microfracture (Table 171) [42-50]. There
are fewer studies comparing microfracture to OAT [51-54],
variable generations of ACI to OAT [55-58], various genera-
tions of ACI to each other [59-61], and more recently, micro-
fracture to enhanced microfracture (“microfracture plus”)
[15, 16, 62, 63]. Within these comparative categories, there is
no consensus outcome, particularly when independently
comparing studies from different cohort. This general finding
is corroborated by two recently performed systematic reviews
made up of comparative studies investigating reoperation
and clinical outcomes and short- and midterm follow-up.
Both systematic reviews found no difference in reoperation
or clinical outcomes when comparing microfracture, OAT,
and various ACI techniques [29, 30]. However, there was a
trend toward improved histologic cartilage repair and lower
reoperation rates with more long-term follow-up for advanced
cartilage repair techniques, including OAT and collagen
membrane ACI [30].

Notably missing from the comparative studies is osteo-
chondral allograft transplantation, which, to date, has not
been compared to any other reparative or restorative carti-
lage procedure in the knee. Additionally, there are no multi-
armed randomized studies that compare more than two
treatment techniques. Pediatric patients are also underrepre-
sented, as only one study is dedicated to patients <18 years of
age [53]. Because of this, it should come as no surprise that
definitive indications, treatment algorithms, and outcomes
are lacking for the diverse group of patients with articular
cartilage lesions of the knee. Future studies should aim to
incorporate osteochondral allograft transplantation as a
treatment option while also stratifying by patient age and
activity level in order to better define the indications and
outcomes for these procedures.
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Treatment-Based Algorithms for Articular
Cartilage Lesions in the Knee

In light of the limited high-level evidence to guide treat-
ment decisions for articular cartilage lesions of the knee,
many of the available recommendations are expert opinion
from high-volume surgeons in the field, although few evi-
dence-based studies do tend to shape commonly referenced
treatment algorithms [64, 65]. When approaching the patient
with an articular cartilage lesion in the knee, the ultimate
goal of the procedure should be to provide a solution tai-
lored to the individual patient. That is, is the cartilage proce-
dure to be considered palliative, reparative, or restorative?
[66] While treatment options for these definitions often
overlap rather than neatly fall into a single category, it is
important to consider the differences when starting to make
treatment decisions. Microfracture, for example, is consid-
ered a reparative procedure, whereas the hyaline and hya-
line-like surface produced by OAT, osteochondral allograft
transplantation, or ACI move toward the restorative realm.
A variety of patient factors, including age, sex, activity level,
body mass index (BMI), and history of previous surgery, are
frequently considered, as are lesion factors, including loca-
tion, size, depth, and containment [64, 67]. While the effect
of age on the outcome of cartilage procedures has been
called into question [64, 65], separating age from activity
level remains a challenge, and age has typically remained an
important part of treatment algorithms. While not truly
related to the articular cartilage lesion, other factors includ-
ing limb alignment, status of the meniscus, and ligamentous
stability,must all be considered and concomitantly addressed,
if needed [66].

Understanding patient goals and limitations of the available
reparative and restorative techniques is paramount to achieve
successful outcomes. In general, restorative procedures are
favored for the young, active patient. Lesions with significant
bone loss or cystic change are best treated with replacement of
the entire osteochondral unit using OAT or osteochondral
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allograft transplantation. OAT is typically limited to lesions
<2-3 cm? due to limited amounts of autologous tissue available
and to limited donor site morbidity, whereas osteochondral
allograft transplantation is ideal for larger-sized lesions [67—
70]. ACI and other cell-based therapies, such as particulated
juvenile cartilage allograft, are better suited for surface lesions
without significant bone loss, although techniques for bone
grafting with overlying ACI have been described [71, 72]. ACI
is best used for lesions >2-3 cm?, in the young, active patient
population, with similar indications for particulated juvenile
cartilage allograft albeit with a much shorter track record com-
pared with various ACI generations [23]. Microfracture is typi-
cally used for lesions <2 cm? in young, active individuals or for
larger lesions in older individuals with lower activity levels
given the relative technical ease and low morbidity of the pro-
cedure. From a technical standpoint, microfracture requires a
stable rim of adjacent cartilage in order to maintain a clot for
formation of fibrocartilage. Because of this, in areas where it is
not possible to obtain a stable rim of adjacent cartilage or the
contour of the surface is unfavorable, which is often the case in
the patellofemoral joint, other procedures, including ACI,
OAT, or osteochondral allograft transplantation, may be
considered.

These guidelines should serve to provide a framework for
approaching the variety of patients that present with articular
cartilage lesions in the knee. While high-level clinical evi-
dence for these guidelines is limited, the technical aspects of
the procedure and specific characteristics of the lesion often
guide treatment. It is important, however, to individualize
treatment strategies for patients in order to meet their indi-
vidual goals and optimize outcomes.

The Effect of Concomitant Procedures

Creating a stable and biomechanically favorable environ-
ment for cartilage repair is critical to the success of repara-
tive and restorative cartilage procedures in the knee [67, 73].
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Ligamentous laxity, meniscal insufficiency, and malalign-
ment create a biologically and biomechanically unfavorable
environment for cartilage repair. The negative effects of
malalignment and meniscal deficiency on cartilage contact
pressures in the knee have been previously elucidated in the
laboratory [74,75], while ligamentous insufficiency can create
excessive shear forces that place healing cartilage at risk [76].
A single non-randomized comparative study has suggested
improved clinical outcomes for ACI performed in conjunc-
tion with valgus-producing high tibial osteotomy (HTO) for
medial compartment cartilage lesions in the setting of mini-
mal malalignment (<5° varus) compared to ACI alone [77].
Other studies have shown durable results and good to excel-
lent clinical results for medial compartment cartilage lesions
treated with microfracture and valgus-producing HTO [78,
79]. While the negative effects of malalignment on cartilage
repair and restoration are commonly acknowledged, the
degree of acceptable malalignment remains a topic of debate,
although most agree that the magnitude of correction, when
performed, should yield a neutral or slightly overcorrected
mechanical axis [67].

Similarly, meniscal transplantation for meniscal deficiency
combined with cartilage restoration procedures has provided
optimistic results [80]. Most importantly, several studies have
investigated a combination of procedures performed con-
comitantly with articular cartilage procedures, including oste-
otomy and/or meniscal transplantation, confirming the safety
and efficacy of the concomitant surgical approach [81, 82].
However, when performing concomitant procedures, it is
important to understand the rehabilitation goals and postop-
erative restrictions for each procedure performed in order to
create a rehabilitation protocol that does not compromise
outcomes. While the clinical data on the effect of osteotomy
and meniscal transplantation performed in conjunction with
articular cartilage procedures in the knee are limited, the
reported safety of these procedures should encourage further
clinical research on their efficacy.
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Articular Cartilage Repair and Restoration
in Children and Adolescents

The amount of high-quality literature dedicated to articular
cartilage lesions of the knee in children, not including exci-
sion, drilling, or fixation of osteochondritis dissecans lesions,
is very limited. A single randomized control trial compared
OAT with microfracture in patients <18 years of age and
noted clinical superiority of OAT, although both provided
encouraging clinical results from 4-year follow-up [53]. Even
in this cohort, distinguishing between a traumatic articular
cartilage injury and osteochondritis dissecans lesion is diffi-
cult, and this remains a challenge when critically evaluating
literature on the topic throughout the pediatric literature.
Other cartilage procedures, including microfracture, ACI, and
osteochondral allograft transplantation, have shown short-
term efficacy when used in the pediatric patient [83-86]. A
unique finding in pediatric patients undergoing cartilage res-
toration procedures in the knee is the positive influence of
early clinical presentation on outcomes [87], thus emphasiz-
ing the importance of access to care in this dependent patient
population. Overall, while the goal of treatment of articular
cartilage lesions in the young, active patient is aimed at resto-
ration of the cartilage surface, the data to support long-term
cartilage restoration is lacking to make definitive
conclusions.

Return to Sport in the Competitive Athlete

Injuries to the articular cartilage of the knee are relatively
common in competitive athlete and may occur with a greater
frequency compared to the general population [3]. Due to the
high biomechanical and physiologic demands of the competi-
tive athlete and the negligible ability of articular cartilage to
heal on its own [70, 88], reparative and restorative procedures
are often performed in order to allow athletes to return to
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their preinjury level of function. Part of the difficulty in
evaluating the impact of articular cartilage procedures on
return to sport is the fact that they are often performed con-
comitantly with other procedures [89]. Thus, determining the
independent effect of articular cartilage procedures, whether
positive or negative, remains elusive. Several recent system-
atic reviews with meta-analysis have investigated the ability
of athletes undergoing a variety of cartilage restoration pro-
cedures to return to sport. In these studies, return to sport
rates range between 60% and 90% [89-91]. While all these
studies relied on predominantly Level III and IV studies, the
aggregate data does show a trend toward improved return to
sport for athletes undergoing OAT, followed by ACI, and,
finally, microfracture [90, 91]. Although not consistently rep-
resented in systematic reviews, osteochondral allograft trans-
plantation has provided return to sport rates of 75-90% in
individual series, providing optimism for this option in the
future [92-94].

Aggregate data provides the best data on return to sport
for athletes following surgery for articular cartilage lesions of
the knee with relatively promising short-term results. As has
been mentioned previously, the durability of these outcomes
remains largely unknown. Additionally, while outcomes fol-
lowing articular cartilage procedures in the knee are limited
by heterogeneity and a lack of consistent long-term follow-
up, several reasons for not returning to sport, including
graduation or psychologic reasons, may not accurately reflect
function or dysfunction, thus further limiting conclusions
when using return to sport as a primary outcome.

Conclusion

A variety of surgical options exist to address articular carti-
lage injuries in the knee with favorable short-term outcomes.
However, the best available literature fails to provide evi-
dence on the long-term outcomes of these procedures, nor
can it provide definitive treatment recommendations due
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to the lack of superiority of one technique over others. In
general, restorative procedures are favored for young, active
individuals, as this, in theory, provides the best option for
long-term health of the joint. While recent developments
have improved the technical challenges associated with
articular cartilage repair in the knee, the quality of literature
has not similarly improved. Moving forward, well-designed,
multi-armed randomized control trials will certainly add
to our knowledge on this complex topic, as will consistent
outcome reporting with granular reporting of specific data
elements of interest, such as the presence or absence of con-
comitantly performed procedures.
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Chapter 18

Emerging Technologies
in Cartilage Restoration

Andrew J. Riff, Annabelle Davey, and Brian J. Cole

Injuries to articular cartilage are common and increasing in
prevalence due to the rise in obesity and involvement in orga-
nized sports. However, due to limited vascularity and cellular-
ity, articular cartilage possesses little capacity for spontaneous
healing. If left untreated, articular cartilage injuries are one of
the most common causes of permanent disability in athletes
and may lead to widespread osteoarthritis. This increasing
disease burden has prompted investigation into finding
durable solutions to this challenging problem.

Over the last 25 years, surgical intervention for cartilage
injury has increased dramatically, with the most broadly uti-
lized techniques including marrow stimulation techniques
(MST, including microfracture and subchondral drilling),
autologous chondrocyte implantation (ACI), and osteochon-
dral grafting (including osteochondral autograft transfer [OAT]
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and osteochondral allograft transplantation [OCA]). While
each of these techniques has had a significant impact on the
field of cartilage restoration, each has inherent drawbacks.
Marrow stimulation is simple and inexpensive; however, it is
limited by fibrocartilage repair tissue, poor durability, and poor
results for larger lesions. ACI renders greater longevity and
greater utility for larger lesions than microfracture; however, it
is limited by its expense, two-stage nature, and the fact that it
generates hyaline-like cartilage but not true hyaline cartilage.
Osteochondral allografts offer immediate hyaline cartilage and
the ability to restore subchondral bone; however, allografts are
available in limited supply and have associated concerns
regarding disease transmission and chondrocyte viability.

Due to the shortcomings of existing cartilage repair tech-
niques, several new technologies have recently entered the
global cartilage repair market. Many of these novel products
are first introduced in Europe or Asia due to less strict regu-
latory standards than those required by the US Food and
Drug Administration (FDA). A limited number of products
are able to come to market quickly in the United States if
they qualify as “minimally manipulated” or intended for
“homologous use,” as such products do not require the FDA
market approval pathway. Recently developed techniques
that have garnered enthusiasm include augmented microfrac-
ture, matrix-assisted autologous chondrocyte implantation
(MACI), minced cartilage products, off-the-shelf osteochon-
dral implants, matrix plus stem cell products, and injectable
agents. In this chapter, we will discuss new techniques being
investigated abroad or recently introduced in the United
States and the rationale behind each of these innovations and
summarize available evidence for these new technologies.

Augmented Marrow Stimulation Techniques

Marrow stimulation techniques (MST), including microfrac-
ture and subchondral drilling, have long been the primary
treatment for articular cartilage lesions due to the relative
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ease and low cost. However, due to fibrocartilage repair tis-
sue, MST has demonstrated inferior durability to more costly
treatments [1]. In augmented MST, a matrix or scaffold is
added to the defect following marrow stimulation to stabilize
the mesenchymal clot and to improve mesenchymal stem cell
(MSC) differentiation into more hyaline-like articular carti-
lage [2]. Augmented MST techniques include autologous
matrix-induced chondrogenesis (AMIC), BST-CarGel,
GelrinC, BioCartilage, and chondrotissue.

First described by Behrens and colleagues in 2010, AMIC
was the first described augmented marrow stimulation tech-
nique. AMIC combines microfracture with the application of
a porcine collagen I/III matrix (ChondroGide, Geistlich,
Pharma AG) fixated with either autologous or allogeneic
fibrin glue [3]. This technique can be employed either
arthroscopically or following a mini-arthrotomy [4]. A retro-
spective case series of 21 patients with large chondral defects
(>2 cm?) treated with AMIC reported MRI evidence of high-
quality repair tissue in 67% of patients and 76% patient sat-
isfaction [5]. These results are noteworthy because large
lesions have demonstrated poor results with conventional
MST [1]. A multicenter RCT compared AMIC with conven-
tional microfracture in 47 patients with a mean defect size of
3.6 +/— 1.6 cm?. Patients were randomized to receive either
microfracture alone, glued AMIC, or sutured AMIC. All
three groups showed significant improvements in Cincinnati
and ICRS scores from preoperative to 2-year follow-up; how-
ever, patient-reported outcomes remained favorable between
2- and 5-year follow-up in both AMIC-treated groups, while
the results of isolated microfracture declined between the 2-
and S-year time points. Moreover, MRI results indicated
more complete defect fill in both AMIC groups than the iso-
lated microfracture group [4].

BST-CarGel (Piramal Life Sciences, Laval, Quebec,
Canada) is a bioscaffold containing liquid chitosan and
autologous whole blood. Chitosan is an abundant glucos-
amine polysaccharide derived from the exoskeleton of crus-
taceans and is favored as a scaffold due to its biocompatibility,



298  A.J.Riffetal.

biodegradability, and adhesive properties. BST-CarGel is
typically applied to the microfracture site through a mini-
arthrotomy after creating a “dry-field” by swabbing the lesion
with gauze. In a multicenter randomized controlled trial,
BST-CarGel was shown to have superior outcomes to micro-
fracture at 1-year and at 5-year follow-up [6]. Eighty patients
with symptomatic grade III or IV articular cartilage lesions
were randomized to receive either conventional microfrac-
ture or microfracture augmented with BST-CarGel. Second-
look arthroscopy was performed at a year postoperatively,
and tissue biopsies were obtained. The BST-CarGel cohort
demonstrated superior ICRS scores by surgeon visualization,
superior histological parameters, and harbored repair tissue
with improved collagen organization based on polarized light
microscopy. At S-year follow-up, the BST-CarGel group dem-
onstrated superior fill by 3D quantitative MRI findings and
reduced T2 relaxation times (suggesting more organized
collagen).

GelrinC (Regentis Biomaterials, Or Akiva, Israel) is an
investigational hydrogel composed of polyethylene glycol di-
acrylate (PEG-DA) and denatured fibrinogen. These two
liquid materials are added to the defect following microfrac-
ture and are cross-linked in situ with UV light, forming a
semisolid biodegradable scaffold for MSCs. In one study
conducted in Austria reporting on the MRI outcomes of 21
patients undergoing microfracture augmented with GelrinC,
the quality of the cartilage in the defect was found to be the
same as healthy cartilage after 24 months in 81% of the
patients as determined by global T2 index [7]. Additionally,
average MOCART score increased at each follow-up time
point from 6 months to 24 months, indicating that cartilage
quality improved over the course of the postoperative time
points [7]. While early results are promising, longer-term
comparative literature is still necessary. A multicenter, open-
label, phase I/II clinical trial is ongoing at institutions in
Belgium, Germany, Israel, the Netherlands, and Poland
(NCT00989794).
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Ficure 18.1 Central patellar chondral lesion measuring roughly
25 mm x 25 mm following lesion curettage and marrow stimulation
(a) and application of BioCartilage and PRP (b)

BioCartilage (Arthrex, Inc., Naples, Florida) is a product
made from dehydrated, micronized allogeneic cartilage that
is designed to be implanted with platelet-rich plasma (PRP)
(Fig. 18.1a, b). It contains components of hyaline cartilage
extracellular matrix including type II collagen and proteogly-
cans that are thought to direct MSCs to produce higher-
quality cartilage to fill the defect [2].In a controlled laboratory
study in an equine model, Fortier and colleagues demon-
strated that microfracture augmented with BioCartilage and
PRP was significantly better than microfracture alone in
terms of ICRS histologic score and quantitative MRI T2
relaxation times at 13 months postoperatively [8]. There are
currently no published clinical outcome studies in human
subjects; however, Stannard and colleagues are currently con-
ducting a single-center prospective cohort study comparing
BioCartilage-augmented microfracture with microfracture in
isolation (NCT02203071). BioCartilage is available for use in
the United States.

Chondrotissue (BioTissue AG, Zurich, Switzerland) is a
scaffold composed of polyglycolic acid (PGA) and hyaluronic
acid (HA) immersed in PRP designed for application after
marrow stimulation. In an ovine model, chondrotissue plus
microfracture has been shown to improve the quality of
repair tissue compared to isolated microfracture. Siclari and
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colleagues published a series of 52 patients with focal chon-
dral lesions in the knee treated with chondrotissue-enhanced
subchondral drilling, noting significant improvements in
KOOS scores and histology (from 4 s-look biopsies) consis-
tent with hyaline-like to hyaline repair tissue with increased
proteoglycan content and type II collagen [9]. Released in
2007, chondrotissue is CE marked for use in Europe, but not
commercially available in the United States.

Matrix-Assisted Autologous Chondrocyte
Implantation

Introduced in 1987 and first published in 1994, autologous
chondrocyte implantation (ACI) represented the first cell-
based surgical technique for cartilage restoration. First-
generation ACI was limited by the need for periosteal flaps,
graft hypertrophy, and formation of hyaline-like cartilage.
Second- and third-generation ACI techniques make use of
three-dimensional matrices that eliminate the need for peri-
osteal flaps and offer the promise of generating more natural
hyaline cartilage. Although just recently approved by the
FDA for use in the United States in December 2016, matrix-
assisted autologous chondrocyte implantation (MACI) has
been performed extensively in Europe and Australia since
1999 [10, 11]. MACI products are made by application of cul-
tured autologous chondrocytes to a substrate composed of a
collagen hydrogel or membrane, a copolymer of polyglycolic
or polylactic acid and polydioxanone, or HA. A multitude of
MACI products have been investigated including Hyalograft
C, cartilage regeneration system (CaReS), Novocart 3D,
NeoCart, and Biocart, among others.

In use since 1999, Hyalograft C (Fidia Advanced Polymers,
Abano Terme, Italy) was the first autologous tissue-engineered
cartilage product to hit the market [11]. Hyalograft C is a
MACI product utilizing a HYAFF-11 scaffold, a nonwoven,
esterified derivative of hyaluronic acid designed to support
in vitro growth of chondrocytes. Following cell harvest
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performed in the same manner as conventional ACI, the
biopsy specimen is sent to Fidia Advanced Biopolymers for
in vitro cell culture. After 4 weeks of cell culture, the cell-
seeded matrix can be implanted via a mini-arthrotomy and
fixated around the periphery with fibrin glue. Initial studies
revealed that Hyalograft C was safe, biocompatible, and
avoided adverse events associated with the periosteal flap. Brix
and colleagues published a case series of 53 subjects treated
with Hyalograft C at an average 9-year follow-up [11]. The
authors noted excellent patient-reported outcomes and surviv-
ability for simple cases (isolated defects <4cm?~failure rate of
4%) but poor results of salvage cases (early osteoarthritic
changes or bipolar lesions—failure rate of 88%). Although
Hyalograft C represented one of the most broadly used matri-
ces on the market, it was removed from the European market
in 2013 by the European Medical Association (EMA) due to
concerns about manufacturing practices and low-quality com-
parative studies [12].

CaReS (Arthro Kinetics, Krems, Austria) is a MACI prod-
uct based on type I collagen scaffold derived from rat tail
tendons. Preparation of CaReS involves (1) isolation of chon-
drocytes from the biopsy specimen using collagenase, (2)
suspension of isolated chondrocytes in type I collagen from
rat tail tendons, (3) polymerization of the chondrocyte-
collagen mixture in 37 °C in a humidified atmosphere, and (4)
culture in autologous serum for 10-13 days. To meet quality
control standards, all specimens are required to display cell
viability >80% and expression of type II collagen based on
real-time PCR. CaReS implants can be manufactured to a
custom height and area. Schneider and colleagues published
a multicenter case series of 116 German patients treated with
CaReS between 2003 and 2008 [13]. The authors noted sig-
nificant improvement in all patient-reported outcomes and
80% patient satisfaction.

Novocart 3D (TeTeC, Reutlingen, Germany) is a bilay-
ered type I collagen sponge containing chondroitin sulfate.
After processing, harvested cells are seeded onto the scaf-
fold and cultivated in homologous serum for 2 days, and the
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graft is returned to the treating hospital. An Austrian study
of Novocart 3D in 28 patients demonstrated that all
patients had significant improvement in patient-reported
outcomes and most cases revealed complete defect fill by
MRI [14]. Somewhat concerning, Niethammer and col-
leagues noted MRI evidence of graft hypertrophy 25% of
patients (11/44) treated with Novocart 3D, with particular
abundance in those with history of acute trauma or OCD. It
has been used commercially in Europe since 2003 and as
part of a phase III trial in the United States since 2014
(NCT01957722).

NeoCart (Histogenics, Waltham, MA) combines a biode-
gradable bovine type I collagen patch with autogenous
chondrocytes and bioreactor technology (Fig. 18.2a-d).
Bioreactor treatment aims to optimize oxygen concentra-
tion, pressure, and perfusion and has been shown to improve
integration of chondrocytes with a collagen matrix com-
pared to untreated constructs in an in vivo porcine model
[15, 16]. A phase II randomized clinical trial comparing
NeoCart and microfracture in 30 patients with grade III
lesions of the femoral condyle demonstrated that NeoCart
was superior to microfracture with regard to percentage of
patients improved and improvement in KOOS pain [17]. A
phase III trial comparing NeoCart with microfracture is cur-
rently enrolling (NCT01066702).

BioCart II (Histogenics, Waltham, MA) is MACI product
generated by culturing harvested chondrocytes with autolo-
gous serum and fibroblast growth factor 2v1 before they are
seeded into a fibrin-hyaluronan matrix. Cells cultured in a
medium containing an FGF variant have demonstrated a
tenfold increase in cell proliferation compared to those cul-
tured without the growth factor [18]. MRI evaluation of six
knees between 15 and 27 months following treatment with
BioCart II revealed that BioCart II rendered repair tissue
similar to hyaline cartilage based on T2 relaxation times and
dGEMRIC analysis [19]. A multicenter phase II trial compar-
ing BioCart II to microfracture has been ongoing since 2008
but remains unpublished (NCT00729716).
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Figure 18.2 Large chondral lesion involving the medial femoral
condyle measuring roughly 15 mm x 30 mm following lesion curet-
tage (a). Lesion templating with aluminum foil (b). NeoCart graft
preparation on the back table (¢). NeoCart graft placement (d)

A recent systematic review of MACI techniques revealed
that MACI results in hyaline-like histology in 38-75% of
cases and better histology and patient-reported outcomes
than microfracture [12]. This review highlighted the poor
quality of the available literature and the need for future
studies comparing different matrices to help surgeons in
selecting the optimal graft choice for their patients.
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Matrix plus Mesenchymal Stem Cells

In pursuit of a single-stage alternative to ACI, multiple prod-
ucts have emerged that combine mesenchymal stem cells
(MSCs) with three-dimensional scaffolds. Proponents of
these techniques theorize that coupling MSCs with the
appropriate matrix and growth factors may offer a reliable
method of generating durable hyaline-like cartilage. MSCs
augment the quality of repair tissue by increasing the aggre-
can concentration and enhancing cartilage firmness [20].
Products are available in this category utilizing both autolo-
gous (Hyalofast) and allogeneic (Cartistem) MSCs.
Hyalofast (Anika Therapeutics, Bedford, Massachusetts,
USA) is a product that combines the HYAFF11 scaffold (the
same scaffold used in Hyalograft C) with MSCs derived from
bone marrow aspirate concentrate (BMAC). BMAC contains
adult MSCs, platelets, cytokines, and growth factors (includ-
ing platelet-derived growth factor [PDGF], transforming
growth factor beta [TGFp], and bone morphogenetic protein
[BMP-2 and BMP-7]), which improve the healing milieu
through their anabolic and anti-inflammatory properties
[21-24]. MSCs constitute just 0.001% of nucleated cells in
bone marrow aspirate; therefore, bone marrow aspirate is
subjected to centrifugation to increase the MSC concentra-
tion. The Hyalofast technique involves templating the hyal-
uronan scaffold to the defect, soaking the scaffold with
BMAUC, and fixating it to surrounding cartilage with 6-0 PDS
suture and/or fibrin glue. Gobbi and colleagues recently pub-
lished a prospective matched cohort study comparing 25
patients treated with microfracture, and 27 patients were
treated with Hyalofast [25]. At 2-year follow-up, a signifi-
cantly greater proportion of the microfracture group had
returned to pre-injury activity level, as determined by Tegner
score. However, at 5-year follow-up, a significantly greater
portion of the HA-BMAC group had returned to the pre-
injury activity level [25]. The same group published a Level 2
cohort study comparing results of Hyalofast in patients
>45 years of age with those <45 years of age [26]. At 4-year
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follow-up, both groups improved significantly in IKDC,
KOOS, VAS, and Tenger scores, with no significant difference
between the groups. As one would expect, patient-reported
outcomes were superior in patients with lesion area <8 cm”2
and in patients with a single lesion as opposed to multiple
lesions [26]. Hyalofast is commercially available in most
European countries and some Asian and South American
countries but is not available in the United States.

Multiple other strategies combining autologous stem cells
and matrices are in early phases of clinical testing. There is
interest in the use of a collagen matrix seeded with bioactive
factors and adipose-derived stem cells (ADSCs). While there
are not yet any clinical results, Calabrese and colleagues have
demonstrated that ADSCs are able to completely differenti-
ate into mature chondrocytes when combined with a type I
collagen scaffold and chondrogenic inducing factors in vitro
[27]. Dragoo and colleagues are currently enrolling patients
in a multicenter RCT comparing ADSCs plus collagen scaf-
fold with microfracture for isolated chondral lesions of the
knee (NCT02090140).

The use of allogeneic stem cells in conjunction with a
three-dimensional scaffold is another option that is being
explored to avoid donor site morbidity. Cartistem (Medipost
Co., Ltd., Korea) is a product that utilizes a sodium hyaluro-
nate scaffold seeded with culture-expanded human umbilical
cord blood-derived mesenchymal stem cells (hUBC-MSCs).
The only available literature on Cartistem is a phase I/II
single-center clinical trial of seven patients treated with
either low-dose or high-dose hUBC-MSCs conducted in
Korea [28]. Six of the seven patients consented to undergo
second-look arthroscopy at 12-week follow-up, at which point
the treating physician observed maturing cartilage in all six
knees. VAS and IKDC scores improved in all subjects from
preoperative level to 3-month follow-up and remained rela-
tively stable from 3 months to 7 years [28]. This study suggests
that Cartistem is safe and effective, but it is limited by its
small sample size. Cole and Gomoll are currently conducting
a phase I/II clinical trial investigating the safety and efficacy
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of Cartistem in 12 patients with full-thickness grade 3-4
articular cartilage defects of the knee which is expected to
finish data collection in July of 2017 (NCT01733186).

Minced Cartilage Products

Minced cartilage repair is another treatment strategy that
harnesses the theory of ACI in a single-stage alternative. This
technique involves filling a chondral defect with a small
amount of particulate hyaline cartilage secured with fibrin
glue and often combined with a scaffold delivery system.
Mincing cartilage into 1-2-mm?® fragments allows the chon-
drocytes to escape from the extracellular matrix and to pro-
duce hyaline-like cartilage that will integrate with the
surrounding native tissue [29]. Minced cartilage products
utilizing both autologous (Cartilage Autograft Implantation
System [CAIS]) and allogeneic (DeNovo Natural Tissue)
cartilage have been investigated.

Cartilage Autograft Implantation System (CAIS) (DePuy
Mitek, Raynham, Massachusetts, USA) is a proprietary tech-
nique which involves harvesting autologous cells from the
intercondylar notch or trochlear border, mincing cartilage
into 1-2-mm? fragments, securing minced fragments to a pro-
prietary scaffold composed of polycaprolactone (35%) and
PGA (65%) reinforced with PDO mesh, and fixating the
implant to the defect using biodegradable anchors [30]. An
initial randomized pilot study compared CAIS and micro-
fracture in 29 patients with lesions involving the trochlea or
femoral condyle [31]. At 24-month follow-up, both groups
had a significant improvement in IKDC and KOOS scores
from baseline, and the CAIS group had significantly higher
scores than the microfracture group. Despite these promising
results, the phase 111 multicenter randomized controlled trial
(NCT00881023) was discontinued due to lack of enrollment
and prohibitive expense [32].

DeNovo Natural Tissue (NT) (Zimmer Biomet, Warsaw,
Indiana, USA) utilizes 1-mm? pieces of allogeneic cartilage
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from donors younger than 13 of age and secured with fibrin
glue (Fig. 18.3a-d) [33]. The primary advantages of this tech-
nique relate to the fact that juvenile chondrocytes have a 100-
fold increased ability to produce proteoglycans and that these
cells do not stimulate an immunogenic response. The primary
drawback of this technique is that DeNovo NT has a ~40-day
shelf life and, as such, many surgeons will only perform this
technique after performing a diagnostic arthroscopy making it
a two-stage technique. While there are not yet any long-term
outcome studies or Level I evidence, early clinical results are

Ficure 18.3 Central patellar lesion measuring 15 mm x 30 mm (a).
Lesion following curettage to establish vertical walls (b). DeNovo
NT graft in delivery packaging (c¢). Lesion following application of
DeNovo NT with fibrin glue mixture (d)
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extremely promising. In a case series of 25 patients with a
mean femoral lesion size of 2.7 + 0.8 cm?, IKDC and KOOS
clinical outcome scores showed significant improvements
compared to baseline at 24 months after surgery [34].
Additionally, quantitative MRI results with T2 mapping dem-
onstrated that the repair cartilage was of a similar composi-
tion to native cartilage after 2 years. Histologic results from
biopsies taken from eight patients indicated that there was
excellent integration of the transplant tissue with the native
cartilage, although the biopsies contained both hyaline and
fibrocartilage [34]. Additionally, in a retrospective Level IV
case series, 17 patients with patellar chondral lesions who were
treated with DeNovo NT were reviewed. Follow-up at a mean
8.2 months revealed significant improvement in KOOS score
[35]. This technique is rapidly gaining popularity, with approxi-
mately 8700 cases performed since 2007 [29].

CartiONE (Orteq Ltd., London, UK) is a novel technique
that combines minced cartilage, BMAC, and a commercially
available scaffold in a single-step cartilage repair technique. In
a 1 h time span, non-articular hyaline cartilage is harvested
from the periphery of the trochlea or the intercondylar notch
and subjected to patented cell-isolation technology, co-cultured
with BMAC, and added to a commercially available scaffold
prior to implantation. The rationale behind this technique is
based on literature suggesting that trophic factors from MSCs
help to increase chondrocyte proliferation and matrix forma-
tion [36]. The INSTRUCT clinical trial evaluated PROs, histo-
logic outcomes, and radiologic outcomes of 40 patients treated
with CartiONE for symptomatic cartilage defects in the knee
(NCT01041885). This trial reported significant improvements
in KOOS, IKDC, and VAS; consistent defect filling by MRI;
and evidence of hyaline cartilage in most patients.

Off-the-Shelf Osteochondral Implants

Fresh osteochondral allograft (OCA) transplantation has
emerged as a valuable and successful treatment for chondral
and osteochondral defects with graft survivorship approaching
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90% at 10 years [37 38]. Despite the success of this technique,
OCA remains limited by graft availability and concerns
regarding disease transmission. Additionally, due to graft
expense, many surgeons perform diagnostic arthroscopy prior
to OCA transplantation making this a two-stage technique.
Due to these limitations, stand-alone proprietary osteochon-
dral implants have been developed that are readily available
with prolonged shelf lives. Three off-the-shelf osteochondral
implants are presently available on the market including
Chondrofix, Cartiform, and ProChondrix. Although they con-
tain no osteocytes on chondrocytes, two novel scaffolds
(Maioregen and Agili-C) are also discussed in this section as
they are used in isolation for the treatment of osteochondral
defects.

Made available in 2012, Chondrofix (Zimmer Inc., Warsaw,
IN) represented the first off-the-shelf osteochondral allograft.
Chondrofix is a decellularized osteochondral allograft which
is available in four precut sizes and offers a 2-year shelf life.
Unfortunately, a prospective series of 32 patients treated with
Chondrofix demonstrated a 72% failure rate within 2 years of
implantation [39]. Although the authors did not speculate in
their abstract on the cause of the high failure rate, it is prob-
able that the lack of viable chondrocytes played a role.

Cartiform (Arthrex Inc., Naples, FL) and ProChondrix
(AlloSource, Centennial, CO) represent two recently released,
commercially available osteochondral allograft disc implants
that contain viable chondrocytes. Since these implants are
considered “minimally manipulated,” they are available for
use in the United States. Cartiform is a cryopreserved, viable
osteochondral allograft (CVOCA) available in four sizes
including 10 mm diameter, 20 mm diameter, 12x19mm, and
20x25mm. Cartiform contains full-thickness pores through-
out its area that improve graft flexibility and allow the
cryopreservation solution to penetrate the tissue to preserve
cell viability throughout rather than just the surface of the
graft. As a result, Cartiform possesses a 2-year shelf life when
stored at —80 °C. Additionally, Cartiform has a minimal bone
component which further improves graft flexibility to match
the topography of the underlying bone. Released in 2016,
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ProChondrix is a fresh chondral allograft composed of viable
chondrocytes, matrix, and growth factors. ProChondrix is
stored at 4 °C with 875% viability at the expiration of its
35-day shelf life. The grafts are available in 11-mm, 13-mm,
15-mm, 17-mm, and 20-mm diameter discs. Cartiform and
ProChondrix have both been used as isolated grafts and in
conjunction with marrow stimulation, which affords both a
reparative response and restorative approach from the
allograft. There is not currently a consensus about the need
for concomitant marrow stimulation. In vitro histological
evaluation of Cartiform in a goat model revealed that the
graft retains viable chondrocytes, chondrogenic growth fac-
tors, and ECM proteins within intact hyaline cartilage and
that when used in conjunction with microfracture results in
improved cartilage regrowth compared to microfracture
alone [40]. Clinical results in humans are presently
unavailable.

Maioregen (Finceramica Faenza SpA, Faenza, Italy) is a
tri-layered biomimetic osteochondral scaffold first intro-
duced for clinical use in 2011 in Europe. The acellular scaf-
fold was designed for the treatment of osteochondral defects.
The superficial layer consists of type I equine collagen, the
intermediate layer of 60% equine collagen and 40%
magnesium-enriched HA (Mg-HA), and the deep layer of
30% equine collagen and 70% Mg-HA. The scaffold has
been shown to induce subchondral trabecular bone regenera-
tion in an equine model [41]. Berruto and colleagues recently
published on the use of Maioregen in 11 patients for the
treatment of spontaneous osteonecrosis of the knee (SPONK)
[42]. While 2 of 11 ultimately underwent total knee arthro-
plasty, the remaining 9 patients had favorable results with
significant improvements in Lysholm, IKDC, and VAS scores.
Maioregen is not currently available in the United States;
however, a phase IV clinical trial is recently completed in
Europe (NCT01282034).

Agili-C (CartiHeal, Israel) is a porous bioabsorbable
biphasic scaffold derived from coral, to which HA is added. It
contains (1) a bone phase composed of calcium carbonate in
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an aragnite crystalline form and (2) a cartilage phase com-
posed of modified aragonite and HA [43]. Aragonite pos-
sesses a nano-rough surface and porous architecture which
permit cell adhesion and proliferation. Kon and colleagues
reported complete histologic restoration of hyaline cartilage
and subchondral bone in 6/7 goats 12 months following treat-
ment with Agili-C for lesions measuring 6 mm in diameter
and 10 mm in depth [44]. A multicenter European trial of 97
patients treated with tapered (n = 21) and cylindrical (76)
implants revealed MRI findings 84% of patients with >75%
defect fill and 90% with complete restoration of the cartilage
interface [43]. Agili-C is not currently commercially available
and is available only via a phase IV clinical trial in Europe
(NCT02423629).

Injectable Agents

Traditional joint injections for osteoarthritis including corti-
costeroids or HA aim to decrease inflammation and improve
symptoms without modifying the disease. Newer injectable
agents including PRP, stem cells, and growth factors have
recently become the focus of intensive study both to augment
cartilage repair techniques and to delay progression of carti-
lage breakdown in osteoarthritis. The rationale behind these
injections is to optimize the healing milieu within the joint by
both increasing the concentration of favorable cytokines
which increase glycosaminoglycan synthesis (IGF-1, FGF,
and TGF-beta superfamily) and decreasing catabolic cyto-
kines that contribute to osteoarthritis (IL-1, TNF, and IL-6,
IL-7 and IL-8). Agents that have recently garnered attention
include Orthokine/Regenokine, PRP, autologous and alloge-
neic MSCs, sprifermin (FGFR-18), and OP-1 (BMP?7).

Much of the interest in injectable growth factors was
sparked by reports of professional athletes traveling interna-
tionally for injections of Orthokine (Orthogen, Dusseldorf,
Germany). Orthokine, now available in the United States as
Regenokine, is autologous conditioned serum (ACS) which is
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procured from autologous blood that is incubated with boro-
silicate glass spheres leading to increased levels of IL-1 recep-
tor antagonist (IL-1ra) [45]. While there is little available
literature on the use of Orthokine/Regenokine and nothing
to suggest it is disease modifying, Baltzer and colleagues
demonstrated that Orthokine/Regenokine rendered superior
improvement in patient-reported outcomes (VAS, SF-8, and
all WOMAC subscales) when compared to HA and saline in
a randomized, controlled trial of 376 patients with knee
osteoarthritis [46].

Platelet-rich plasma (PRP) is biologic therapeutic modal-
ity derived from centrifugation of autologous blood to attain
a supraphysiologic concentration of platelet and plasma pro-
teins that accelerate the repair process. Numerous growth
factors in PRP stimulate cartilage matrix synthesis and coun-
teract the effects of catabolic cytokines like IL-1 and TNF-a.
A recent double-blind, randomized controlled trial demon-
strated no difference between PRP and HA in WOMAC pain
score; however, the authors did demonstrate a trend toward
lower concentrations of IL-1 and TNF-a at 12 weeks follow-
ing injection in the PRP group [47]. A recent systematic
review of 29 studies evaluating results of PRP in the setting
of osteoarthritis reported that 9 of 11 studies comparing PRP
with HA revealed superior outcomes with PRP [48].

Bone marrow aspirate concentrate (BMAC) has been
used as both a cell source for matrix plus MSC products and
for symptomatic management of osteoarthritis. As discussed
previously, BMAC contains adult bone marrow-derived
MSCs (bmMSCs), platelets, cytokines, and growth factors—
all of which harbor unique anti-inflammatory and immuno-
modulatory effects. Chahla and colleagues recently performed
a systematic review of the use of BMAC for both repair of
focal chondral defects and treatment of osteoarthritis [49].
Three studies demonstrated that BMAC is effective in treat-
ing osteoarthritis. The available literature demonstrated that
BMAC rendered significant improvements in patient symp-
toms with more pronounced improvement in patients with
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Kellgren and Lawrence grade II/III compared to grade IV
disease; however, there is no available evidence to suggest
that BMAC alters the natural history of osteoarthritis.

Lipogems (Lipogems International SpA, Milan, Italy) is a
single-use system, available since 2013, designed for aspira-
tion, processing, and transfer of adipose tissue for the harvest
of adipose-derived MSCs (adMSCs). Evidence regarding
Lipogems for the treatment of osteoarthritis is currently lim-
ited to case reports; however, significant improvements in
pain, functional scores, and cartilage thickness have been
reported in patients with osteoarthritis treated with Lipogems
[50, 51]. Of note, in vitro comparison of chondrogenic poten-
tial of adMSCs and bmMSCs has demonstrated greater effi-
ciency and quality of chondrogenesis with bmMSCs [52, 53].

Bone morphogenetic protein 7 (BMP7), marketed as
osteogenic protein 1 (OP-1, Olympus Biotech, West Lebanon,
NH), was the first isolated growth factor trialed for the treat-
ment of osteoarthritis. OP-1 was shown to have reparative
effects on cartilage including stimulating synthesis of proteo-
glycan, collagen, and HA and preventing catabolism by IL-1.
While the phase I safety trial of OP1 demonstrated safety and
subtle benefits relative to placebo [54], further trials were
discontinued, and Olympus Biotech halted its effort to com-
mercialize OP-1 in 2014.

Sprifermin (recombinant human fibroblast growth factor
18; rhFGF-18) binds to and activates fibroblast growth factor
receptor 3 (FGFR-3) in cartilage to promote chondrogenesis
and cartilage matrix production in vivo. Preclinical studies
have demonstrated that sprifermin induces chondrocyte pro-
liferation which results in increased extracellular matrix pro-
duction [55]. However, a recent randomized, double-blind,
placebo-controlled trial comparing sprifermin and placebo
demonstrated no difference in cartilage thickness and infe-
rior improvement in WOMAC pain scores in the sprifermin
group compared to the control group [56]. A phase II multi-
center, placebo-controlled clinical trial evaluating sprifermin
in the setting of osteoarthritis is ongoing (NCT01919164).
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Conclusion

A broad variety of new cartilage repair products have
emerged over the last 20 years, designed to improve upon
limitations of existing techniques. Most products combine a
cell source with a matrix and/or growth factors to optimize
the healing environment. Techniques that have generated
excitement include augmented microfracture, matrix-
assisted ACI, matrix plus stem cell productions, minced
cartilage productions, off-the-shelf osteochondral implants,
and injectable agents. While these products have demon-
strated promising clinical and histologic results, many
remain unavailable in the United States due to FDA restric-
tions. Additionally, while many of these techniques have
compared favorably to conventional microfracture, there is
very little literature comparing them to more sophisticated
techniques (ACI or osteochondral grafting). Further results
from ongoing clinical trials will be essential in changing the
landscape of FDA-approved techniques and establishing the
place for each of these techniques within the cartilage resto-
ration algorithm.
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D
Delayed gadolinium-enhanced
magnetic resonance

imaging of cartilage
(dGEMRIC), 77

DeNovo Natural Tissue (NT),
306-308

E

Edema, 108, 110

Electrolytes, 5

Extracellular matrix (ECM)
collagen, 6
proteoglycans, 7
water, 5

F
Femoral anteversion (FA), 48, 49,
51
Femoral cartilage defects
large
advantages and
disadvantages, 121
anatomical location and
size, 113,116
arthrotomy, 111,112
coring saw, 114,117
depth measurements, 114,
118
edema, 108,110
graft cutting, 114, 118
graft implantation, 114,
119
history, 107
interface of fragment, 108,
110
osteochondral allograft
dowel technique
transplantation, 114
osteochondritis dissecans,
107,109, 116, 117
outcomes, 115, 120
physical examination, 107
radiolucent rounded
lesion, 108
recipient socked with
bleeding subchondral
bone, 113,115
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unstable fragment, 112
small
alignment, 100
arthroscopic debridement,
101
chondroplasty, 102
history of present illness,
95
imaging, 97
lesion characteristics and
treatment approach,
101
medial femoral condyle, 98
meniscal lesion, 100
microfracture, 98, 102
osteochondral autograft
transfer, 103
physical examination, 96
postoperative
rehabilitation protocol,
99
rehabilitation, 101
staging arthroscopy, 100
Femoral neck anteversion (FNA)
measurement, 50, 51
Fibular collateral ligament
(FCL),26
Fragment excision, 138
Fulkerson-Shea Patellofemoral
Joint Evaluation Score,
91

G

GelrinC, 298

Glycosaminoglycans (GAG), 7

Grade 1V lateral femoral condyle
defect, 189, 190

Grade IV lateral tibial plateau
defect, 189-191

H

Hemarthrosis, 60

High tibial osteotomy (HTO),
201
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Hoop stresses, 33

Human femoral condyle, 18, 20

Hyaline cartilage, 3

Hyalofast, 304, 305

Hyalograft C, 300,301

Hyaluronic acid (HA), 7,58, 59

Hybrid all-inside, inside-out and
outside-in meniscus
repair technique, 156

Hybrid meniscus fixation, 225

Hyperlaxity, 221, 222

I
IL-1 receptor antagonist
(IL-1Ra), 63
Incidental chondral defects
autologous chondrocyte
implantation, 91
chondroplasty, 90
clinical history, 85
defect’s characteristics, 89
lateral femoral condyle, 88
magnetic resonance imaging,
87
management, 87, 88
medial femoral condyle, 88
microfracture, 91
osteochondral allograft
transplantation, 91
osteochondral autograft
transplantation, 91
patellofemoral compartment,
88
physical examination, 86
radiographs, 86
symptomatic/asymptomatic
chondral defects, 89
In vivo biomechanics, 34-36
Injectable agents
bone marrow aspirate
concentrate, 312
bone morphogenetic protein
7313
lipogems, 313
Orthokine/Regenokine, 312
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Injectable agents (cont.)
platelet-rich plasma, 312
sprifermin, 313
International Cartilage Repair
Society (ICRS)
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Lesion Classification
System, 12-14,72

International Knee
Documentation
Committee (IKDC)
Subjective Knee Form,
74,75

Intima, 57

Intraarticular environment, 60

Invasive cartilage restoration

techniques, 90

J

Joint-specific scores, 74

Juvenile osteochondritis
dissecans (JOCD), 135

K

Kissing lesions, see Bipolar
articular chondral
lesions

Knee Injury and Osteoarthritis
Outcome Score
(KOOS), 74

Knee osteoarthritis (OA), 44,
100,241,312

L

Lachman test, 96

Lateral femoral condyle defect,
192

Lateral meniscal deficiency, 35

Lateral meniscus (LM), 26,27

Lateral meniscus allograft
transplantation, 192

Lateral meniscus anterior root
attachment (LARA),
31

Lateral meniscus posterior root
attachment (LPRA),
31

Lateral tibial eminence (LTE),
29,31

Left knee bipolar defects, 187

Ligament of Humphrey, 29

Ligament of Wrisberg, 29

Lipogems, 313

Lysholm score, 74

M
Macroscopic scoring systems, 72
Magnetic resonance observation
of cartilage repair
tissue (MOCART)
system, 76
Maioregen, 310
Malalignment effect
axial alignment, 45, 46, 48, 50,
51
cartilage lesions
patellofemoral alignment,
46
tibiofemoral alignment, 44
computed tomography, 43
coronal alignment, 45, 46
low flexion axial radiograph,
42
MRI, 44
patellofemoral geometry, 45,
52
sagittal alignment, 45, 51, 52
standard weight-bearing AP
and Rosenberg views,
42
standing hip-to-ankle
alignment radiograph,
42
true lateral view, 42
Marrow stimulation procedure
without osteotomy, 243
Marrow-stimulation techniques
(MST), 172,205, 241,
260
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BioCartilage, 299
BST-CarGel, 297,298
chondrotissue, 299, 300
GelrinC, 298
Marx activity rating scale, 75
Matrix-assisted autologous
chondrocyte
implantation (MACI),
70,258
BioCart 11, 302
CaReS, 301
Hyalograft C, 300,301
NeoCart, 302
Novocart 3D, 301, 302
Medial collateral ligament
(MCL), 26
Medial meniscus (MM), 26,27
allograft, 147,217-231
anatomy, 26, 27
deficiency, 25, 144-146, 218,
219,221,222
joint stabilizing capability, 35
Medial meniscus anterior root
attachment (MARA),
31
Medial meniscus posterior root
attachment (MPRA),
31
Medial parapatellar arthrotomy,
205,206
Medial patellofemoral ligament
(MPFL)
reconstruction, 177
Medial tibial eminence (MTE),
29,31
Meniscal allograft
transplantation (MAT),
226
Meniscal lesion, 100
Meniscal root integrity, 27
Meniscal tear, 25
Meniscus
anatomy
lateral, 26,27
ligament of Humphrey, 29
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ligament of Wrisberg, 29
medial, 26, 27
meniscal root integrity, 27
meniscal roots, 29, 30
tissue stabilization, 26
biomechanical properties
compression, 32, 33
shear stiffness, 32, 34
tension, 32, 34
viscoelasticity, 33
in vivo biomechanics, 34-36
layers, 31,32
microstructure, 30
Meniscus allograft
transplantation (MAT),
221
Mesenchymal stem cells (MSCs)
adipose-derived stem cells,
305
allogeneic stem cells, 305
bioactive factors, 305
Cartistem, 305
Hyalofast, 304, 305
Microfracture, 70-71, 91, 98, 102,
205,270,271,281
Microfracture plus, 271
Minced cartilage products
cartilage autograft
implantation system,
306
CartiONE, 308
DeNovo NT, 306-308

N
NeoCart, 302
Novocart 3D, 301, 302
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O’Driscoll system, 72

Off-the-shelf osteochondral
scaffolds, 213

Open reduction internal fixation
(ORIF), 171

Osteoarthritis (OA), 4
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Osteochondral allograft (OCA),
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Agili-C, 310
Cartiform, 309, 310
Chondrofix, 309
Maioregen, 310
Prochondrix, 310
Osteochondral allograft dowel
technique
transplantation, 114
Osteochondral allograft
implantation, 70
Osteochondral allograft
transplantation (OCA),
91,173,189,192,193,
274,281
Osteochondral autograft transfer
(OAT),70,75,103, 172,
173,211,273
Osteochondral unit, 4
aging, 11
chondrocytes, 7, 8
deep zone, 9, 10
defects, 4
ECM, 5-7
subchondral bone, 10, 11
superficial zone, 9
Osteochondritis dissecans
(OCD), 10,107,109,
116,117
adult OCD, 135
classification systems, 132
clinical presentation, 132
diagnostic imaging, 124
history, 123
incidence, 131
juvenile OCD, 135
management, 125, 134
MRI, 134
non-operative/conservative
management, 135
outcomes, 129
palliative technique, 136, 138
physical examination, 123
prevalence, 131
radiographs, 133, 134
reparative technique, 136, 137

restorative technique, 136, 137

risk factors, 131

surgical technique, 125, 127
Osteogenic Protein 1 (OP-1),313
Oswestery Arthroscopy Score, 73

P
Partial meniscectomy, 236
Particulated juvenile articular
cartilage (PJAC), 176,
188
Patellar chondral defects
conservative and operative
management, 165
diagnostic imaging, 164
history, 168
nonoperative treatment, 170
outcomes, 168
physical examination, 164, 169
surgical treatment
arthroscopic
chondroplasty, 171
arthrotomy, 166
autologous chondrocyte
implantation, 174, 175
Chondro-Gide membrane
patch, 167
continuous passive
motion, 167
diagnostic imaging, 169
lateral release/lengthening,
171
longitudinal skin incision,
166
marrow stimulation, 172
medial patellofemoral
ligament
reconstruction, 177
nonoperative treatment,
170
open reduction internal
fixation, 171
osteochondral allograft
transplantation, 173
osteochondral autograft
transfer, 172,173
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patient position, 166
tibial and femoral
rotational osteotomies,
171
tibial tubercle osteotomy,
167,176,177
Patellofemoral arthroplasty, 171
Patellofemoral geometry, 45
Patellofemoral malalignment, 46
Patient-reported outcomes, 73
Pineda system, 72
Pivot-shift test, 96
Platelet-rich plasma (PRP), 194,
257,312
Post meniscectomy syndrome
diagnosis/assessment, 150
lateral
clinical presentation, 149
hybrid all-inside, inside-
out and outside-in
meniscus repair
technique, 156
initial T1-weighted coronal
MRI of left knee, 151
left knee valgus correction,
154
left knee valgus
malalignment vs. right
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malalignment, 150
MAT placement, 156
outcomes, 154, 156
physical examination, 149
standard lateral-based
approach, 153
medial
anterior and posterior
meniscal tunnel, 147
clinical presentation, 143
diagnosis/assessment, 144
MAT placement, 148
MAT with inside out
suture placement, 148
medial meniscal deficiency,
144-146
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outcomes, 149
postoperative medial
MAT suspensory
cortical fixation, 148
preoperative weight
bearing Rosenberg
radiograph, 144
Post traumatic knee
hemarthrosis
aspiration, 60
Posterior cruciate ligament
(PCL) tibial
attachment, 29
Posterior lateral meniscal root
(PLMR) attachment,
29
Posterior medial meniscal root
(PMMR), 29
Posterior meniscofemoral
ligament (pMFL), 29
Posterior tibial plateau rim, 50
Posteromedial capsule, 26
Post-traumatic osteoarthritis
(PTOA), 60
Prochondrix, 310
Proteoglycans, 7
Proximal tibial epiphysis, 50

Q
Q angle, 48
Quadriceps ACL autograft, 227

R
Radial fiber zone, 9
Restorative procedures, 137
Revision cartilage treatment
advantages and
disadvantages, 208
autologous bone, 206,209
central guidepin, 205, 207
comorbid condition, 209
cylindrical osteochondral
allograft, 206
diagnosis, 203
full thickness chondral defect,
204
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high tibial osteotomy, 201

initial ACI sandwich
procedure, 202,211,212

large subchondral cyst, 203

management options, 204

medial parapatellar
arthrotomy, 205, 206

OAT mosaicplasty, 211

OCA transplantation, 213

off-the-shelf osteochondral
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osteochondral allograft, 210

physical examination, 202
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subtle medial joint space
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Right lower extremity, evaluation
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Shear stiffness, 32, 34
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Spontaneous osteonecrosis of the
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Sprifermin, 313

Staging arthroscopy, 100
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Subchondral bone, 10, 11

Subchondral drilling, 205

Subchondral sclerosis, 124

Subintima, 57
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Symptomatic chondral defects, 89
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Synovial fluid, 58, 59

Synovial surface, 58

Synoviocytes, 57
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Tibial plateau defects
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diagnostic imaging, 256-258
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osteochondral allograft/
autograft applications,
258,262
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surgical technique
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marrow stimulation, 260
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postoperative care, 262
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Tibiofemoral cartilage defects
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248-250
cultured mesenchymal stem
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imaging, 237
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and meniscal
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tibial osteotomy,
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protocol, 249
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Unicondylar knee replacement,
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Valgus alignment, 42-44, 46, 152

Varus alignment, 42, 46

Varus deformity, 100, 236,238,
240,243

Varus malalignment, 237

Varus/valgus stress test, 96

Vascular channels, 11

Viable chondrocyte density
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