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What do you know about
cartilage?




Types of Cartilage

e Hyaline

— Synovial joints

— Dense, translucent, connective tissue
* Fibrocartilage

— Transitional cartilage found at the margins of some
joint capsules

— Joint capsules

— Insertions of ligaments and tendons into bone
— Menisci

— Annulus fibrosus

 Elastic cartilage
— External ear
— Eustacian tube, epiglottis, and parts of the larynx




Hyaline Cartilage and Synovial
(Diarthrodial) Joints

* Allows wide range of motion

o Articular surfaces covered with 1 to 6 mm
of hyaline cartilage

— Suited to withstand rigors of joint environment
without failing during lifetime

— |solated tissue

» Devoid of blood vessels, lymph channels, and
neurological innervation

o Cellular density less than any other tissue




Primary Functions of Hyaline
Cartilage

 Distribute joint loads over wide area to
decrease stresses sustained by contacting
joint surfaces

 Allow relative movement of opposing joint
surfaces with minimal friction and wear




Composition and Structure of
Articular Cartilage

e Chondrocytes
— Sparsely distributed cells in articular cartilage
— Less than 10% of tissue volume

— Manufacture, secrete, and maintain organic
component of extracellular matrix (ECM)

(see figure)




Chondrocyte Distribution in Articular Cartilage

Chondrocytes oblong, parallel to
articular surface

Deep zone (30%)

— Calcified zone
Chondrocytes arranged in

columnar fashion
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A Chondrocyte -sparsely distributed cells in articular
cartilage (| 10% of tissue volume)




Composition and Structure of
Articular Cartilage (continued)

e Organic matrix

— Composed of dense framework of type II
collagen fibrils enmeshed in concentration of
proteoglycans (PG)

» Collagen content of cartilage 15-22% of wet weight
* PG content of cartilage 4-7% of wet weight

e 60-85% water content, inorganic salts, other proteins,
glycoproteins, and lipids




Composition and Structure of
Articular Cartilage (continued)

* Collagen fibrils and PG’s

— Form structural components that support
mechanical stresses applied to cartilage

— Together with water determine biomechanical
behavior of cartilage




1. Collagen

e Most abundant protein in the body
* Provides fibrous ultrastructure in cartilage

e Tropocollagen is basic biological unit of collagen
— Composed of 3 alpha chains coiled in left hand helices

— Alpha chains coiled around each other in right hand
triple helix

— Form tropocollagen molecules

— Cross links formed between tropocollagen molecules =
high tensile strength

(see figure)




Collagen Structure

a chain

Triple helix

Tropocollagen
molecule

Collagen fibril with
quarter-stagger array
of molecules

Fibril with repeated
banding pattern seen
under electron microscope




Structure of Collagen In Articular

Cartilage (Zonal Arrangement)

* Inhomogeniously distributed (layered character)

e Three zones

— Superficial tangential zone (STZ)
* 10-20% of thickness

 Fine densely packed collagen fibers randomly woven in
planes parallel to articular surface

« Zone with highest concentration of collagen

— Middle zone
* 40-60% of thickness
» Collagen fibers randomly distributed and farther apart
(see figure)




Arrangement of Collagen in Articular Cartilage

ZONES _— Articular surface

:w_ Subchondral bone
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T Cancellous bone

Middle zone Deep zone




Structure of Collagen In Articular

Cartilage (Zonal Arrangement)

e Three zones (continued)

— Deep zone
e 30% of thickness
 Radially oriented fiber bundles of collagen

» Bundles cross tidemark (interface between articular
cartilage and calcified cartilage)

* Form interlocking root system to anchor cartilage to
underlying bone

e Zonal arrangement provides for more even
distribution of stress across loaded region of
cartilage (see figure)




Arrangement of Collagen in Articular Cartilage

ZONES

Deep (30%) ——

A Calcified cartilage

Pattern of collagen fibril arrangement related to tensile stiffness and strength characteristics.
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*Note correspondence between collagen and chondrocyte arrangement.




Strength of Collagen

Collagen Fibril
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High tensile stiffness and strength

Little resistance to compression

e Strong In tension
e Weak in compression (high slenderness ratio: length/width)




Material Properties of Articular Cartilage

« Anisotropic — differ
with direction of
loading (may be
assoclated with zonal
arrangement of
collagen)

“Split lines” — surface

collagen fiber pattern;

functionally related to

tensile strength Human femoral condyles




2. Proteoglycan (PG)

 Large protein-polysaccharide molecules that
exlist as either monomers or as aggregates

e PG aggregation promotes immobilization of
the PG’s within the collagen meshwork
adding structural rigidity to the extracellular
matrix of articular cartilage (see figure)
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*Many types of PG’s found in
cartilage

*PG’s consist of protein core
with one or more

glucosaminoglycans (GAG’s)

*Aggrecans molecules attach
to hyaluronan molecule via
HA-binding region (HABR)

*Binding is stabilized by link
protein (LP)




Proteoglycan Aggregate (cont.)
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Aqging of Articular Cartilage

Decrease In water content

Decrease In carbohydrate/protein ratio
Decrease In chondroitin sulfate (CS)
Increase in keratin sulfate (KS)




3. Water

Most abundant component of articular cartilage
80% concentrated near articular surface

Contains many mobile cations that greatly
Influence the mechanical and physiochemical

behaviors of cartilage

Essential to health of avascular cartilage (permits
movement of gasses, nutrients, and waste
products between chondrocytes and surrounding
nutrient-rich synovial fluid)

Small percent intracellular




3. Water (cont.)

* 30% associated with collagen fibrils (important
In structural organization of extracellular matrix)

* Most water occupies interfibrillar space
 Movement of water (up to 70% under load)

Important in

— controlling cartilage mechanical behavior
— joint lubrication




Interaction Among Cartilage
Components

» Collagen and proteoglycans interact to form a
porous composite fiber-reinforced organic solid
matrix that Is swollen with water

Aggrecans bind covalently with hyaluranon (HA)
to form large proteoglycan macromolecules

Collagen-PG solid matrix and interstitial fluid
protect against high levels of stress and strain
developing in the ECM when articular cartilage
subjected to external loads




Molecular Organization of Cartilage

Aggrecan

Interstitial fluid

Collagen fibril




Biomechanical Loading of
Articular Cartilage

* Forces at joint surface vary from zero to
several times body weight

e “Contact” area varies in a complex manner,
typically only several square centimeters

 Potentially high pressure (force/unit area)




L_ubrication of Articular Cartilage

e Synovial joints subjected to enormous range
of loading conditions

o Cartilage typically sustains little wear

Implication:




Lubrication Processes for Articular Cartilage

Fluid-film Lubrication Boundary Lubrication

Hydrodynamic Lubrication | Squeeze-film Lubrication




Lubrication Processes for Articular Cartilage

‘ Fluid-film Lubrication \ Boundary Lubrication

Hydrodynamic Lubrication | Squeeze-film Lubrication




Fluid-film Lubrication

o Thin film of lubricant separates bearing
surfaces

 Load on bearing surfaces supported by
pressure developed In fluid-film

 Lubrication characteristics determined by

lubricant’s properties

— Rheological properties

— Viscosity and elasticity

— Film geometry

— Shape of gap between surfaces

— Speed of relative motion of two surfaces




Lubrication Processes for Articular Cartilage

Fluid-film Lubrication Boundary Lubrication

Hydrodynamic Lubrication | Squeeze-film Lubrication




Hydrodynamic Lubrication

« Occurs when 2 nonparallel rigid bearing
surfaces lubricated by a fluid-film that moves
tangentially with respect to each other

* \Wedge of converging fluid formed

 Lifting pressure generated in wedge by fluid
viscosity as the bearing motion drags fluid into

gap




Schematic of Hydrodynamic Lubrication

Subchondral bone

VOV v

Articular cartilage

Synovial fluid gap

Articular cartilage
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Subchondral bone Hydrodynamic




Schematic of Hydrodynamic Lubrication

HYDRODYNAMIC
LUBRICATION

LOAD

PRESSURE DISTRIBUTION

RELATIVE MOVEMENT OF
BEARING SURFACES




Lubrication Processes for Articular Cartilage

Fluid-film Lubrication Boundary Lubrication

Hydrodynamic Lubrication | Squeeze-film Lubrication




Squeeze-film Lubrication

Occurs when weight bearing surfaces move
perpendicularly toward each other

Wedge of converging fluid formed

Pressure in fluid-film result of viscous resistance of
fluid that acts to impede its escape from the gap

Sufficient to carry high loads for short durations
(eventually contact between asperities in bearing
surfaces)




Schematic of Squeeze-film Lubrication

SQUEEZE FILM
LUBRICATION

RELATIVE

PRESSURE DISTHIBUTION MOVEMENT OF

BEARING SURFACES

ml

]:10-50 gm




Schematic of Squeeze-film Lubrication




Lubrication Processes for Articular Cartilage

Fluid-film Lubrication Boundary Lubrication

Hydrodynamic Lubrication | Squeeze-film Lubrication




Boundary Lubrication

 Surfaces of cartilage protected by an adsorbed layer of
boundary lubricant
— Direct surface-to-surface contact is prevented
— Most surface wear eliminated

— Lubricin (glycoprotein) synovial fluid constituent responsible
for boundary lubricant
» Absorbed as monolayer to each articular surface

» Able to carry loads (normal forces) and reduce friction

 Independent of physical properties of lubricant (e.g.,
viscosity) and bearing material (e.g., stiffness)

Primarily depends on chemical properties of lubricant

~unctions under high loads at low relative velocities,
preventing direct contact between surfaces




Articular Cartilage Asperities and
Lubrication

Articular cartilage not perfectly smooth;
asperities

Fluid film lubrication in regions of cartilage

non-contact
Boundary lubricant (lubricin) in areas of
asperities

Low rates of interfacial wear suggests that
asperity contact rarely occurs in articular
cartilage




Asperities
IN
Articular

Cartilage

Scanning electron micrograph of the surface of human articular

cartilage from a normal young adult showing the typical

irreqularities characteristic of this tissue (3,000X ). [Reprinted with
on from Armstrong and Mow, 1980.)




Schematic of Boundary Lubricant
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Boundary Iubrication of articular cartilage. The load is carried
by a monolayer of the lubricating glycoprotein, which is
adsorbed onto the articular surfaces. The monolayer effec-
tively serves to reduce friction and helps to prevent cartilage
wear. {Adapted from Armstrong and Mow, 1980.)




Lubrication Processes for Articular Cartilage

Fluid-film Lubrication Boundary Lubrication

Hydrodynamic Lubrication | Squeeze-film Lubrication

Mixed Lubrication




Modes of Mixed Lubrication

Combination of fluid-film and boundary lubrication

—  Temporal coexistence of fluid-film and boundary lubrication at spatially
distinct locations

Joint surface load sustained by fluid-film and boundary lubrication
Most friction in boundary lubricated areas; most load supported by fluid-
film

ADSORBED PRESSURIZED
BOUNDARY FLUID
LUBRICANT

CARTILAGE BOUNDARY ARTICULAR
- / LUBRICATED SURFACE
ASPERITY
CONTACT

Schematic depiction of mixed lubrication operatmg in articular
cartilage. Boundary lubrication occurs where the thickness of the
fluid film is on the same order as the roughness of the bearing
surfaces. Fluid film lubrication takes place in areas with more
Wtdely separated surfaces. (Adapted from Armstrong and Mow,
1980.) -




Modes of Mixed Lubrication

SRV

2. Boosted lubrication
Load and

—  Shift of fluid-film to boundary @ Maiion
lubrication with time over the
same location

Articular surfaces protected
during loading by ultrafiltration
of synovial through the
collagen-PG matrix

Boosted




Modes of Mixed Lubrication

2. Boosted lubrication (continued)

— Solvent component of synovial fluid passes into the articular
cartilage during squeeze-film action yielding a concentrated gel
of HA protein complex that coats and lubricates the surfaces

As articular surfaces approach each other, difficult for HA
macromolecules to escape from gap between surfaces

Solute and
small particle Articular Hyaluronan Small solute
flow surface macromolecules particles
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Variation of Lubrication Processes for Articular Cartilage

Fluid-film Lubrication BQundary Lubrication

Hydrodynamic Lubrication | Squeeze-film Lubrication




Comparison of Hydrodynamic and Squeeze-film Lubrication
under Rigid and Elastodynamic Conditions

RIGID BEARINGS

PRESSURE ~ LOAD pressure  OAP
DISTRIBUTION, ‘ DISTRIBUTION_ ‘

ROLLING \

THIN FLUID FILM AND HIGH PRESSURES

DEFORMABLE BEARINGS

ROLLING (\ s LSQUEEZE FILM

THICK FLUID FILM AND LOW PRESSURES

Comparison of hydrodynamic lubrication (A} and squeeze film lubrication {B) of rigid surfaces,
and elastohydrodynamic  lubrication of deformable bearing surfaces under a hydrodynamic
[sliding) action €} and a squeeze film action {D). As is evident, surface deformation of

elastohydrodynamically lubricated bearings increases the contact area, thus increasing the
load-carrying capacity of these bearings.
-




Elastohydrodynamic Lubrication

e Beneficlal increase In surface areas

— Lubricant escapes less rapidly from between the
pearing surfaces

— Longer lasting lubricant film generated

— Stress of articulation lower and more
sustainable

 Elastohydrodynamic lubrication greatly
Increases load bearing capacity




Dynamic Relationship between Vertical Load and Hip Joint Lubrication

i

Support phase Swing phase

eInitial load on hip at heel contact «Small vertical load on hip articular

likely supported by hydrodynamic cartilage supported by hydrodynamic
lubrication lubrication

*As load continues, fluid is squeezed
between articular surfaces and is
supported more by squeeze-film
lubrication




Dynamic Relationship between Vertical Load and Hip Joint Lubrication

°L.oad on hip supported by
squeeze-film lubrication

*Over time fluid-film may be
eliminated and surface-to-
surface contact may occur

*Surfaces protected by thin
layer of ultrafiltrated synovial
gel (boosted lubrication) or by
the adsorbed lubricin
monolayer (boundary
lubrication)




Two Types of Wear of Articular Cartilage

 Interfacial — due to interaction between bearing surfaces

_ — surface fragments from bearing surfaces in
contact with each other adhere and are torn away

| — soft material Is scraped by hard material
(opposing surface or loose particles)

*Effective joint lubricating system makes interfacial wear unlikely
under normal articular cartilage conditions

*Interfacial wear may take place in an impaired or degenerated
synovial joint

e Fatigue wear

— due to accumulation of microscopic damage within the bearing
material under repetitive stress; not from surface-to-surface
contact

— Bearing surface failure from repeated application of high loads
over short period of time or repetition of low loads over long
period of time




Potential Methods for Articular
Cartilage Degeneration

Magnitude of imposed stresses
Total number of sustained stress peaks
Change In the collagen-PG matrix

Change Iin mechanical properties of the
tissue




Articular Surface of Cartilage




