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ACOUSTIC EMISSION MEASUREMENT SYSTEM FOR THE ORTHOPEDIC DIAGNOSTICS OF THE HUMAN FEMUR AND KNEE JOINT
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University of Ulm, Dept. of Biomaterials, Ulm, Germany, 2Bad Griessbach, Germany,
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Abstract
Orthopedic diagnostics per DIN EN ISO 9000 ff requires methods of nondestructive process
control. Acoustic emission (AE) signals allows the prediction of bone rupture and assessment of
the tribological status of the knee joint. We have developed an adaptive AE measurement system
named Bone Diagnostic System (BONDIAS), making the in vivo analysis of the medical status
possible.
1. Introduction
Quality control in the orthopedic diagnostics according to DIN EN ISO 9000 ff requires
methods of nondestructive process control, which do not harm the patient either by radiation or
by invasive examinations. To improve health economy, quality-controlled and nondestructive
measurements are needed in the diagnostics and the therapy of human joints and bones. Noninvasive evaluation method for the state of wear regarding human joints and the cracking tendency of bones is not established yet.
The analysis of acoustic emission (AE) signals allows the prediction of bone rupture far below the fracture load. The evaluation of dry and wet bone samples revealed that it is possible to
estimate the bone strength from crack initiation and thus to predict the probability of bone rupture. Besides the fracture probability of bone, AE allows to assess the tribological status of the
knee joint. Simple states of wear without inflammation can be separated from states of wear
complicated by inflammation (arthritis). For the assessment of the tribological knee function and
by the probability of fracture of the femur, an adaptive AE measurement system named Bone
Diagnostic System (BONDIAS) was developed. This system makes the in vivo analysis of the
medical status possible.
2. AE Assessment of Crack Initiation and Crack Propagation in the Human Femur.
Mechanical loading of the femur is accompanied by elastic strain. Due to differences in compliance of the compacta and the trabecular system of bone shear stresses arise in the interface of
the compacta and the trabecular system, eventually leading to crack initiation. Different mechanisms of cracking were accompanied by different AE from human femora as shown in literature
[1-6, 8]. An AE signal typical of crack initiation is shown in Fig. 1. It is characterized by a very
short rise time and an exponential decrease of the amplitudes.
The assessment of crack initiation is very important in the healing process after the bone
fracture, or during the implantation of an endoprosthesis of the hip, or in cases of osteoporosis.
Equally important is the development over time of the threshold of crack initiation during the
healing process or in the cause of a disease. For the assessment of crack initiation of the femur a
certain mechanical load is afforded. The BonDiaS-System allows applying different ranges of
J. Acoustic Emission, 22 (2004)
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motion and loads especially those, which are typical for the patient´s day-to-day life. These comprise e.g. rising from a chair, knee bending, climbing up or down staircases. From the medical
point of view such mechanical loads are regarded as non-destructive although there is already
crack initiation in the interface of the compacta and the trabecular system of the bone. These
micro cracks seem to be essential for the physiological bone remodeling. For the description of
the development of bone strength over time it is necessary to assess both the threshold of crack
initiation and the conditions for crack propagation. For the evaluation of fracture toughness further examinations of the crack initiation and the crack propagation are necessary. Assessment of
the geometrical structure by computer tomography (CT) in combination with an experimental
calibration of compliance allows the evaluation of the fracture mechanics. The two thresholds of
crack initiation and stable crack propagation, which are needed for this evaluation, follow from
AE analysis.

Fig. 1 Acoustic emission caused by crack initiation in the compacta-spongiosa interface.
According to the AE analysis, stable crack propagation appears in the transit from area I to
area II as demonstrated in Fig. 2. This graph shows the total AE counts according to the applied
load. There is a clear distinction of the transition, which is defined as the load critical for cracking. Based on results gained from explanted femora these evaluations can be performed in vivo,
now.
The fracture toughness can be calculated from:
K IC = σ

 a 

π *a* f  
W 

Here σ describes the normal stress with respect to the crack plane and a the depth of the crack.
f(a/W) is a correction function gained by calibration of compliance to take into consideration the
individual femur geometry and the length of the crack, W. The values of fracture toughness are
• KIC= 220 [N-mm-3/2] at the transition from area I to area II,
• KIC= 330 [N-mm-3/2] at fracture load.
The normal stress σ is calculated individually by FEM analysis based on CT data. To optimize
the FEM analysis a variety of grid structures are tested at the moment.
This system is well suited to assess for each patient the individual critical load for cracking.
To know these individual critical thresholds of bone cracking is the key to assess the bone
strength e.g. in patients recovering from bone fracture or under therapy in cases of osteoporosis
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or during the implantation of a hip endoprosthesis. It is also the key for all those participating in
sport activities to the limit of endurance or for those who have the training of bone strength in
mind. Of course, it is necessary to apply the knowledge gained with this system in all the medical fields where structure and function of the human skeleton is affected or impaired.

Fig. 2: Accumulated momentum of acoustic emission over the applied bending load.

Fig. 3: AE from a knee joint during knee bending, correlated to the angle of knee flexion.
This Figure has been reproduced in the PhD thesis of Zolog
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3. Surveillance of the Human Knee Joint

A natural center of the surveillance of joints is the analysis of the AE from joints moving under typical daily load. Here again, the typical loads comprise e.g. knee bending, climbing up or
down stairs, but also ergometric examinations. The AE analysis of the knee joint clearly reveals
cartilage lesions, arthritic degeneration of the knee joint with more or less inflammatory contributions and damage caused by the change of the inclination of the line of thrust [7-9]. Acoustic
emission from the knee joint (Fig. 3) is registered by a sensor, which is fixed by tapes to the skin
over the medial condyle of the femur (Fig. 4) during application of the natural load.
As shown in Fig. 3 the AE is registered over time (upper part of Fig. 3) and correlated to the
angle of knee flexion, i.e., thin line in the diagram in the lower part of Fig. 3. The kinetics of load
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and motion can reveal non-stationary characteristics, which can be typical of certain diseases.
Knowing the kinetics of load and motion, the AE offers potential causes for the measured phenomena. Whether the medial or the lateral femoral condyles or both are damaged can be tested
by changes of the distribution of load and by the concomitant registration of the emission.
permission owner's
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Fig, 4 Position of an AE sensor at
the medial femoral condyle during
the measurement.

Fig. 5 AE from cartilage deformation in a healthy knee joint after the sudden change from a twolegs stand to a one-leg stand.
The AE analysis allows for a multifaceted assessment of joint defects depending on the range
of knee flexion medial or lateral condyles can be changed thereby. A short rise time of the AE
characteristic for cartilage defects is correlated to a low signal damping by the cartilage layers. If
in that case a cartilage lesion can be verified such a signal is really indicative of a low thickness
of the cartilage layer in the damaged area. To reach this diagnosis the individual damping characteristics of the knee cartilage have to be assessed. This information is drawn from a simple test.
The instrumented patient is standing relaxed on the two legs and then he quickly raises one leg.
The fast increase in load of the loaded leg also initiates reactions in the additionally loaded knee
cartilage. Acoustic emissions typical of normal cartilage, of arthritis with more or less inflammatory contribution and of cartilage lesions are demonstrated in Figs. 5 to 7.
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Figure 5 demonstrates the AE from a knee joint caused by cartilage deformation due to the
sudden change from a two-legs stand to a one-leg stand. The intermittent cartilage deformation is
of visco-elastic nature. The graph of AE over time shows a correlation to the thickness of the
deformed cartilage. Short signal duration is indicative of a thin cartilage layer.
Acoustic emission from a cartilage lesion is shown in Fig. 6. Articulating cartilaginous counterparts literally “fall” into the cartilage lesion. In reality this process has to be considered as a
sliding one. Sliding into the lesion (indicated by region 1) over the ingoing visco-elastic edge of
the cartilage lesion is accompanied by a low energy transfer. The concomitant AE is of low energy and amplitude. Sliding out of the lesion, however, as shown in region 2, the outgoing edge
of the lesion is strongly deformed. A higher volume of the cartilage is deformed visco-elastically
with high energy. This is accompanied by AE with a long rise time representing both the sequence of motion and the deformation process of the cartilage. The latter is responsible also for
This Figure has been reproduced in the PhD thesis of Zolog
this type of amplitude descent.
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Fig. 6: Acoustic emission from a cartilage lesion.
The AE from an arthritic defect is represented in Fig. 7. Arthritic defects are characterized by
different events in the course of AE. This can be a signal typical of cartilage lesions where needle-like signal peaks are superimposed. These signal peaks are usually due to stick-slip effects or
to the interaction of bone structures in the contact areas.
4. Measurement System BONDIAS
The measurement system BONDIAS has been developed for the automated assessment and
evaluation of the AE from the human femur and knee joint for the orthopedic diagnosis. Knee
bending of a patient will release AE in high temporal resolution and well correlated to the angle
of knee flexion. However, the physician is not left alone with a bundle of data and the task to
evaluate the AE. He will get the relevant information concerning:
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Fig. 7 Acoustic emission from an arthritic defect.
•
•
•

Arthritic lesions in the knee joint: well characterized AE, singular events without a follow
up of further emission.
Acoustic emission due to elevated intra-articular friction caused by e.g. cartilage lesions,
inappropriate surface roughness, a lack of synovial fluid or other defects: a plethora of
continuous emission.
Crack initiation in the femur: a burst type AE followed by continuous emission, which is
typical of relaxation phenomena in the crack banks

The energy and the frequency of signals are mostly indicative of the originating events and
important characteristics for the evaluation of defects. Added also is an analysis of the center of
thrust under the foot, which reveals [uniformity/non-uniformity] of the motion.
5. Benefits for the Use in Medical Therapy
The non-invasive diagnosis is based on the analysis of AE caused by day-to-day motion and
load in a well-defined manner. There are several advantages of this diagnostic procedure when
compared with the established conventional methods:
•
•
•
•
•
•

No pain is caused by this procedure.
This procedure is non-destructive. Mechanical load even beyond the crack initiation
threshold are typical of day-to-day life and necessary for the physiological bone remodeling to avoid the degeneration of the bone and joint system.
There is no health burden through ionizing irradiation as is unavoidable with X-ray examination and CT.
There is no danger of infection since this is a non-invasive examination.
The time needed for the assessment of the acoustical emission and the validated analysis
of data is of the order of seconds to minutes.
The expenses for the AE measurement system are small compared to X-ray systems.
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•
•

The costs per examination including a detailed diagnosis are well below costs of other diagnostic procedures and there is no danger of causing further costs by infection as occurs
with invasive methods, e.g. endoscopic examinations.
Diagnostic (real time) monitoring of bone and joint training of e.g. sport professionals
becomes possible.
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Chapter 1
Anatomy

Henry D. Clarke, W. Norman Scott, John N. Insall, Henrik B. Pedersen, Kevin R. Math, Vincent J. Vigorita, Fred D. Cushner

The anatomy of the knee can be examined on a number of levels from microscopic to gross and with a variety of techniques, including physical examination, anatomic
dissection, radiographic and cross-sectional imaging, and arthroscopic examination. Any practitioner interested in diagnosing and treating disorders of the knee must have a
detailed understanding of both normal and abnormal regional anatomy. Furthermore, the ability to interpret and correlate information obtained from different sources is
highly beneficial. However, it is also paramount that the clinician gain the knowledge required to be able to interpret the significance of an identifiable anatomic abnormality
within the context of a patient’s complaints. It is the goal of this chapter to present a thorough review of knee anatomy to help the reader successfully assimilate the material
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presented in subsequent chapters. To provide a comprehensive description of pertinent anatomic details, text, illustrations, arthroscopic photographs, radiographs, and
pictures from cross-sectional imaging studies are used. In addition, in many situations, the same structures are presented from different perspectives. Rather than being
redundant, we hope that this approach will facilitate the development of a more complete appreciation of the anatomy about the knee. The descriptions that follow are taken
in part from standard anatomic texts.3,10,73,120

Normal Skeletal Structures

Bone Physiology
Bone is composed of mineral crystals embedded in an organic matrix. Of the dry weight of bone (about 10% of the actual weight in situ), approximately 70% is due to mineral
content and 30% is organic matter. The mineral consists of primarily calcium and phosphorus in a ratio of 2 : 1. The organic matter is composed of collagen, noncollagenized
matrix, and proteins. Collagen is the major extracellular component of bone and is composed of fibrils. Collagen fibrils, which form a parallel, highly organized arrangement,
are known as intrinsic fibers, whereas those that tend to anchor ligaments and tendons at attachment sites and often insert in a perpendicular manner are extrinsic fibers.
The matrix is populated by mesenchymal cells, which differentiate into osteocytes, osteoblasts, and osteoclasts. These cells perform key functions in the turnover and
remodeling of bone in response to both physical and metabolic stimuli. Osteoblasts are cuboid in nature and have abundant cytoplasm. The main function of osteoblasts is
to produce osteoid, a collagenized protein that mineralizes at the tidemark zone as hydroxyapatite crystals are incorporated (Fig. 1-1). As the matrix becomes mineralized
bone, these cells become embedded and are transformed into osteocytes. The osteocyte is in contact with the osteoblast through the cannular system. Osteoclasts are
multinucleated macrophage-like cells that perform bone resorption at mineralized bone surfaces (Fig. 1-2). Other associated tissues such as periosteum (Fig. 1-3), fatty and
hematopoietic marrow elements, and tendon and ligament attachments create a complex system with mechanical, metabolic, and hematopoietic functions.
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Figure 1-1

A, Osteoblasts. Plump, cytoplasm-rich osteoblasts actively making osteoid, the type I collagen that in the normal sequence of events becomes the fibrous matrix of
mineralized bone. B, Normal cancellous (trabecular, spongy) bone bathed in normal hematopoietic marrow. Bone surfaces are smooth. Osteoid deposition (light pink surface) is interfaced
with mature bone by the basophilic mineralization front. C, Normal cancellous bone. With the use of polarized light microscopy, the organized lamellar or pleated deposition of the collagen
matrix of mineralized bone is appreciated. D, Cross-section of cortical bone showing numerous haversian systems of varying age. The cortical bone is surrounded on its surface by
periosteum. The cortical bone itself is composed of haversian bone systems, which represent interwoven longitudinal, circumferential, and concentric bone-forming units (osteons)
characterized by central haversian canals of various size and shape. Remodeling is ongoing throughout life; most of it occurs in an axial direction down the shaft.
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Figure 1-2

Osteoclast. A multinucleated osteoclast is resorbing bone at a crenated surface, Howship’s lacuna.

Figure 1-3

Periosteum. The often inconspicuous spindle-shaped fibroblast-like cells of the periosteum belie their remarkable capacity to become activated as bone-forming cells.

Bony Architecture
The knee joint consists of three bony structures—femur, tibia, and patella—that form three distinct and partially separated compartments: medial, lateral, and patellofemoral
compartments.

Patella
The patella, the largest sesamoid bone in the body, sits in the femoral trochlea. It is an asymmetrical oval with its apex directed distally. The fibers of the quadriceps tendon
W eb page converted to PDF w ith the PDFmyURL PDF creation API!

envelop it anteriorly and blend with the patellar ligament distally. The articulation between the patella and the femoral trochlea forms the anterior or patellofemoral
compartment (Fig. 1-4).

Figure 1-4

This Figure has been reproduced in the PhD thesis of Zolog
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M erchant view radiograph of a normal patellofemoral joint. The tibial tubercle is superimposed over the apex of the femoral trochlea.

The posterior aspect of the patella is described as possessing seven facets. The medial and lateral facets are divided vertically into approximately equal thirds, whereas
the seventh or odd facet lies along the extreme medial border of the patella. Overall, the medial facet is smaller and slightly convex; the lateral facet, which consists of roughly
two thirds of the patella, has both a sagittal convexity and a coronal concavity (Fig. 1-5). Six morphologic variants of the patella have been described (Fig. 1-6). Types I and II
are stable, whereas the other variants are more likely to give rise to lateral subluxation as a result of unbalanced forces.12,119 The facets are covered by the thickest hyaline
cartilage in the body, which may measure up to 6.5 mm in thickness. 119 The relationship between surface degeneration of this articular surface, or chondromalacia, seen
arthroscopically in adolescents and young adults, and pain is unclear.

Figure 1-5

Articular surface of the patella. The median ridge (r) divides the smaller medial facet (m) from the larger lateral facet (l).
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Figure 1-6

Wiberg’s and Baumgartl’s patella types.12,119

The femoral trochlea is separated from the medial and lateral femoral condyles by indistinct ridges; the lateral ridge is more prominent. The patella fits into the trochlea of
the femur imperfectly, and the contact patch between the patella and the femur varies with position as the patella sweeps across the femoral surface. The contact patch has
been investigated by dye39 and casting techniques.2 Both methods produce very similar results and indicate that the area of contact never exceeds about one third of the
total patellar articular surface. At 10 to 20 degrees of flexion, the distal pole of the patella first contacts the trochlea in a narrow band across the medial and lateral facets (Fig.
1-7).39,54 As flexion increases, the contact area moves proximally and laterally. The most extensive contact is made at approximately 45 degrees, where the contact area is an
ellipse in continuity across the central portion of the medial and lateral facets. By 90 degrees, the contact area has shifted to the upper part of the medial and lateral patellar
facets. With further flexion, the contact area separates into distinct medial and lateral patches. 2,39,54 Because the odd facet makes contact with the femur only in extreme
flexion (such as in the act of squatting), this facet is habitually a noncontact zone in humans in Western cultures—a fact that is thought to have some pathologic
significance.

Figure 1-7

Patellofemoral contact areas at different degrees of flexion.

The main biomechanical function of the patella is to increase the moment arm of the quadriceps mechanism.62 The load across the joint rises as flexion increases, but
because the contact area also increases, the higher force is dissipated over a larger area. However, if extension against resistance is performed, the force increases while the
contact area shrinks, and this may exacerbate pain from the patellofemoral region. Straight-leg raises eliminate force transmission across the patellofemoral joint because in
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full extension, the patella has not yet engaged the trochlea.54

Femur
The architecture of the distal end of the femur is complex. Furthermore, this area serves as the attachment site of numerous ligaments and tendons (Fig. 1-8). In shape and
dimensions, the femoral condyles are asymmetrical; the larger medial condyle has a more symmetrical curvature. The lateral condyle viewed from the side has a sharply
increasing radius of curvature posteriorly. The femoral condyles viewed from the surface, articulating with the tibia, show that the lateral condyle is slightly shorter than the
medial. The long axis of the lateral condyle is slightly longer and is placed in a more sagittal plane than the long axis of the medial condyle, which is oriented at a mean angle
of about 22 degrees and opened posteriorly.61 The lateral condyle is slightly wider than the medial condyle at the center of the intercondylar notch. Anteriorly, the condyles
are separated by a groove known as the femoral trochlea (Fig. 1-9). The sulcus represents the deepest point in the trochlea. Relative to the midplane between the condyles,
the sulcus lies slightly laterally.28 Reproducing this anatomic relationship is important for accurate patellofemoral mechanics after total knee replacement.

This Figure has been reproduced in the PhD thesis of Zolog
Cristina without mentioning owner's permission
W eb page converted to PDF w ith the PDFmyURL PDF creation API!

Figure 1-8

Bony landmarks with ligament and tendon attachment sites on the anterior (A), and medial (B). M edial (C) and posterior (D) aspects of the knee. This Figure has been reproduced

in the PhD thesis of Zolog Cristina
without mentioning owner's permission

Figure 1-9

A, Bony architecture of the distal femur. B, Anatomic specimen of the distal femur. The femoral trochlea separates the lateral and medial femoral condyles. The deepest point
lies slightly offset to the lateral side. The anterior aspect of the lateral condyle is more prominent than the medial side.
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The intercondylar notch separates the two condyles distally and posteriorly. The lateral wall of the notch has a flat impression, where the proximal origin of the anterior
cruciate ligament (ACL) arises. On the medial wall of the notch is a larger site, where the posterior cruciate ligament (PCL) originates. The mean width of the notch is
narrowest at the distal end and widens proximally (1.8 to 2.3 cm); in contrast, the height of the notch is greatest at the midportion (2.4 cm) and decreases proximally (1.3 cm)
and distally (1.8 cm).68 The dimensions of the notch have become an important topic because of the association between narrow notch width and increased risk for ACL
tear. This risk does not seem to be related to the intrinsic characteristics of the ACL because normal-size ligaments have been identified in specimens with narrow notches. 87
Therefore, the increased risk of ACL failure is probably due to impingement on the ligament. 38,70,87 Notchplasty or sculpting of the intercondylar notch to increase the
dimensions has become an integral part of ACL reconstruction.
The lateral condyle has a short groove just proximal to the articular margin, in which lies the tendinous origin of the popliteus muscle. This groove separates the lateral
epicondyle from the joint line. The lateral epicondyle is a small but distinct prominence to which the lateral (fibular) collateral ligament (LCL) is attached. On the medial
condyle, the prominent adductor tubercle is the insertion site of the adductor magnus. The medial epicondyle lies anterior and distal to the adductor tubercle and is a Cshaped ridge with a central depression or sulcus (Fig. 1-10). Rather than originating from the ridge, the medial collateral ligament (MCL) originates from the sulcus. The
epicondylar axis passes through the center of the sulcus of the medial epicondyle and the prominence of the lateral epicondyle (Fig. 1-11). This line serves as an important
reference line in total knee replacement. In relation to a line tangent to the posterior femoral condyles, the epicondylar axis is externally rotated about 3.5 degrees in males and
1 degree in females with normal knees.13 In patients with osteoarthritis and valgus knee alignment, the transepicondylar axis has been shown to be externally rotated up to 10
degrees relative to the posterior condylar line.41

Figure 1-10

A, Bony landmarks of the lateral aspect of the distal femur. The characteristic groove for the popliteus tendon lies just proximal to the articular surface of the lateral condyle.
The prominence of the lateral epicondyle (arrow) is located posterior to this groove. B, Bony landmarks of the medial aspect of the distal femur. The center of the sulcus of the C-shaped,
ridgelike medial epicondyle (both marked) represents the center of attachment of the medial collateral ligament.

W eb page converted to PDF w ith the PDFmyURL PDF creation API!

Figure 1-11

The epicondylar axis, which connects the prominence of the lateral epicondyle and the sulcus of the medial epicondyle, is externally rotated relative to the posterior condylar

line.

In recent years, important anatomic variations in the morphology of the distal femur have been identified in males and females and in different racial groups.
Measurements of the distal femur in both Asian and Caucasian populations suggest that women have narrower femurs in the medial-lateral dimension than males, for any
given anterior-posterior dimension.14,19,21,48,77 This concept has been defined in terms of the aspect ratio of the distal femur, where the medial-lateral width is divided by
the anterior-posterior dimension × 100.19,48 In females, the aspect ratio tends to be smaller than in males in both Asian and white populations. 19,48 However, this aspect
ratio is also affected by race, with Japanese females displaying a greater medial-lateral width than white females for any given anterior-posterior dimension.110 In addition to
these findings, racial differences appear to exist in the rotational anatomy of the distal femur, with more natural external rotation of the transepicondylar axis versus the
posterior condylar line in Asian populations. 122 These racial differences and sexual dimorphism among humans may have significant implications for both prosthesis
development and surgical technique in total knee arthroplasty. 94 This information has stimulated vigorous debate regarding whether gender-specific femoral components
and knee prostheses designed for different racial groups are needed.* In particular, implants with a narrower medial-lateral geometry for a given specific anterior-posterior
dimension have been advocated by some for use in females.40,48,77 A similar prosthesis has been suggested for use in Indian populations, among which greater variability
in medial-lateral width for any given anterior-posterior dimension has been noted.112 Although a gender bias has been demonstrated for some contemporary knee
prostheses, it is unclear whether this bias has adversely affected the outcomes of total knee arthroplasty in females versus males.29,48,84,85

Tibia
In a macerated skeleton, inspection of the tibial plateau suggests that the femoral and tibial surfaces do not conform at all. The larger medial tibial plateau is nearly flat and
has a squared-off posterior aspect that is distinct on a lateral radiograph.25 In distinction, the articular surface of the narrower lateral plateau borders on convexity. Both
surfaces have a posterior inclination of approximately 10 degrees with respect to the shaft of the tibia. However, lack of conformity between the femoral and tibial articular
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surfaces is more apparent than real. In an intact knee, the menisci enlarge the contact area considerably and increase the conformity of the joint surfaces. As previously
noted for the femur, gender and race appear to affect the morphology of the proximal tibia. 48,69 Again, this may have implications for prosthesis design in total knee
arthroplasty.48,69 However, because flexibility in coverage and position of the tibial component is generally greater on the prepared surface of the tibial plateau in total knee
arthroplasty, the implications of this variability have not been well researched at this time.
The median portion of the tibia between the plateaus is occupied by an eminence: the spine of the tibia. Anteriorly a depression is seen—the anterior intercondylar
fossa—to which, from anterior to posterior, the anterior horn of the medial meniscus, the ACL, and the anterior horn of the lateral meniscus are attached. Behind this region
are two elevations: the medial and lateral tubercles. They are divided by a gutter-like depression: the intertubercular sulcus. On an anteroposterior radiograph, the medial
tubercle usually projects more superiorly than the lateral tubercle; on a lateral radiograph, the medial tubercle is located anterior to the lateral tubercle (Fig. 1-12). The
tubercles do not function as attachment sites for the cruciate ligaments or menisci but may act as side-to-side stabilizers by projecting toward the inner sides of the femoral
condyles. In concert with the menisci, the tibial spine enhances the impression of cupping seen in intact specimens. In the posterior intercondylar fossa, behind the
tubercles, the lateral and then the medial menisci are attached anteriorly to posteriorly. Most posteriorly, the PCL inserts on the margin of the tibia between the condyles. On
the anterior aspect of the tibia, the tuberosity is the most prominent feature and is the attachment site of the patellar tendon. Approximately 2 to 3 cm lateral to the tibial
tubercles is Gerdy’s tubercle, which is the insertion site of the iliotibial band (ITB).
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Figure 1-12

Anteroposterior (A) and lateral (B) radiographs of a normal knee.

Tibiofibular Joint
In an embryo, both the fibula and the tibia are in contact with the femur. However, because the tibia grows at a faster rate than the fibula does, the distance from the
femorotibial articulation to the fibula increases. The portion of the capsule that initially surrounds the knee is retained by the fibula and forms the superior tibiofibular joint.
The articular surface of the head of the fibula is directed superiorly and slightly anteromedially to articulate with the posterolateral portion of the tibial metaphysis. The
styloid process projects superiorly from the posterolateral aspect of the fibula and is the insertion site for the LCL, biceps femoris tendon, fabellofibular ligament, and arcuate
ligament.
The superior tibiofibular joint is lined with synovial membrane and possesses a capsular ligament that is strengthened by anterior and posterior ligaments. In contrast,
the inferior tibiofibular joint is a syndesmosis, and the bones are joined by a strong intraosseous ligament. The intraosseous membrane originates from the intraosseous
border of the fibula, and the fibers run distally and medially to attachto the intraosseous border of the tibia. A large opening that is present superiorly allows passage of the
anterior tibial vessels.
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The anterior aspect of the superior tibiofibular joint and the adjoining portions of the tibia and fibula give rise to the origins of the tibialis anterior, extensor digitorum
longus, and peroneus longus muscles. The posterior aspect of the same region gives rise to a portion of the soleus muscle. The anterior tibial artery, the terminal branch of
the popliteal artery, enters the anterior compartment of the leg through the opening in the intraosseous membrane, two fingerbreadths below the superior tibiofibular joint. A
recurrent branch contributes to anastomosis around the knee. The anterior tibial nerve and a terminal branch of the common peroneal nerve also pierce the anterior
intermuscular septum between the extensor digitorum longus and the fibula and come to lie at the lateral side of the artery. The superficial peroneal nerve arises from the
common peroneal nerve on the lateral side of the neck of the fibula and runs distally and forward in the substance of the peroneus longus muscle.

Hyaline/Articular Cartilage
Articular cartilage is a specialized connective tissue composed of hydrated proteoglycans within a matrix of collagen fibrils. Proteoglycans are complex glycoproteins
consisting of a central protein core to which glycosaminoglycan chains are attached. The structure of hyaline cartilage is not uniform, but rather can be divided into distinct
zones based on the arrangement of the collagen fibrils and the distribution of chondrocytes. The density of chondrocytes is highest close to subchondral bone and
decreases toward the articular surface (Fig. 1-13). Calcification occurs in a distinct basophilic zone at the deepest level of chondrocyte proliferation termed the tidemark.
Beneath this region is a zone of calcified cartilage that anchors the cartilage to the subchondral plate. Cartilage is avascular, and chondrocytes in the superficial zones are
believed to derive nutrition from synovial fluid. Deeper zones probably obtain nutrition from subchondral bone.
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Figure 1-13

A, Diagrammatic representation of the transition from articular cartilage to bone. B, Normal articular (hyaline) cartilage composed of water, collagen, and proteoglycan. The
sparsely cellular, smooth superficial zone becomes increasingly cellular in deeper layers. A distinct basophilic line, the mineralization front, can be seen where cartilage becomes calcified.
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Examination of gross specimens or arthroscopic visualization reveals normal cartilage to consist of a white, smooth, firm material. Articular cartilage damage or
degeneration, termed chondromalacia, can be readily identified (Fig. 1-14). These characteristic changes seen during arthroscopic examination have been classified by
Outerbridge90: Grade 0 is normal, white-appearing cartilage; grade I is swelling or softening of an intact cartilage surface; grade II is represented by fissuring and fibrillation
over a small area (<0.5 inch); grade III includes the same pathologic changes over a larger area (>0.5 inch); and grade IV changes represent erosion to subchondral bone and
are indistinguishable from osteoarthritis. Chondral flap tears caused by delamination of the articular cartilage may also be encountered (Fig. 1-15). These changes in articular
cartilage cannot be directly visualized on conventional radiographs but may be seen on magnetic resonance imaging (MRI) studies. However, even MRI is unreliable for
detecting early stages of chondromalacia, which may appear as foci or areas of diffuse abnormal signal with a normal surface. Grade III or IV chondromalacia is visible as
thinning, irregularity, and fissuring of cartilage (Fig. 1-16).

Figure 1-14

Degenerative or chondromalacic articular cartilage. Irregular thickness, surface fibrillation, longitudinal slits, increased chondrocyte cellularity, and altered matrix staining are

evident.
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Figure 1-15

Arthroscopic views of articular cartilage. Normal white, smooth articular cartilage (Outerbridge grade 0) in the medial (A), lateral (B), and patellofemoral compartments (C
and D). Softening of the articular surface of the lateral tibial plateau (E) and the patellofemoral articulation (F) with indentation at the probe tip (Outerbridge grade I) is noted. G, A small
fissure and fibrillation of the medial femoral condyle (Outerbridge grade II). Extensive fibrillation of the articular cartilage involving the tibial plateau (H) and the patella (I) (Outerbridge grade
III). Erosion of articular cartilage to subchondral bone involving the medial femoral condyle (J) and patella (K) (Outerbridge grade IV). Arthroscopic view of a chondral flap tear (L); the
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probe tip is deep to a flap of delaminated articular cartilage on the medial femoral condyle.

Figure 1-16

A, Axial magnetic resonance image (M RI) showing normal articular cartilage (a) on the patellar facets. The cartilage has a uniform signal thickness and appearance. B, Axial
M RI revealing fissuring and fibrillation of articular cartilage on the medial facet of the patella (arrow). C, Axial M RI with advanced chondromalacia of the patella. The signal irregularity
extends to subchondral bone, and a deep fissure is identified (arrow). D, Coronal M RI demonstrating complete loss of the articular cartilage of the medial compartment (short arrows). For
comparison, the gray band of articular cartilage on the lateral tibial plateau is also identified (long arrow).

Damage to the articular cartilage and joint surface may result indirectly from pathologic changes in subchondral bone. Both osteonecrosis and osteochondritis
dissecans (OCD) may lead to destruction of the articular surface. In the knee, OCD tends to occur on the intercondylar aspect of the medial femoral condyle in young people.
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These lesions may separate from the surface and form a loose body. The base of these lesions, if débrided, will reveal vascular subchondral bone (Fig. 1-17). Classic
radiographic findings include a lucent osseous defect that may have a fragmented or corticated osseous density within the lucency (Fig. 1-18). On MRI studies, increased
signal about the defect on T2-weighted images represents joint fluid surrounding the lesion; irregularity of the articular surface may also be noted (Fig. 1-19). Osteonecrosis
results in a similar osteochondral fragment but tends to occur in elderly patients on the weight-bearing aspect of the medial femoral condyle (Fig. 1-20). In distinction to the
lesions in OCD, fragments in osteonecrosis separate from a bed of avascular bone (Fig. 1-21). Again, radiographs may reveal a lucent defect at the involved site, but MRI is
more reliable for evaluation of these defects (Fig. 1-22). A curvilinear area of low signal with variable bone edema is characteristic. Although the articular cartilage is initially
normal, both processes may lead to detachment of osteochondral loose bodies, fragmentation, and collapse of the articular surface with resultant degenerative changes.

Figure 1-17

Arthroscopic view of osteochondritis of the femoral condyle. A, Osteochondral fragment of the articular surface of the femoral condyle. B, Punctate bleeding from the base of
vascular subchondral bone with the osteochondral fragment mobilized.
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Figure 1-18

Radiographs of osteochondritis dissecans. Lateral (A) and tunnel (B) views show an osseous density within a lucent defect on the medial femoral condyle.

Figure 1-19

A, Sagittal magnetic resonance image (M RI) demonstrating a well-demarcated osteochondral lesion (arrow) in the anterior aspect of the lateral femoral condyle. B, Coronal
M RI showing high-signal fluid about a loose osteochondral fragment of the medial femoral condyle.

(Courtesy Martin Broker, MD.)
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Figure 1-20

Arthroscopic views of osteonecrosis of the femoral condyle. A, Disruption of the articular surface by a detached osteochondral fragment. B, A probe elevates the loose
fragment to reveal a base of almost completely avascular, dead subchondral bone.

Figure 1-21

A, Osteonecrosis. A subchondral lucent zone is surrounded by intact articular cartilage and a thin plate of subchondral bone superficially with collapsed necrotic bone and
granulation tissue inferiorly. B, Osteonecrosis (high power). Dead bone is characterized by marrow fat necrosis imparting a foggy, acellular appearance and bone devoid of osteocytes (empty
lacunar spaces) and bone-lining cells.
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Figure 1-22

Osteonecrosis. A, Anteroposterior radiograph of the knee with focal lucency and flattening of the articular surface of the medial femoral condyle (arrow). B, Fat-suppressed
proton density coronal magnetic resonance image with a curvilinear area of low signal in the necrotic bone and surrounding marrow edema.

Menisci
The menisci are two crescentic fibrocartilage structures that serve to deepen the articular surfaces of the tibia for reception of the femoral condyles (Fig. 1-23). The most
abundant components of the menisci include collagen (75%) and noncollagenized proteins (8% to 13%). Glycosaminoglycans and glycoproteins are also key constituents.
Although four main types of collagen are present in the menisci, type I collagen is the predominant component and accounts for about 90% of the total collagen. Histologic
examination reveals a population of fibroblasts and fibrocartilaginous cells dispersed in an organized matrix of eosinophilic collagen fibrils. The collagen bundles are
arranged in a circumferential pattern that is optimal for absorption of compressive loads (Fig. 1-24). Radial fibers found at the surface and in the midsubstance parallel to the
plateau may act to increase structural rigidity and help prevent longitudinal splitting.96 Elastin fibers, which constitute approximately 0.6% of the dry weight of the meniscus,
seem to help in recoil to the original shape after deformation.113 In degenerative menisci, metaplasia of the cell population occurs with a trend toward chondroid cell
appearance (Fig. 1-25).
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Figure 1-23

Anatomic dissection of the tibial plateau. The menisci act to increase the conformity of the articular surface of the tibial plateau. The medial meniscus (m) is C shaped,
whereas the lateral meniscus (l) is more circular. Remnants of the anterior cruciate ligament (a) and posterior cruciate ligament (p) are also marked, as is the transverse intermeniscal ligament
(i).

Figure 1-24

Trilaminar cross-sectional area of the meniscus.
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Figure 1-25

Cross-section of the medial meniscus (fibrocartilage) demonstrating the eosinophilic collagen matrix in interwoven bands, within which can be seen the nuclei of fibroblasts,
here more prominent than those seen in tendons and ligaments, with occasional perinuclear spaces, often similar to immature cartilaginous cells (A). With trauma or degeneration, chondroid
metaplasia (B), loss of matrix (C), and cystic changes (D) take place.

Each meniscus covers approximately the peripheral two thirds of the corresponding articular surface of the tibia. The peripheral border of each meniscus is thick,
convex, and attached to the capsule of the joint; the opposite border tapers to a thin, free edge. The proximal surfaces of the menisci are concave and in contact with the
femoral condyles; the distal surfaces are flat and rest on the tibial plateau. On MRI studies, normal menisci are best seen on sagittal views and have low-signal characteristics
with no or little internal signal. The posterior horn of the medial meniscus is larger than the anterior horn, whereas the anterior and posterior horns of the lateral menisci are
typically of similar size (Fig. 1-26). Increased signal within the menisci may be noted and classified on a scale ranging from I to III. Patchy areas of increased signal that do
not touch the inferior and superior borders of the menisci represent grade I changes. Grade II changes typically have a linear configuration, but again they do not touch the
superior and inferior surfaces. These signal changes probably represent the normal aging process in the menisci. Increased signal with a linear appearance that contacts one
of the articular surfaces of the menisci is classified as grade III change and represents a true meniscal tear (Fig. 1-27).78,105 A variety of meniscal tears may be identified on
MRI but are best delineated by arthroscopic examination (Fig. 1-28). Patterns include vertical and horizontal cleavage tears, radial tears, bucket handle tears (detachment of
the body of the menisci at the periphery with intact anterior and posterior horn attachments), and complex degenerative tears (Fig. 1-29). The technique of arthroscopic repair
W eb page converted to PDF w ith the PDFmyURL PDF creation API!

and partial meniscectomy has superseded open meniscectomy; therefore, examination of intact resected specimens is rarely possible (Fig. 1-30).

Figure 1-26

A, Sagittal magnetic resonance image (M RI) of the medial compartment with a normal medial meniscus. The posterior horn (long arrow) is larger than the anterior horn (short
arrow). B, Sagittal M RI of the lateral compartment of the knee. The low-signal anterior and posterior horns of the lateral meniscus (long arrow and short arrow, respectively) have a
uniform appearance and a triangular shape.
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Figure 1-27

Sagittal magnetic resonance images. A, Linear intrameniscal signal (arrow) in the posterior horn that does not contact the meniscal surface (grade II). B, Obliquely oriented
linear signal in the posterior horn of the medial meniscus. The signal abnormality touches the inferior surface and is consistent with a meniscal tear (grade III).

Figure 1-28

A, Three sagittal magnetic resonance imaging (M RI) views (“meniscal windows”) with multiple linear intrameniscal signals that contact the superior (arrow, lower left image)
and inferior meniscal surfaces (arrow, middle left image) representing a complex degenerative tear. B, Sagittal M RI showing a peripheral vertical cleavage tear (arrow) of the posterior horn of
the medial meniscus. C, Coronal M RI demonstrating a displaced bucket handle meniscal tear with the fragment displaced into the notch (arrows). The lateral collateral ligament (L) is also
well visualized.
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Figure 1-29

Arthroscopic views of meniscal tears. A, Vertical cleavage tear with separation of the meniscus from the peripheral attachment. B, Horizontal cleavage meniscal tear. C,
Radial tear in the midbody of the meniscus. D, Detached meniscal bucket handle tear with a fragment displaced into the intercondylar notch. E, Complex degenerative tear of the posterior
body and horn of the medial meniscus. F, Degenerative fraying of the meniscus without a gross tear.

Figure 1-30

Gross anatomic specimen of a torn meniscus.
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Calcification may occur within the fibrocartilage of the menisci and is referred to as chondrocalcinosis. This abnormality has classically been described in association
with calcium pyrophosphate dihydrate deposition disease. However, chondrocalcinosis may be noted incidentally on radiographs or during arthroscopic examination (Fig. 131).

Figure 1-31

A, Anteroposterior radiograph of a knee with calcium pyrophosphate dihydrate deposition disease. B, Gross meniscus and specimen radiograph. C, Arthroscopic view of
chondrocalcinosis of the lateral meniscus.

(From Vigorita AJ: The synovium . In Orthopedic pathology, Philadelphia, 1999, Lippincott William s & Wilkins, 1999.)

The menisci perform several important functions, including (1) load transmission across the joint, (2) enhancement of articular conformity, (3) distribution of synovial
fluid across the articular surface, and (4) prevention of soft tissue impingement during joint motion. The medial meniscus also confers some stability to the joint in the
presence of ACL insufficiency, in that the posterior horn acts as a wedge to help reduce anterior tibial translation. 76 However, the lateral meniscus does not perform a similar
function.75 The rapid progression of degenerative changes, first observed by Fairbank, that occur as a result of complete meniscectomy have been well documented.30
These changes include (1) osteophyte formation on the femoral condyle projecting over the site of meniscectomy, (2) flattening of the femoral condyle, and (3) narrowing of
joint space in the involved compartment.

Medial Meniscus
The medial meniscus is nearly semicircular in form and measures about 3.5 cm in length. It has a triangular cross-section and is asymmetrical, with a considerably wider
posterior than anterior horn. The attachment of the posterior horn, the so-called meniscal root, is firmly attached to the posterior portion of the intercondylar fossa of the
tibia, directly anterior to the PCL insertion (Fig. 1-32). The functional importance of the meniscal root has become better appreciated over the past 5 years. Tears of the
meniscal root destabilize the meniscus and are associated with meniscal extrusion on MRI.74 As a result, it has been theorized that root tears appear to produce the same
functional changes as total medial meniscectomy. 4,46,74,82 This is believed to be a significant risk factor in the development of early osteoarthritic changes.4,74 In
biomechanical studies, evidence to support the MRI findings has been forthcoming, with data showing increased joint contact pressures and altered knee kinematics;
W eb page converted to PDF w ith the PDFmyURL PDF creation API!

indeed, these changes are similar to those seen after total meniscectomy that have been associated with subsequent articular cartilage damage and osteoarthritic
changes.4,82 It is important to note that repair of a root tear appears to improve the function of the meniscus and may reduce the risk of early osteoarthritic changes.4,46,82

Figure 1-32

Superior aspect of the tibial plateau.

The anterior attachment of the meniscus is more variable; usually, it is firmly attached to the anterior intercondylar fossa approximately 7 mm anterior to the anterior
margin of the ACL insertion, in line with the medial tibial tubercle, but this attachment can be flimsy. 56 Also, a fibrous band of variable thickness, the transverse
intermeniscal ligament, connects the anterior horn of the medial meniscus with the lateral meniscus (Fig. 1-33). Peripherally, the medial meniscus is continuously attached to
the capsule of the knee. The midpoint of the medial meniscus is more firmly attached to the femur via a condensation in the capsule known as the deep medial ligament (Fig.
1-34). The tibial attachment of the meniscus, sometimes known as the coronary ligament, attaches to the tibial margin a few millimeters distal to the articular surface, where it
gives rise to a synovial recess. Posteromedially, according to Kaplan, the meniscus receives a portion of the insertion of the semimembranosus via the capsule.61

W eb page converted to PDF w ith the PDFmyURL PDF creation API!

Figure 1-33

A, Axial magnetic resonance image (M RI) with the low-signal transverse intermeniscal ligament (short arrows) connecting the anterior horns of the medial and lateral menisci.
The posterior capsule (curved arrows) and the posterior cruciate ligament (long arrow) are also identified. B, Sagittal M RI through the lateral compartment of the knee shows the interface
between the transverse intermeniscal ligament and the anterior horn of the meniscus. This may be misidentified as a meniscal tear.

Figure 1-34

A, Tibial plateau. The C-shaped medial meniscus has a continuous attachment to the capsule. The deep medial collateral ligament (M CL) (d, retracted in the forceps) is
directly attached to the periphery of the midbody of the medial meniscus (m). Laterally, the popliteus tendon (p, retracted in the forceps) enters the joint via the popliteal hiatus. In this
location, the capsular attachment of the lateral meniscus (l) is interrupted. B, Arthroscopic view of the deep M CL. The fibers of the deep M CL (d), which represent a thickening in the
medial capsule, can be seen at the tip of the probe.

Lateral Meniscus
In contrast to the C-shaped medial meniscus, the lateral meniscus is nearly circular and covers a larger portion of the articular surface (see Fig. 1-32). The anterior horn is
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attached to the intercondylar fossa, directly anterior to the lateral tibial tubercle and adjacent to the ACL. The posterior horn is attached to the intercondylar fossa directly
posterior to the lateral tibial tubercle and adjacent and anterior to the posterior horn of the medial meniscus.56 Somewhat variable fibrous bands, the meniscofemoral
ligaments, connect the posterior horn of the lateral meniscus to the intercondylar wall of the medial femoral condyle. These meniscofemoral ligaments, which embrace the
PCL, are also known by the eponyms Humphry and Wrisberg (Fig. 1-35). The ligament of Humphry passes anterior to the PCL, whereas the ligament of Wrisberg passes
posterior to the PCL (Fig. 1-36). One or the other of these meniscofemoral ligaments has been identified in 71% to 100% of cadaver knees; the ligament of Wrisberg is a more
constant finding, and both ligaments together are found in only a small percentage of specimens.96,111,114 Meniscofemoral ligaments running from the anterior horns of the
medial and lateral menisci to the intercondylar notch anterior to the ACL have also been identified. Wan and Felle 114 reported a 15% incidence of both of these structures in
60 cadaver knees, and one or the other was present in 25% of specimens. In general, the ligaments of Wrisberg and Humphry were much more robust structures than either
of the meniscofemoral ligaments originating from the anterior horns.

Figure 1-35

Posterior aspect of the knee. The ligaments of Humphry and Wrisberg, which attach the posterior horn of the lateral meniscus to the medial femoral condyle, embrace the
posterior cruciate ligament. The popliteal tendon partially inserts into the posterolateral aspect of the lateral meniscus.
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Figure 1-36

M eniscofemoral ligaments. A, The ligament of Humphry (h, retracted in the forceps) arises from the posterior horn of the lateral meniscus (l) and passes anterior to the
posterior cruciate ligament (PCL) (p). B, Posterior view of the knee with the capsule removed laterally, revealing the ligament of Wrisberg (w), which originates from the lateral meniscus (l,
tip of the forceps) and then passes posterior to the PCL (p). C, Close-up view of an anatomic dissection of the posterior aspect of the knee, with the capsule removed from the intercondylar
notch. The ligament of Wrisberg (w) lies posterior to the PCL fibers (p). D, Sagittal magnetic resonance image (M RI) showing the ligament of Wrisberg (w) posterior to the PCL (B). Also
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identified are the anterior cruciate ligament (A) and the physeal scar (P). E, Sagittal M RI with the small oval ligament of Humphry identified anterior to the PCL (arrow).

The peripheral capsular attachment of the medial meniscus is continuous, but the attachment of the lateral meniscus is interrupted by the popliteal hiatus, through
which passes the popliteal tendon (Fig. 1-37). In addition, unlike the anatomy on the medial side, the lateral meniscus does not have a direct attachment to the collateral
ligament. Posterolaterally at the popliteal hiatus, the lateral meniscus is grooved by the popliteal tendon. Some fibers of the tendon insert into the periphery and superior
border of the meniscus at this site.62,63 Because the lateral meniscus is not as extensively attached to the capsule as the medial meniscus is, it is more mobile and may
displace up to 1 cm. The controlled mobility of the lateral meniscus, which is guided by the popliteal tendon and meniscofemoral ligament attachments, may explain why
meniscal injuries occur less frequently on the lateral side.71,72 Although the meniscofemoral ligaments appear to perform an important function, little is known about the
significance of injury to these structures.

Figure 1-37

Popliteal hiatus. A, Anatomic dissection revealing incomplete capsular attachment of the lateral meniscus (m). The popliteal tendon (p, anterior forceps) passes deep to the
lateral collateral ligament (l, posterior forceps) through the hiatus (arrow). B, Arthroscopic view of the popliteal hiatus with the lateral meniscus elevated superiorly. C, Arthroscopic view
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of the popliteal tendon passing between the periphery of the lateral meniscus and the capsule. D, Sagittal magnetic resonance image with the popliteus tendon (arrow) traversing the
popliteal hiatus posterior to the lateral meniscus.

Capsule
The capsule is a fibrous membrane containing areas of thickening that may be referred to as discrete ligaments. The anterior capsule is thin, and directly anteriorly it is
replaced by the patellar ligament. Proximally, the capsule of the knee joint attaches to the femur approximately three to four fingerbreadths above the patella. Distally, it
attaches circumferentially to the tibial margin, except where the popliteal tendon enters the joint through the hiatus. Posteriorly, the capsule consists of vertical fibers that
arise from the condyles and walls of the intercondylar fossa of the femur. In this region, the capsule is augmented by fibers of the oblique popliteal ligament, which is derived
from the semimembranosus tendon. This broad, flat band is attached proximally to the margin of the intercondylar fossa and posterior surface of the femur close to the
articular margins of the condyles. The fascicles are separated by apertures for the passage of vessels and nerves. The oblique popliteal ligament forms part of the floor of the
popliteal fossa, and the popliteal artery rests on it. At the site of the popliteal hiatus, the capsule is displaced inferiorly toward the fibula head, forming the arcuate ligament
between the lateral meniscus and the fibular styloid.

Synovial Cavity
Synovium is normally a smooth, translucent pink tissue. Histologically, a thin layer of synovial cells, or synoviocytes, is found at the surface (Fig. 1-38). The synoviocytes
consist of two cell populations, broadly classified into those that have macrophage-type function and those with a synthetic function. Type 1 cells contain numerous
mitochondria, lysosomes, phagosomes, and surface undulations indicative of their macrophage function. Type 2 cells have rough endoplasmic reticulum and free ribosomes
characteristic of secretory cells. This layer of cells, the intimal layer, lies above a fibrovascular zone, the subintimal layer, which contains arterioles, fat, and a variety of
connective tissue cells, including fibroblasts and histiocytes. The fibrovascular zone gradually becomes more fibrous at capsular insertions. In specific disease processes,
including rheumatoid arthritis, the synovium becomes hypertrophic and inflamed and contributes to intra-articular destruction (Fig. 1-39).

Figure 1-38

A, Arthroscopic view of normal synovium. Normal synovium is a fine pink layer that covers the intra-articular surfaces of the knee. B, Section of essentially normal
synovium demonstrating the synovial intimal layer consisting of synoviocytes, one to two cells thick, beneath which rests the highly vascular subintimal layer, usually sparsely cellular, but
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containing fibroblasts, histiocytes, fat cells, and occasional mast cells.

Figure 1-39

Rheumatoid synovium. In rheumatoid arthritis, the synovium becomes thickened, edematous, fibrinous, and inflamed (A). M arked lymphocytosis is seen (B, low power),
along with germinal center formation (C) and plasma cell proliferation (D). The inflamed synovium or pannus (E) causes chondrolysis and invades the cartilage and bone. F, Arthroscopic
view of inflamed synovium with hypertrophic, red villi.
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Chapter 5
Knee Imaging Techniques and Normal Anatomy

Samuel D. Madoff, Jarett S. Burak, Kevin R. Math, Daniel M. Walz

Radiography

Applications
Radiographs are the workhorse of knee imaging. Nearly any symptom or sign may be initially evaluated with an x-ray. Radiographs provide useful information across the
entire spectrum of knee pathology, including congenital deformities, arthritis, trauma, oncology, sports injuries, metabolic disease, and arthroplasty evaluation.36
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Technique
A brief orientation to x-ray technology enhances an understanding of knee imaging. An x-ray tube converts electricity into a beam of high-energy photons. The x-ray beam is
aimed through the knee. A cassette containing x-ray film is positioned opposite the x-ray beam on the other side of the patient. Photons that pass through the patient strike
the film, exposing it. Tissue density is the primary determinant of whether a photon successfully reaches the film. A dense tissue such as bone absorbs or deflects most
photons. So, few photons reach the film. Areas of unexposed film appear white, representing dense tissue. Less dense materials, such as the lung or fat, do not obstruct as
many passing photons. Here the exposed film appears darker. Simplistically, a radiograph is a shadow formed by high-energy light outlining the patient’s anatomy.
Traditionally, an exposed film was developed and hung for interpretation. Over the past 20 years, new cassette designs have replaced film with an imaging plate,
creating computed radiography (CR). After exposure, the imaging plate is run through a CR reader and the captured image is digitized. The imaging plate is subsequently
reset and can be reused thousands of times. Digital radiography (DR) represents the next evolution of filmless image capture. DR dispenses with the cassette entirely and
utilizes a flat panel detector. The detail and overall image quality of DR are superior to CR.
A remaining niche for true film radiography is the standing, frontal, long-standing view radiograph of the lower extremity. This may be requested for precise knee
anatomic and mechanical axis measurements.
After an image has been acquired by a CR or DR reader, it is transmitted to the picture archiving and communication system (PACS) for interpretation. The advantages
of PACS are manifold, including image manipulation (windowing, zooming, etc.), transmission (electronic), and storage (online, easily accessible). The time-honored file room
has given way to a well-ventilated closet housing several hard-working computers.

Radiographic Views
Standard radiographic examination of the knee consists of three views: anteroposterior (AP), lateral, and axial (sunrise or Merchant). Tunnel, posteroanterior flexion weightbearing (Rosenberg view) and oblique views may be performed for particular indications. In the setting of knee instability and ligamentous injury, stress radiographs may be
performed. If a bilateral examination has been requested, each knee should be imaged separately.

Anteroposterior Radiograph
The AP view is obtained with the knee extended, the cassette behind the knee, and the central x-ray beam perpendicular to the cassette. A standing (weight-bearing) AP
radiograph more accurately assesses the joint space than one obtained with the patient supine.1,2,31,38 For this reason, as well as to allow the estimation of valgus or varus
angulation, weight-bearing images are preferable whenever possible (Fig. 5-1). Normal structures evaluated on every AP radiograph of the knee are the patella, the medial and
lateral femoral condyles, the medial and lateral joint compartments, the tibial spines, the medial and lateral tibial plateaus, and the fibula. The AP view also provides a gross
assessment of femoral tibial alignment (Fig. 5-2A). The lateral compartment is normally slightly wider than the medial.
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Figure 5-1

Anteroposterior supine versus weight-bearing views. Severe medial joint space narrowing is more apparent on the weight-bearing view (A) compared with the supine view (B).
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Figure 5-2

A, Normal anteroposterior view of the right knee. Femoral-tibial alignment is in 6 degrees of valgus angulation. The lateral compartment is normally slightly wider than the
medial compartment. B, Lateral view of the knee. Blumensaat’s line (open arrow) represents the roof of the intercondylar notch. The physeal scar is indicated by the solid arrows. The
patella is commonly located between these two lines, with the lower pole approximately at the level of Blumensaat’s line. The Insall-Salvati ratio is a more accurate method of assessing
patellar height: the length of the patellar tendon (dotted line) divided by the greatest diagonal length of the patella (solid line) should be approximately 1 (0.8 to 1.2).

Lateral Radiograph
The lateral view is obtained with the knee flexed 30 degrees and the patient lying on the affected limb. The cassette is positioned under the lateral side of the knee, and the xray beam is directed perpendicular to the cassette. This view depicts the quadriceps tendon, the patella, the patellar tendons, the suprapatellar bursa, the distal femur, the
proximal tibia, and the proximal fibula (Fig. 5-2B).
The medial femoral condyle is slightly larger than the lateral condyle. The lateral femoral condyle can be identified by the presence of the lateral femoral sulcus at the
anterior aspect of its weight-bearing portion.34 Blumensaat’s line represents the roof of the intercondylar notch. The closed physeal scar is also evident on the lateral view,
and the patella should fall between it and Blumensaat’s line.
The tibial plateaus slope downward as they progress posteriorly, a fact that can aid in fracture identification. The plateaus may be differentiated by several clues. The
higher of the two tibial spines belongs to the medial plateau. At its posterior extent, the medial tibial plateau projects most dorsally and is squared. In contrast, the posterior
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aspect of the lateral tibial plateau slopes smoothly downward with a rounded contour.
The quadriceps and patellar tendons are well evaluated on a lateral view. The distal quadriceps tendon attaches to the superior pole of the patella. The patellar tendon
extends from the inferior pole of the patella to the tibial tubercle. Both structures are well demarcated by a posterior fat plane. They should be straight and of uniform
thickness.
In the setting of a joint effusion and suspected occult intra-articular fracture, a cross-table lateral view is useful for evaluating for lipohemarthrosis. The view is obtained
with the patient supine and the knee slightly elevated. The cassette is placed adjacent to the medial knee. This positioning, in contrast to the standard lateral view, is better
tolerated by a traumatized patient. The presence of a fat fluid level indicates an intra-articular fracture (most commonly, the tibial plateau) and prompts further evaluation with
computed tomography (CT) or magnetic resonance imaging (MRI) (Fig. 5-3A, B, and C).

Figure 5-3

Knee joint effusion. A, Lateral radiograph demonstrates an oval soft tissue density representing a joint effusion within the suprapatellar pouch posterior to the quadriceps
tendon. B, Cross-table lateral view shows a fat-fluid level (arrows) indicative of an intra-articular fracture with lipohemarthrosis.
C, A sagittal T1-weighted magnetic resonance image obtained with the patient supine demonstrates high signal fat (asterisk) floating on top of intra-articular hemorrhage. An acute
supracondylar fracture is also noted (arrows).

(From Torg JS, Pavlov H, Morris VB: Salter-Harris type III fracture of the m edial fem oral condyle occurring in the adolescent athlete. J Bone Joint Surg Am 63:586, 1981.)
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The suprapatellar bursa is the proximal extension of the joint space. It may be identified on the standard lateral view as a slender, 1 to 2 mm, vertically oriented structure
contained within the lucent area of fat formed by the anterior margin of the distal femur and the posterior margin of the quadriceps tendon.
Superoinferior positioning of the patella may be evaluated using the Insall-Salvati ratio. This is the ratio of the greatest length of the patella divided by the length of the
patellar tendon. This ratio averages 1.17 and normally falls between 0.8 and 1.2 (see Fig. 5-2B). A long patellar tendon generates a ratio greater than 1.3, indicating a high
patella (patella alta). Conversely, a short tendon accompanies a low patella and a ratio less than 0.8, termed patella baja.

Axial View
The axial view of choice is the Merchant view. 15,35,37 The patient is placed in the supine position on the radiography table; the knees are flexed 45 degrees (using a fixed or
adjustable platform), and the cassette is placed on the proximal part of the shins. Both knees are exposed simultaneously, with the x-ray beam directed toward the feet,
inclined 30 degrees from the horizontal (Fig. 5-4A). This view provides an excellent assessment of patellofemoral alignment and is ideal for assessing the osseous
patellofemoral articular surfaces (Fig. 5-4B). In contrast, a skyline (or sunrise) view is obtained with the patient prone and the knee in maximum flexion. This view
demonstrates the posterior surface of the patella and the anterior surface of the femur, but the imaged femoral surface is not at the patellofemoral joint. Furthermore, accurate
assessment of patellofemoral alignment is limited when the knee is flexed excessively.7,15 Some patients have difficulty tolerating this position.
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Figure 5-4

M erchant view. A, Technique. B, Normal M erchant view. Patellofemoral alignment is normal bilaterally, and the osseous structures and articular cortices are normal.

Supplemental Views
The tunnel view is a frontal view obtained with the knee flexed 60 degrees. It can be obtained AP with the patient in the supine position, or posteroanterior (PA) with the
patient prone or kneeling on the cassette. The x-ray beam is directed perpendicular to the tibia. This view demonstrates the posterior aspect of the intercondylar notch, the
inner posterior aspects of the medial and lateral femoral condyles, and the tibial spines and plateaus (Fig. 5-5A). It is ideal for evaluating patients with suspected
osteochondritis dissecans (OCD), which tends to occur more posteriorly in the intercondylar notch (Fig. 5-5B, C, and D).
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Figure 5-5

Tunnel view. A, Normal tunnel view demonstrates the posterior aspect of the femoral condyles, the tibial spines, the articular surfaces of the tibial plateau, and the
intercondylar notch. B, Tunnel view from a different patient, demonstrating an ovoid area of lucency at the inner margin of the medial femoral condyle (arrow) suspicious for osteochondritis
dessicans. C, Coronal and (D) sagittal proton density M RI confirms the large osteochondral defect (arrow) with a completely displaced osteochondral fragment located in the suprapatellar
joint recess (arrow).

(Case provided courtesy of the MRI Departm ent, Hospital for Special Surgery, New York, New York.)

The flexed, PA weight-bearing (Rosenberg) view is a modified tunnel view. It is obtained with the patient standing and the knee flexed 45 degrees. The patellae should
touch the film cassette. The x-ray beam is centered at the level of the inferior pole of the patella and is directed 10 degrees caudad. It captures the joint space at the posterior
aspect of the femorotibial joint. This view is valuable for evaluating arthritis. It detects joint space narrowing due to cartilage loss that often goes unappreciated or
underestimated on a conventional AP weight-bearing view (Fig. 5-6A and B).8,9,25,47,49 Comparisons of intraoperative and radiographic findings demonstrate that the flexed
PA weight-bearing view has greater accuracy, sensitivity, and specificity than the conventional extension weight-bearing radiograph.49
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Figure 5-6

The flexed weight-bearing posteroanterior (PA) view. A, Routine standing anteroposterior (AP) film demonstrates moderate bilateral medial compartment joint space
narrowing with proliferative changes (arrows). B, PA flexion view demonstrates the findings to be more severe with marked narrowing of bilateral medial joint compartments, complete loss
of the joint space, and bone-on-bone apposition (arrows).

Oblique radiographs complement a routine examination. Occult fractures and tibiofibular arthritis may be more easily detected with oblique views than with routine AP
radiographs. Bilateral oblique views are obtained at 45 degrees of internal and external rotation, with the patient supine, the affected knee extended, and the cassette behind
the knee. The x-ray beam should be directed 5 degrees cephalad. Views should demonstrate the patella, the femoral condyles, the tibial plateaus, and the fibula. In external
rotation, the tibia and fibula are superimposed on each other. With internal rotation, there is less superimposition between the tibia and fibula (Fig. 5-7A and B).
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Figure 5-7

Internal (A) and external (B) rotational views of the knee in different patients. In external rotation, the tibia and fibula are superimposed on each other; with internal rotation,
there should be less superimposition. A suprapatellar joint effusion is seen on the internally rotated view.

Various stress views have been described for evaluation of instability and include valgus and varus stress radiographs for evaluation of the collateral ligaments, and
anterior drawer stress radiographs for evaluation of the anterior cruciate ligament. These require use of a mechanical stress device or lead gloves worn by the x-ray
technologist and manually stress the knee joint. In current clinical practice, these views are seldom ordered, as MRI is considered the gold standard for evaluation of internal
derangement, and because stress views often need to be performed with local anesthesia for pain control.

Special Considerations and Anatomic Variants
Two sesamoid bones commonly identified on knee radiographs are the fabella and the cyamella. The fabella is located within the lateral head of the gastrocnemius. It overlies
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the lateral femoral condyle on the frontal view and sits posterior to the distal femur on the lateral view. The cyamella lives within the popliteus tendon. On a frontal
radiograph, it may be found at the insertion of the popliteus in the notch of the lateral femoral condyle (Fig. 5-8A, B, and C).

Figure 5-8

Fabella and cyamella. The fabella is a circular osseous density, a sesamoid, in the lateral head of the gastrocnemius muscle. A, On the anteroposterior (AP) view, it is
superimposed on the lateral femoral condyle. B, On the lateral view, the fabella is posterior to the femoral condyles. C, A cyamella is a sesamoid bone in the popliteus tendon. On the AP
view, the cyamella is seen within the notch at the lateral aspect of the lateral femoral condyle.

Normal variants also occur in the patella, which can have two or more osseous centers, referred to as a bipartite or multipartite patella (Fig. 5-9A and B). A bipartite
patella is the more common variant, seen in 1% of the population. It is bilateral 50% of the time.35 The smaller pieces of the patella are located superolaterally and should fit
neatly together like pieces of a jigsaw puzzle. The width of a bipartite patella is usually greater than that of the contralateral patella when assessed on a tangential axial view.
MRI depicts intact cartilage overlying a bipartite patella, whereas a fracture displays disrupted osteochondral integrity. These features help dismiss the suspicion of a
fracture.35 Rarely (<2% of the time), a bipartite patella can be symptomatic. MRI of the knee may demonstrate bone marrow edema on one or both sides of the
synchondrosis.
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Figure 5-9

Bipartite patella. Oblique (A) and tangential axial (B) views of the patella demonstrate a crescentic radiolucency traversing the superolateral aspect of the patella. This lucency
forms the interface between the two osseous centers of the bipartite patella. The superolateral location is typical of this entity.

A dorsal defect of the patella is another anatomic variant, usually detected incidentally. It appears as a lucent area of the superolateral patella ( Fig. 5-10).18,26
Pathologically, the lesion is composed of fibrous tissue and spicules of bone. This uncommon entity is seen in children and typically fills in with normal or sclerotic bone in
adulthood.
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Figure 5-10

Dorsal defect of the patella. Axial computed tomography image demonstrates a large lucent dorsal defect involving the majority of the lateral facet of the patella. The patient
had a smaller, similar lesion in the contralateral patella. This finding is bilateral in approximately one third of individuals.

Patellofemoral Alignment
Merchant views can evaluate patellofemoral malalignment, which can be quantified with the sulcus and congruence angles. The sulcus angle is formed by drawing lines
outward from the deepest portion of the trochlear sulcus to the tops of the femoral condyles. The angle normally measures 138 degrees (±6 degrees).20 A shallow sulcus
greater than 144 degrees is associated with recurrent patellar dislocation.
The congruence angle provides an index of subluxation. To measure it, the sulcus angle is bisected to create a reference line. An additional line is then drawn from the
deepest portion of the trochlear sulcus to the patellar apex. The angle formed between this line and the reference line is the congruence angle. If the patellar apex falls lateral
to the reference line, then the value of the congruence angle is positive. If the apex falls medial to the reference line, then the value of the congruence angle is negative. The
normal congruence angle is six degrees (±11 degrees) (Fig. 5-11).20,37
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Figure 5-11

M erchant view; measurement of the sulcus and congruence angles. The sulcus angle (BAC) is bisected by the reference line. A second line (AD) is then drawn from the
sulcus to the patellar ridge. If the patellar apex is lateral to the reference line, the value of the angle is positive; if it is medial, the value of the angle is negative.

Patellar tilt is another measure of patellofemoral alignment. It is measured by the angle formed between a horizontal line and a line drawn between the medial and lateral
corners of the patella. In the study performed by Grelsamer and colleagues, the mean tilt angle of a group of patients with signs and symptoms suggesting patellofemoral
malalignment was 12 degrees (±6 degrees); in a similar group of control subjects, it was 2 degrees (±2 degrees). Tilting of 5 degrees was taken to be the limit of normal. It is
noteworthy that in the Grelsamer study, the knee was held in 30 degrees of flexion, rather than 45 degrees of flexion in the normal Merchant view.21 Other imaging techniques
(CT scans performed at various degrees of flexion) are sometimes necessary to detect patients with subtle or transient lateral patellar subluxation (Fig. 5-12A and B).
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Figure 5-12

Computed tomography (CT) assessment of patellar tracking. Axial CT images obtained at 30 degrees (A) and 45 degrees (B) of flexion demonstrate transient bilateral lateral
patellar subluxation. The patellar subluxation present at 30 degrees reduces at 45 degrees of flexion, thus explaining the normal M erchant view in this symptomatic patient.

Short- versus Long-standing Views
Short-standing frontal views (weight-bearing AP or Rosenberg) are typically sufficient for measuring the anatomic axis of the knee joint. The normal anatomic axis is 6 to 7
degrees of valgus angulation. If the exact quantitative measurement of the mechanical axis is required, then a long-standing frontal view of the lower extremity may be
performed. The mechanical axis (weight-bearing axis) of the lower extremity is defined by a line drawn from the center of the femoral head to the center of the tibial plafond. In
the normal setting, this line should pass through the inner aspect of the medial compartment of the knee joint. If genu valgus is excessive, then the mechanical axis will shift
laterally. A medially shifted mechanical axis indicates genu varus. Knowledge of the mechanical axis and how it relates to the anatomic axis is important in evaluating patients
who are about to undergo or have undergone total knee arthroplasty and/or revision arthroplasty. It is also helpful in evaluating patients with posttraumatic deformities,
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malalignment, or limb length discrepancies.
Obtaining long-standing radiographs requires a long cassette. If a long cassette is not available, a CT scanogram can be obtained. CT scanning to obtain the mechanical
axis is not advocated by the authors because it is not weight bearing, does not provide functional information, and may fail to take account of ligamentous laxity. Also, CT
scanograms entail higher radiation dosage exposure compared with conventional radiographs (Fig. 5-13).

Figure 5-13

Long-standing views of bilateral lower extremities. M echanical axis (long black lines), anatomic axis (shorter white lines). On the left, the anatomic axis is normal (6 degrees of
valgus), and the mechanical axis (the line drawn from the center of the femoral head to the center of the tibial plafond) passes through the inner aspect of the medial compartment of the
femorotibial joint. On the right, genu valgus angulation is excessive, and the mechanical axis is shifted laterally. Ruler included for limb length validation.
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Arthrography
Radiographic arthrography entails intra-articular injection of x-ray dye, typically an iodine-based product. Arthrography has many uses, including confirming placement
before joint aspiration. Commonly, once radiographs confirm dye placement within the joint space, a CT or MRI is performed to better evaluate meniscal or articular cartilage
pathology and or component loosening (Fig. 5-14).

Figure 5-14

Normal knee arthrogram in a patient with a total knee arthroplasty. Anteroposterior (AP) (A) and lateral views (B) of the knee after intra-articular injection of radiopaque
contrast material. Needle noted on the AP view.

Safety
Radiography necessitates exposing the patient to ionizing radiation. The associated risk is low, particularly in the extremities. Special consideration should be given to
children and young adults to minimize their exposure.
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Computed Tomography

Applications
Computed tomography (CT) provides detailed information about osseous structures and generally functions as a problem-solving modality once the limits of radiography
have been reached. Specialized knee applications include evaluation of complex trauma such as tibial plateau fractures, fracture healing, and joint loose bodies. CT is utilized
with increasing frequency for preoperative joint replacement planning, arthroplasty complications, and revision arthroplasty preparation.10,29,33,46 Extensor mechanism and
patellofemoral joint evaluation in the setting of knee pain has also been reported.22,27,28,32
CT arthrography may be requested to evaluate menisci and/or articular cartilage when a patient is unable to undergo an MRI. This situation is commonly encountered in
patients with claustrophobia or MRI-contraindicated metallic devices such as pacemakers.41,58

Technique
CT scanning is a radical extension of radiography. A radiograph is obtained in a single projection, but a tomogram is the fusion of multiple projections to form an image. The
notion is similar to looking at an object, say a car, only from the front versus walking around the car to appreciate it from multiple perspectives. The computed element of CT
involves having a computer generate an image as the x-ray beam strikes multiple detectors from multiple locations.
Similar to radiographs, CT scanners measure a single parameter, tissue density. Hounsfield units (HU) are the standard for measuring density. Water is zero HU. Less
dense materials such as fat (−120 HU) and air (−1000) appear darker. Denser materials such as muscle (40 HU) and bone (400 HU) appear brighter. Thus, a CT image can be
thought of as a density map plotted along a gray scale. Contrast is provided by the different densities of adjacent tissues.
CT technology has evolved quickly over the past several decades. Early on, a scanner moved stepwise through the anatomy of interest, acquiring a single slice at a
time. Studies required several minutes to complete. Nowadays, scanners move helically, acquiring multiple slices in fractions of a second. Entire examinations are routinely
finished in a few seconds.
Additionally, modern technology allows the acquisition of isotropic voxels. Voxels are the three-dimensional analogues of pixels. They are the building blocks of an
image. Each voxel represents a discrete density (HU) at a discrete location. A voxel is isotropic if it is equal in each of its three dimensions (i.e., cubic). This permits
multiplanar reformatting. So, data acquired in a standard axial fashion with isotropic voxels can be reworked into sagittal and coronal planes, or any other plane desired. One
pass of the scanner allows you to look at the knee from any perspective you want!
Practically, the knee is imaged axially with thin sections (1.25 or 0.625 mm). The coronal reformats are prescribed via a line connecting the posterior aspects of the
femoral condyles. The sagittal plane is generated along a line perpendicular to the coronal plane (Fig. 5-15A, B, and C).
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Figure 5-15

Normal axial (A), coronal (B), and sagittal (C) computed tomography (CT) images of the knee. A line drawn along the posterior aspect of the femoral condyles (A) on axial
images demonstrates the correct plane selection for coronal reconstruction.

Slice thickness is user dependent. Thicker slices, say 2.5 or 5 mm, reduce the number of overall images, making the dataset more manageable. It is easier and more
efficient to scroll through 50 images rather than 200. In contrast, thin slices may provide finer detail that is effectively averaged out on thicker reformats. A balance is usually
sought in slice thickness to provide a digestible number of images with adequate diagnostic information. Datasets are malleable, and additional reformats may be requested
as necessary.
Several techniques are available for reducing metal-related artifact. First off, patient positioning is important. When possible, the goal is to position the patient so the
beam penetrates the smallest cross-sectional area of metal. The high density of metal is challenging for a CT scanner because it prohibits the passage of photons. This may
be partially overcome by increasing the peak kilovoltage (kVp) and milliampere seconds (mAs). kVp is the maximum voltage applied across an x-ray tube. A higher voltage
results in higher energy photons, which possess greater penetrating power. mAs is the quantity of photons produced by the x-ray tube. Raising the mAs means that more
photons are available to penetrate the metal and contribute to the image. The pitch may be decreased, typically to less than one, to increase the overlap of slices (think of a
tight spiral). This effectively increases the number of image-generating photons. The tradeoff in increasing each of these parameters is increased radiation exposure to the
patient. During postprocessing, choosing thicker sections reduces image noise, combating metal-related artifact. Also, because bone algorithms worsen artifact, utilizing a
standard reconstruction filter is preferable (Fig. 5-16).
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Figure 5-16

Coronal reconstructed computed tomography (CT) image of the knee using metal artifact reduction techniques clearly demonstrates large areas of osteolysis (black arrows)
surrounding both the femoral and tibial components of a total knee arthroplasty, including a region immediately subjacent to the tibial plate (white arrow).

Image Interpretation
A knee CT scan is read in any of three standard imaging planes: axial, sagittal, or coronal. An advantage of a PACS environment is that images can be instantaneously
adjusted to focus on a specific range of densities to best show the tissue(s) of interest. A center density is identified, termed the level. The second setting, the window, is
the range of densities around the level. For example, to evaluate fine bony detail, a level of 500 HU and a window of 2000 HU might be elected. In contrast, to assess soft
tissue structures such as the menisci or cruciate ligaments, a level of 40 HU and a window of 400 may be chosen. These different bone and soft tissue settings are often
programmed into the PACS and can be quickly selected at the touch of a button (Fig. 5-17A, B, and C).

Figure 5-17

Bone and soft tissue windows. Axial computed tomography (CT) image of the knee at the level of the patellofemoral joint, using a bone reconstruction filter (A) is useful for
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demonstrating fine osseous detail. An image obtained at the same level using a soft tissue window (B) can evaluate soft tissue structures such as patellar cartilage (arrow). Sagittal image of
the knee using a soft tissue window (C) demonstrates ligamentous structures such as the posterior cruciate ligament (PCL) (arrow).
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Abstract
Fibrillation of articular surface and depletion of proteoglycans are the structural
changes related to early osteoarthrosis. These changes make cartilage softer
and prone to further degeneration. The aim of the present study was to combine
mechanical and acoustic measurements towards quantitative arthroscopic
evaluation of cartilage quality. The performance of the novel ultrasound
indentation instrument was tested with elastomers and bovine articular cartilage
in vitro. The instrument was capable of measuring elastomer thickness (r =
1.000, p < 0.01, n = 8) and dynamic modulus (r = 0.994, p < 0.01, n = 13)
reliably. Osteochondral plugs were tested before and after enzymatic
degradation of cartilage proteoglycans by trypsin or chondroitinase ABC, and
of cartilage collagens by collagenase. Trypsin and collagenase induced a mean
decrease of −31.2 ± 12.3% (±SD, p < 0.05) and −22.9 ± 20.8% ( p = 0.08)
in dynamic modulus, respectively. Rate of cartilage deformation, i.e. creep
rate, increased by +117.8 ± 71.4% ( p < 0.05) and +24.7 ± 35.1% ( p =
0.17) in trypsin and chondroitinase ABC treatments, respectively. Collagenase
induced a greater decrease in the ultrasound reflection from the cartilage
surface (−54.2 ± 29.6%, p < 0.05) than trypsin (−17.1 ± 13.5%, p = 0.08).
In conclusion, combined quantitation of tissue modulus, viscoelasticity and
ultrasound reflection from the cartilage surface provides a sensitive method
to distinguish between normal and degenerated cartilage, and even to discern
proteoglycan loss and collagen degradation from each other.
Keywords:
Articular cartilage, biomechanics, degeneration, diagnostics,
indentation, ultrasound
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Radionuclide (Isotope) Scan
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Investigations

This type of scan also involves the use of radiation. In this case, a radioactive isotope is injected into your blood. The isotope
which is attached to a component of bone tissue which is taken up by active bony tissue is then incorporated into the
bone. You then sit in front of a camera at various times following the injection to detect where areas of increased activity are
occurring. Radionuclide scanning is a very sensitive but nonspecific imaging modality. It will pick up areas of increased
turnover, but does not necessarily tell you the cause of the increased turnover. The most common cause of bone turnover is
degenerative disease (osteoarthritis). As osteoarthritis starts to develop, the affected bones increase their activity for various
reasons. Into these areas of increased activity the radioisotope marker will be taken up and these will be shown up as ‘hot
spots’.
Radionuclide scanning is commonly used to detect the spread of tumours in the body. It is a modality that will allow imaging
of the whole skeleton at no extra increased radiation dose. It is also used for detecting degenerative disease. In the case of a
person with what appears to be single compartment arthritis within the knee joint, who may be a candidate for a single
compartment minimally invasive joint replacement, a bone scan be used to confirm the diagnosis. If the isotope scan shows
that the activity is truly limited to one compartment, this lends further support to the patient’s potential suitability for a
partial joint replacement, as opposed to a joint replacement, with the added advantages of the former.
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There are variations of bone scans such as three-phase bone scanning which allows differentiation of increase uptake due to
increased blood flow, increased activity in soft tissues or increased activity in bone. With a three-phase bone scan, a first
picture is taken within a few seconds of injecting the dye over the particular area of interest such as the knee joint. A second
image is taken half an hour or so later. This will highlight the soft tissue. Final delayed images are then taken three to four
hours after the injection to highlight the bone. Sometimes further delayed images can be taken 24 hours later for more
information.
Another variation on bone scanning is a white cell labelled scan. In this case, a sample of the patient’s blood is withdrawn
and the white cells are labelled with a radioisotope. The blood is then injected back into the patient and the scanning
protocols are followed. In this case, any areas of increased uptake will be due to concentration of white cells in the body. This
is commonly used to diagnosis bone infections, especially around total joint replacements. This type of scan has now moved
on and is now done using monoclonal antibodies to the white cells so that a sample of the patient’s blood does not have to be
taken and the radioisotope is attached to an antibody to the white cells, and therefore when injected into the body, the
antibody and the white cells will join together and so the white cells will be marked in this manner.

Uses of Radionuclide (Isotope) Imaging
Radionuclide imaging is based on differences in uptake of radionuclides containing radioisotopes when normal and
abnormal tissue because of physiological and biological differences, rather than anatomical differences, as with radiographs
and MRI and CT scans. The radioisotope emits gamma energy until it decays to a stable state. Gamma rays are detected by
gamma camera using a sodium iodide crystal. When the crystal absorbs gamma ray or x-ray, it scintillates, i.e. it emits light.
The light is converted to an electrical impulse by a photomultiplier tube and is amplified. This sequence of events allows
creation of an image based on intensity and distribution of radioactivity in the body. Routine images of a gamma camera are
two-dimensional (plainer). Tomographic images can be obtained by rotating the gamma camera in an elliptical or circular arc
around the image body part. This is known as single photon emission computed tomography (SPECT). Computerised
reconstruction of the data allows tomographic images to be obtained in axial, coronal and sagittal planes. SPECT scanning
does require additional scanning time and is not routinely used.
In isotope scanning Technetium 99M is combined with diphosphonate complexes which carry the Technetium to the bone.
The only absolute contraindication to radionuclide scanning is pregnancy. Technetium 99M has a relatively short physical
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Muscles and Tendons
Anatomy & Function

Flexors
Seven muscles flex the knee:
– semi-tendinosis
– semi-membranosis
– biceps femoris
– sartorius
– gracilis
– popliteus
– gastrocnemius
The semi-tendinosis, semi-membranosis and biceps femoris muscles are collectively known as the hamstrings and all
W ith PDFmyURL anyone can convert entire websites to PDF!
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originate from the ischial tuberosity of the pelvis. All the knee flexors except for the short head of biceps femoris and the
popliteus are two joint muscles (ie crossing the hip and knee joint). Four of the flexors (popliteus, gracilis, semi-membranosis
and semi-tendinosis) medially (or internally) rotate the tibia on the fixed femur, whereas the biceps femoris is a lateral rotator
of the tibia. The semi-tendinosis, semi-membranous and biceps femoris muscles (hamstrings) flex the knee and extend the
thigh. Because the muscles used reproduce a combined maximal excursion at one joint (eg extension of the thigh) they will
limit movement at the other joint to less than maximal. Therefore they work most effectively at the knee joint if they are
lengthened over a flexed hip.
Except for the plantaris muscle, the gastrocnemius is the only muscle at the knee that crosses both the ankle and knee joint.
The gastrocnemius makes a relatively small contribution to knee flexion but is effective in preventing knee joint
hyperextension thus the gastrocnemius appears to be more a dynamic stabiliser and less a mobility muscle at the knee joint.
The tendon of the gracilis muscle in addition to the sartorius and semi-tendinosis insert into the medial tibia to form part of
the pes anserinus (goose’s foot). These muscles collectively insert anterior and proximal to the insertion of the superficial
medial collateral ligament (SMCL). The gracilis flexes the knee joint and produces slight medial rotation of the tibia. The
three muscles of the pes anserinus appear to function effectively as a group to stabilise the medial aspect of the knee joint.
The popliteus muscle is a one joint knee flexor (in addition to the short head of biceps femoris). The popliteus flexes the knee
and rotates it medially serving as a medial rotator of the tibia and the femur. The popliteus muscle may play a role in
initiating unlocking of the knee because it reverses the direction of automatic external rotation that occurs in the final stages
of knee extension (screw home mechanism).

Movement
The knee joint is a modified hinge joint (ginglymus). The active movements of the knee joint are described as flexion,
extension, medial rotation and lateral rotation.
The flexion and extension at this joint differ from those of a true hinge as the axis about which the movement occurs is not
fixed, but translates upwards and forwards during extension and backwards and downwards during flexion. The knee joint
possesses limited inherent stability from the bony architecture. The lack of conformity between bony surfaces allow 6° of
W ith PDFmyURL anyone can convert entire websites to PDF!

freedom of motion about the knee including translation in 3 planes (medio-lateral, antero-posterior, proximo-distal) and
rotation in 3 planes (flexion/extension, internal/external, varus/valgus).
With the foot fixed on the ground the last 30° of extension is associated with medial rotation of the femur. Compared with the
medial femoral condyle, the articular surface of the smaller lateral femoral condyle is a rounder and flattens more rapidly
anteriorly. Consequently, it approaches a more fully congruent relationship with its opposed tibial meniscal surface, some 30°
before full extension has been obtained. To achieve full extension, the lagging medial compartment must medially rotate
about a fixed vertical axis while moving backwards in an arc.
There is progressive increase in passive mechanism that resists further extension. In full extension parts of both cruciate
ligaments, the collateral ligaments the posterior capsular and oblique posterior ligament complex and the skin and fascia are
all taught. There is also passive or active tension in the hamstrings, gastrocnemius muscles and the ITB. In addition the
anterior parts of the menisci compress between the femoral condyles and the tibia.
At the beginning of flexion, the knee “unlocks” with an external rotation of the femur on the tibia. This is partly related to the
opposite interplay of the meniscal articular and ligamentous structures involved but is also brought about by the contraction
of the popliteus muscles. It pulls downwards and posterior on its attachment to the lateral condyle of the femur helping the
greater roll back in this compartment which occurs with flexion. Via its meniscal attachment the popliteus pulls on the
posterior horn of the lateral meniscus. In this way, while rolling back, the posterior motion of the menisci occurs in both
compartments, the greater motions laterally can be facilitated. The menisci which are squeezed between the joint surface in
extension are moved posteriorly with the femur in flexion, the lateral more so than the medial. With terminal extension
achieved and the knee locked by the femur rotating internally on the tibia, this is called the screw home mechanism.
Flexion is checked by the quadriceps mechanism, the anterior parts of the capsule and the PCL and by the compression of
the soft tissue structures in the popliteal fossa.
As mentioned previously the movements of the knee are flexion, extension and rotation. Flexion is performed by the
hamstrings and biceps femoris and to a lesser extent the gastrocnemius and popliteus.
Flexion is limited by the soft tissues at the back of the knee.
Extension is performed by the quadriceps and because of the shape of the articulation and ligament attachments, the femur
rotates medially on the tibia in terminal extension, the screw home mechanism that locks the joint. This movement is purely
passive as are other rotatory movements occurring during flexion/extension and is due to articular geometry and static
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ABSTRACT

A non-invasive bone condition data acquisition System per
forms Sensitive and reliable clinical data acquisition, local
ization and classification of bone disease, particularly
osteoporosis. The bone condition data acquisition system
measures a correlation between a wideband AE Signature
and a Spatially localized bone microarchitecture, which is
used to determine fracture risk. The bone condition data
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Application of an intelligent Signal processing to acoustic
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Mar. 1989, Acoustic Society of America.
Ultrasound as a Tool for Investigating Bone: Fundamental
Principles and Perspectives for Use in Osteoporosis, by
J.G. Bloch, 1993, Expansion Scientifique Francaise.
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acquisition System includes processors and memory for
analyzing AE Signals from bone tissue to generate
information-bearing attributes, for extracting a set of times
of-arrival and a feature vector from the attributes, for

utilizing the Set of times-of-arrival to derive the locations of
the AE events, and for responding to the feature vector to
classify the bone using a neural network and a nearest
neighbor rule processor.
38 Claims, 4 Drawing Sheets

US 6,213,958 B1
4
properties of Osteoporotic and Osteopetrotic bone. Bone
tissue is a dispersive, anisotropic medium. Acoustic propa
gation in bone undergoes both geometric and Viscoelastic
dispersion, with attenuation increasing almost linearly over
the frequency range 1-15 kHz. Osteoporosis is characterized
by increased porosity or decreased density, while Osteo
petrosis forms calcified cartilage in bone.

3
points, maintaining the relative times-of-arrival. The Source
of radiation for a given defect will be weighted by the
characteristics of the incurred propagation paths and the
measuring instrumentation. A complete description of the
Source distribution therefore requires a reasonably accurate,
functional model of the Structure architecture and calibration
of the instrumentation.

Over the past twenty years, research teams have utilized
Scaler AE data acquisition and monitoring for a broad range
of applications, including both non-biological and biological
media. It is now well established that AEM may be effec
tively employed to: assess Soil Stability of dams, dikes,
retaining walls, and lagoon embankments, and detect and
monitor leaks from underground gasoline Storage tanks and
buried pipelines.
Acoustic emissions are also produced in materials, Such
as metal and plastic when they are Subjected to StreSS Such
that they undergo deformation, fracture, or both. AE occurs
after "yield”, the end of the material's elastic state and the
beginning of its plastic State. A Strong correlation has been

Previous studies of ultrasound have focused on the use of

broadband ultrasound attenuation (BUA) for the determina

tion of bone strength. BUA has been found to correlate
significantly with BMD as measured by single X-ray absorp
tiometry; yet there was Sufficient variability in the measure
ments to Suggest that BUA provides at least Some informa

tion about bone in addition to BMD. BUA of the os calcis
15

SUMMARY

shown to exist between StreSS Versus Strain and StreSS verSuS
AE

Energy Release Processors (ERP) have been developed

for locating flaws and discontinuities in complex piping
Systems and long runs of buried piping, with the ERP System
providing an early warning of Significant defect growth.
AEM has also revealed the presence of Significant cracks in
welds of Stainless Steel Steam lines in a thermal power plant.
AE patterns have also been Successfully measured for fiber
reinforced composites, and composite rocket motor cases.
AEM has also been found effective in detecting and pin
pointing medium to high pressure leaks in gas distribution

25

Systems.

AEM technology has been investigated by Several
researchers in the 1970s as a diagnostic tool for Osteoporo

35

Sis. It has been shown that the acoustic emission rate from

cattle femurS Subjected to bending loads is greater for low
density Specimens as compared to femurs with normal
density. These emissions were detected well before the
actual bone failure. Recent Studies have examined the acous

40

tic emissions from cancellous bone under compression,
which also demonstrated that the post-yield acoustic emis
Sion rates are significantly higher in both osteoporotic and
Osteoarthritic bone specimens as compared to normal bone
Specimens. Results of Such studies show a relationship
between AE counts versus the applied load and between AE
rates versus the applied load.
To date, the major shortcomings of AEM experiments

45

performed on bone tissue are that: (1) they were essentially
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narrowband measurements not matched to the informational

bandwidth of the AE source distribution; (2) the

information-bearing attributes of the emitted Signals and the
Structural differences between them were not investigated;

and (3) the transient signals normally-occurring in human

55

tissue and in a clinical environment were not evaluated and

processed for proper data normalization and Signal-to-noise
enhancement. The Sensitive and reliable data acquisition of
incipient bone defects should preserve the Spatial and tem
poral characteristic features in a measurable database that

60

define normal conditions and the features associated with

degradation. These characteristic features are referred to as
the information-bearing attributes of the AE Signature, and
are intimately related to the physics and quality of bone
tissue.

Other Studies have related ultraSonic wave propagation
measurements to the Structure and anisotropic mechanical

has been shown to be a better discriminator of hip fracture
than DEXA of the lumbar spine or hip. These preliminary
observations Suggest that ultrasound may provide additional
information regarding bone microarchitecture and bone
Strength.
A non-invasive bone condition data acquisition System is
disclosed for Sensitive and reliable clinical data acquisition,
localization and classification of bone disease, particularly
Osteoporosis. The bone condition data acquisition System
measures a correlation between a wideband AE Signature
and a Spatially localized bone microarchitecture, which is
used to determine bone quality and fracture risk.
The bone condition data acquisition System treats the
biological AE signature as a true wideband process, as it
naturally occurs during the physical generation process. The
bone condition data acquisition System provides the Spatial
precision required to isolate the AE events in the region-of

interest (R-O-I) and permits the fine detail parameters of the
AE Signatures to be measured and tracked. The bone con
dition data acquisition System includes processors and
memory for analyzing AE signals from Stressed bone tissue
to generate information-bearing attributes, for extracting a
set of times-of-arrival and a feature vector from the

attributes, for utilizing the set of times-of-arrival to derive
the locations of the AE events, and for classifying bone
quality by using the feature vector to drive a neural network
and a nearest neighbor rule processor.
The System applies highly advanced processing methods
that characterize and are Sensitive to structural changes in
bone architecture, as well as to the macro-mechanical prop
erties of the bone. A lower data acquisition threshold is
established to classify AE Signals from bone, and the cor
relation of the AE Signals with bone strength is ascertained.
The information-bearing attributes of AE Signals are based
on a realistic model of the bone-Soft-tissue-skin complex
and Signal identification analysis methods.
The System is used for in Vivo testing and calibration
using normal human Volunteers. The System is applicable in
the data acquisition, localization and classification of
Osteoporosis by determining the Set of AE profiles in patients
with demonstrated decreased bone Strength as evidenced by
history of Osteoporotic fracture. The AE profile is used as a
better predictor of decreased bone strength than is BMD
testing by DEXA.
BRIEF DESCRIPTION OF THE DRAWINGS
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The features of the disclosed bone condition data acqui
Sition System and method will become more readily apparent
and may be better understood by referring to the following
detailed description of illustrative embodiments of the
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Abstract—Ultrasound indentation measurements have been shown to provide means to assess cartilage integrity
and mechanical properties. To determine cartilage stiffness in the ultrasound indentation geometry, cartilage is
compressed with an ultrasound transducer to determine the induced strain from the ultrasound signal using
the time-of-flight principle. As the ultrasound speed in cartilage has been shown to vary during compression,
the assumption of constant speed generates significant errors in the values of mechanical parameters. This variation in ultrasound speed has been investigated in intact cartilage, however, its existence and significance in degenerated tissue is unknown. In the present study, we investigate this issue with both intact and spontaneously
degenerated human tissue. To accomplish this aim, we determined ultrasound speed and attenuation in human
patellar cartilage (n 5 68) during mechanical loading. For reference, cartilage mechanical properties and proteoglycan, collagen and water contents were determined. The acoustic properties were related to the composition and
mechanical properties of the samples. Ultrasound speed showed significant, site-dependent variation and it was
significantly associated (r 5 0.79–0.81, p , 0.01) with the mechanical properties of cartilage. The compression
related decrease in ultrasound speed showed statistically significant variation between different stages of degeneration. Error simulations revealed that changes in ultrasound speed during 2% compression could generate errors
up to 15% in the values of elastic moduli of samples with early degeneration, if determined with the ultrasound
indentation technique. In samples with advanced degeneration, the error was significantly (p , 0.05) smaller being
2% on average. As the compression related variation in ultrasound speed was lower in more degenerated samples,
the mechanical parameters could be diagnosed more reliably in tissue showing advanced degeneration. The
present results address the need to consider possible uncertainties in mechano-acoustic measurements of articular
cartilage and call for methods to correct the effect of variable sound speed during compression. (E-mail: panu.
kiviranta@uku.fi) Ó 2009 World Federation for Ultrasound in Medicine & Biology.
Key Words: Cartilage, Osteoarthritis, Ultrasound, Elastography, Degeneration, Speed of sound.

The diagnosis of early degenerative changes in articular
cartilage is challenging as conventional methods such as
X-ray imaging only reveal typical changes associated
with advanced OA (Altman and Gold 2007). Without
intervention, the OA process often proceeds into the
advanced stage, for which no curative treatment exists
(Altman et al. 2000; Conaghan et al. 2008; Zhang et al.
2007, 2008). It has been suggested that the earliest OA
changes are reversible (Palmoski and Brandt 1981).
Thereby, this stage would be optimal for targeting new
methods to stop or reverse the OA process (Goldring
2006). To efficiently target the use of preventative treatments, which are being developed against progressive
OA (Goldring 2006; Malemud et al. 2003), it is crucial

INTRODUCTION AND LITERATURE
Osteoarthritis (OA) is the most common degenerative
joint disease, affecting the majority of elderly people
(Elders 2000; Yelin and Callahan 1995). The earliest
changes in OA cartilage have been reported to include
loss of superficial proteoglycans (PGs) and structural
alterations in superficial collagen network and they are
manifested as softening and fibrillation of the cartilage
surface, respectively (Buckwalter and Mankin 1997).

Address correspondence to: Panu Kiviranta, M.D., Department of
Physics, University of Kuopio, P.O. Box 1627, FI-70211 Kuopio,
Finland. E-mail: panu.kiviranta@uku.fi
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to diagnose degenerative changes of articular cartilage at
an early stage.
Several magnetic resonance imaging (MRI),
computed tomography (CT) and arthroscopic methods
are under development for sensitive in vivo diagnostics
of cartilage degeneration and early OA (Appleyard et al.
2001; Burstein and Gray 2003; Cherin et al. 1998; Dashefsky 1987; Hattori et al. 2004; Herrmann et al. 1999; Kallioniemi et al. 2007; Kiviranta et al. 2007; Laasanen et al.
2002; Legare et al. 2002; Lyyra et al. 1995; Niederauer
et al. 1998; Palmer et al. 2006; Pellaumail et al. 2002).
Arthroscopic indentation measurements have been used
to determine the dynamic stiffness of cartilage in vivo
(Dashefsky 1987; Lyyra et al. 1999). However, the results
obtained with this method include uncertainties, as the
effect of unknown tissue thickness on stiffness values
cannot be fully eliminated (Hayes et al. 1972).
The mechano-acoustic indentation method, i.e., ultrasound indentation, is based on characterizing the mechanical properties of cartilage by compressing cartilage with
a cylindrical, plane-ended miniature ultrasound transducer
(Laasanen et al. 2002; Suh et al. 2001; Zheng and Mak
1996). By utilizing the ultrasound signal reflected from
the cartilage-bone interface, it is possible to determine the
original cartilage thickness and the applied strain with the
time-of-flight principle during short-term indentations.
Using this information together with known applied stress,
the elastic modulus of tissue can be determined (Laasanen
et al. 2003; Saarakkala et al. 2004). Furthermore, ultrasound echo information can be utilized to characterize the
roughness and integrity of cartilage surface (Kaleva et al.
2008; Laasanen et al. 2005; Saarakkala et al. 2004; Töyräs
et al. 1999). Quantitative ultrasound measurements of cartilage properties have been shown to provide sensitive and
specific measures to detect the early deterioration of cartilage (Brown et al. 2007; Hattori et al. 2005; Kiviranta
et al. 2008; Laasanen et al. 2002; Pellaumail et al. 2002).
Recently, ultrasound speed in cartilage was demonstrated to exhibit significant site-dependent variation
(Töyräs et al. 2003). Furthermore, ultrasound speed and
attenuation were also related to the degenerative state of
cartilage (Nieminen et al. 2004; Töyräs et al. 2003). This
has been suggested to mainly reflect changes in the composition of articular cartilage, although structure may also play
a role. Importantly, it has been shown that ultrasound speed
in cartilage varies during mechanical loading (Ling et al.
2007; Nieminen et al. 2006, 2007; Zheng et al. 2004,
2005) and that the magnitude of variation depends on the
applied strain and strain rate (Ling et al. 2007; Lötjönen
et al. 2008; Nieminen et al. 2007). The reported reduction
in ultrasound speed during compression has been explained
by the alterations in the arrangement of the collagen
network during compression (Goss and O’Brien 1979;
Lees et al. 1983; Nieminen et al. 2006, 2007).
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Constant ultrasound speed values are usually applied
to calculate cartilage thickness and deformation in ultrasound indentation (Laasanen et al. 2002; Zheng et al.
2002). Therefore, alterations of ultrasound speed, both
between different samples as well as during compression,
induce errors to the strain values and, therefore, also to the
calculated values of mechanical moduli (Lötjönen et al.
2008; Zheng et al. 2005). Due to the use of constant ultrasound speed, the errors arising from the site- and degeneration-dependent variation have been estimated to be less
than 10%. On the other hand, the effect of speed change
during compression has been estimated to yield errors of
up to 30% (Nieminen et al. 2007). However, the magnitude of this error is dependent on the applied strain and
strain rate (Lötjönen et al. 2008; Nieminen et al. 2007).
The existence of compression induced variation of
ultrasound speed in degenerated human cartilage has not
been investigated; it has been reported for intact animal
and human cartilage (Ling et al. 2007; Nieminen et al.
2006, 2007). The information on ultrasound behavior
during mechanical compression for degenerated tissue
would be valuable as ultrasound indentation methods
have been introduced particularly for diagnostics of cartilage degeneration.
In the present study, compression-related variation of
ultrasound speed in both intact and spontaneously degenerated human patellar cartilage is investigated. In addition,
the site-dependent variation in ultrasound speed and attenuation within human patellar cartilage are analyzed.
Further, we evaluate how these parameters are affected
by the degenerative processes of cartilage. Based on the
experimental information, we simulate the effect of topographic and compression-related variation in ultrasound
speed on the accuracy of determination of cartilage elastic
modulus by means of ultrasound indentation.
MATERIALS AND METHODS
Sample preparation
Fourteen patellae from the right knees of human
cadavers (12 males, 2 females, age 55 6 18 years) were
collected with the permission from the National Agency
for Medicolegal Affairs in Finland. The patellae were
detached at autopsy within 48 hours post mortem and
frozen. For this study, the patellae were thawed overnight
at 4  C immersed in phosphate buffered saline (PBS) with
inhibitors of proteolytic enzymes (5 mM ethylenediaminetetraacetic acid (EDTA) and 5 mM benzamide HCl). The
samples were immersed in the same buffer solution
throughout the study to prevent dehydration and proteolytic breakdown of the samples. As mechanical and
acoustic properties of the cartilage are closely related, the
purpose of the inhibitors of proteolytic enzymes was to
maintain both mechanical and acoustic properties of the
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Biomechanical Considerations
in the Orthotic Management of the Knee
by Victor H. Frankel, M.D., Ph.D.*
The challenges facing the contemporary orthotist are
akin to the interminable task of Sisyphus, the Greek
mythic figure who was condemned to pushing a huge
rock up an endless hill. Unlike Sisyphus, however, the
orthotist has made and continues to make significant
strides in the rational design and fabrication of prostheses
and orthotic devices. Over the past decade major con
tributions to solving the anatomical and functional prob
lems associated with joint replacement prostheses and
orthoses have directly resulted from the growing interac
tion between orthopaedic surgery and biomechanics. The
result of this increased interaction has been improved
diagnosis and treatment of musculoskeletal disorders
with prostheses and orthotic devices. The knee is cer
tainly one of the joints that has greatly benefited from
these biomechanical developments.
Biomechanics enables the scientist to accurately de
scribe and quantify surface joint motion of the knee and to
analyze the complex forces imposed on the knee. Bio
mechanics also brings the motion of and the forces acting
on the knee into sharp focus by analyzing the mechanical
properties of the static and dynamic structures sur
rounding the knee: muscles, bones, ligaments, cartilage,
and tendons. The biomechanical analysis of motion and
force in the knee joint can be widely and successfully
applied in orthotic management of the knee.
The human knee is the largest and perhaps the most
complex joint in the body. It is a two-joint structure com
posed of the tibiofemoral joint and the patellofemoral
joint. Both joints sustain high forces and, located between
the body's two longest lever arms, are particularly sus
ceptible to injury. The knee transmits loads, participates
in motion, aids in conservation of momentum, and pro
vides a force couple for activities involving the leg.
Although motion in the knee occurs simultaneously in
three planes, the motion in one plane is so great that it
accounts for most knee motion. Similarly, muscle forces

on the knee are produced by several muscles, but a single
muscle group (according to the activity) produces a force
so large that it accounts for most of the muscle force acting
on the knee. Thus, biomechanical analysis can be basi
cally limited to motion in one plane and to the force
produced by a single muscle group, and yet can still give
an understanding of knee motion and an estimation of the
magnitude of the main forces acting on the knee.
To analyze motion in any joint, one must use kinematics,
the branch of mechanics that deals with motion of a body
without reference to force or mass. To analyze the forces
imposed on a joint one must use both kinematic and
kinetic data. Kinetics is the branch of mechanics which
analyzes the motion of a body under the influence of given
forces.

Kinematics
Kinematic data define the range of motion and describe
the surface joint motion in three planes: frontal (coronal or
longitudinal), sagittal, and transverse (horizontal).
The range of motion can be measured in any joint and in
any plane. Gross measurements can be made by goniometry, but more specific measurements must be made with
more precise methods such as electrogoniometry, roent
genography, or photographic techniques using skeletal
pins. 5 ,
The range of knee joint motion needed for performing
various physical activities can be determined from kine
matic analysis. A full range of knee motion is needed for
performing the more vigorous activities of daily life in a
normal manner. Moreover, any restriction of knee motion
will be compensated for by increased motion in other
joints.
The values obtained in several studies indicate that full
extension and at least 117 degrees of flexion are necessary
6 , 7

for carrying out the activities of daily life in a normal
manner (Table 1 ) . ,
2 , 5

Table I
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Surface Joint Motion
Surface joint motion, the motion between the ar
ticulating surfaces of a joint, can also be described for any
joint in the sagittal and frontal planes, but not the trans
verse plane. The method used is called the instant center
technique. This technique allows a description of the
relative uniplanar motion of two adjacent segments of a
body and the direction of displacement of the contact
points between these segments. The instant center for
motion of a planar joint can be obtained by the method of
Reuleaux (1876).
Clinically, a pathway of the instant center for a joint can
be plotted by taking successive roentgenograms of the
joint in different positions (usually ten degrees apart)
throughout the range of motion in one plane, and apply
ing the Reuleaux method for locating the instant center for
each interval of motion. After the instant center pathway
has been determined, the surface joint motion can be
described. In a normal knee, the instant center pathway
for the tibiofemoral joint is semicircular.
Especially pertinent to orthotic management is data
concerning knees with internal derangements. If the knee
is extended and flexed about a displaced instant center,
the tibiofemoral joint surfaces do not slide tangentially
throughout the range of motion, but become either dis
tracted or compressed. Such a knee is analogous to trying
to close a door with a bent hinge. If the knee is continually
forced to move about a displaced instant center, it will
gradually adjust to this situation by either stretching the
ligaments and supporting structures of the joint or by
exerting abnormally high pressure on the articular sur
faces.
Such internal derangements of the tibiofemoral joint
may interfere with the so-called screw-home mechanism,
which is a combined motion of knee extension and exter
nal rotation of the tibia. The tibiofemoral joint is not a
simple hinge joint, but has a spiral, or helicoid, motion.
The spiral motion of the tibia about the femur during
flexion and extension results from the anatomical config

Range of Tibiofemoral Joint Motion
in the Sagittal Plane
During Common Activities
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uration of the medial femoral condyle; in a normal knee
this condyle is approximately 1.7cm longer than the lateral
femoral condyle. As the tibia slides on the femur from the
fully flexed to the fully extended position, it descends and
then ascends the curves of the medial femoral condyle and
simultaneously rotates externally. This motion is reversed
as the tibia moves back into the fully flexed position. The
screw-home mechanism gives more stability to the knee
in any position than would be possible if the tibiofemoral
joint were a simple hinge joint.
The Helfet test, a simple clinical test, is used to deter
mine if external rotation of the tibia occurs during knee
extension, thus showing whether the screw-home mech
anism is intact.
In a deranged knee it may happen that no external
rotation of the tibia occurs during extension. Because of
the altered surface motion, the tibiofemoral joint will be
abnormally compressed if the knee is forced into exten
sion, and the joint surfaces may be damaged.
3

Kinetics
Kinetic data, based on static and dynamic analysis, are
used to analyze the forces acting on a joint. The medical
scientist can use kinetic analysis to determine the size of
the forces imposed on the knee by muscles, body weight,
connective tissues, or external loads in either static or
dynamic situations. In particular regard to orthotic man
agement, however, situations and movements which
produce excessively high forces can be identified.
In static analysis, the three main coplanar forces acting
on a body in equilibrium are identified as: (1) the ground
reaction force (equal to body weight), (2) the tensile force
exerted by the quadriceps muscle through the patellar
tendon, and (3) the joint reaction force acting on the tibial
plateau. Since most of our activities are dynamic, how
ever, an analysis of the forces acting on the knee during
motion—dynamic analysis—must be applied to given
situations. In addition to the three coplanar forces of static
analysis, the medical scientist must also take into account
the acceleration of the body part (the amount of torque
needed to accelerate a body, for which anthropometric
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Chapter 4

Skeletal Biomechanics: Measurements and
Analysis

Accurate description of movement is essential for understanding underlying biomechanics. Fundemental to the description of movement is the measurement of the
movement. Measurement is the quantitative description of the human motion. Kinematics and Kinetics are two such quantitative description of the movements.
Analysis is the process of understanding the measured data of the movement.
Analysis allows us to:
•
•

•

•

characterize, or gain understaing of the human movement
evaluate, to determine the performance of a human movement in comparison to
another movement
predict, by understanding relationship between various factors controlling the
human movement so the values we observe for some movements can be used to
predict others, and
improve, by identifying roadblocks, root causes, inefﬁciencies, and other opportunities for improvement, for example sports performance or rehabilation.

4.1 Kinematics
Kinematics is a branch of mechanics that accurately describes the geometry of the
human motion without taking into account the forces that produce the motion. Kinematics of human movement mainly includes the following variables:
1.
2.
3.
4.

Time
Linear and Angular Displacements
Linear and Angular Velocity
Linear and Angular Acceleration

The complete kinematics of any body segment requires 15 data variables, all of
which are changing with time:
1. Position (x,y,z) of segment center of mass
61
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either passive abduction or passive adduction. Beyond 30 degrees of ﬂexion, motion
in this plane decreases, again because of the restricting function of the soft tissues.
The range of joint motion needed for performing various physical activities can
be determined from kinetic analysis. A full range of knee motion is needed for performing the more vigorous activities of daily life in a normal manner. Any restriction
of knee motion will be compensated for by increased motion in other joints.

Fig. 4.1 Range of motion of the tibiofemoral joint in the sagittal plane during level walking one
gait cycle. Shaded area indicates variation among 60 subjects (age range – 20 years to 65 years).

The range of motion of the tibiofemoral joint in the sagittal plane during level
walking was measured with an electrogoniometer by Murray et al. (1964) as shown
in Figure ?? . During the entire gait cycle the knee was never fully extended. Nearly
full
extension
(5 degrees
wasstance
noted phase
both at
thebefore
beginning
of Maximum
the stance
phase
at heel strike,
and atof
theﬂexion)
end of the
just
toe off.
ﬂexion (75 degrees) was observed during the middle of swing phase.
The range of motion of the tibiofemoral joint in the transverse plane during walking was measured by several investigators. Using a photographic technique with
skeletal pins through the femur and tibia, Levens et al. (1948) found that the total rotation of the tibia with respect to the femur ranged from 4.1 degrees to 13.3
degrees in 12 subjects, with a mean of 8.6 degrees. A slightly higher amount of
rotation was found by Kettelkamp et al. (1970), who used an electrogoniometer to
measure rotation in 22 subjects. In both studies external rotation occurred during
knee extension in the stance phase and reached a peak value at the end of the swing

4.4 KineticsofTibiofemoralJoints

75

Fig. 4.8 Heliet test A. In a normal knee ﬂexed 90 degrees the tibial tuberosity lines up with the
medial half of the patella. B. When the knee is fully extended the tibial tuberosity lines up with the
lateral half of the patella

4. The torque acting about the joint is calculated.
5. The magnitude of the main muscle force accelerating the body part is calculated.
6. The magnitude of the joint reaction force at a particular instant in time is calculated using static analysis.
In the ﬁrst step, the structures of the body involved in producing forces on the
joint are identiﬁed. These are the moving body part and the main muscle in that body
part that are involved in the production of the motion. In joints of the extremities acceleration of the body part involves a change in angle. To determine the angular
acceleration of the body part, the entire movement of the body part is recorded photographically. Recording can be done with a stroboscopic light and movie camera, a
television scanning system, or other methods. From the ﬁlms the maximal angular
acceleration for a particular motion is calculated (Frankel and Burstein, 1970). Next,
the mass moments of inertia for the moving body part are determined. Anthropometric data on the body part can be used for this determination. Since calculating
these data is complicated procedure, however, tables are commonly used (Drills et
al., 1964). The torque about the joint can bow be calculated using Newtons second
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Fig. 4.10 On the free body diagram of the lower limb the lines of application for forces W and
P are extended until they intersects (intersection point). The line of application for force J is then
determined by connecting its point of application (tibiofemoral contact point) with the intersection
point for forces W and P

center of the joint (lever arm). Thus,
T

=

Fd

,

where F is the force expressed in newtons d is the perpendicular distance expressed
in meters. Since T is known and d can be measured on the body part from the line
of application of the force to the instant center of the joint, the equation can be
solved for F. When F has been calculated, the remaining problem can be solved like
a static problem using the simpliﬁed free body technique to determine the minimum
magnitude of the joint reaction force acting on the joint at a certain instant in time.
Static analysis can bow be performed to determine the minimum magnitude of
the joint reaction force on the tibiofemoral joint. The main forces on this joint are
identiﬁed as the patellar tendon force (P), the gravitational force of the lower leg (T),
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Fig. 4.11The three main coplanar forces acting on the lower limb are designated on the free body
diagram. Force W is ground reaction force, force P is the patellar tendon force, and force J is the
joint reaction force.

and the joint reaction force (J). The patellar tendon force (P) and the gravitational
force of the lower leg (T) are known vectors. The joint reaction force (J) has an
unknown magnitude, sense, and line of application. The free body technique for
three coplanar forces is used to solve for J, which is found to be only slightly lower
than the patellar tendon force.
As is evident from the calculations, the two main factors that inﬂuence the magnitude of the forces on a joint in dynamic situations are the acceleration of the body
part and its mass moment of inertia. An increase in angular acceleration of the body
part will produce a proportional increase in the torque about the joint. Although
in the body the mass moment of inertia is anatomically set, it can be manipulated
eternally.
For example,
it is of
increased
whenmuscles
a weightofboot
is applied
to the afoot
during rehabilitative
exercises
the extensor
the knee.
Normally
joint
reaction force of approximately 50 .....artefactual lack
Dynamic analysis has been used to investigate the peak magnitudes of the joint
reaction force, muscle forces, and ligament forces on the tibiofemoral joint during
walking. Morrison (1970) calculated the magnitude of the joint reaction force transmitted through the tibial plateau in men and women subjects during level walking.
He simultaneously recorded muscle activity with electromyography to determine
which muscles produced the peak magnitudes of this force on the tibial plateau during various stages of the gait cycle.
Just after heel strike the joint reaction force ranged from two to three times body
weight and was associated with contraction of the hamstring muscles, which have
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Fig. 4.12 A triangle of force is constructed. First vec tor W is drawn. Next force P is drawn from
the head of vector W. Then, to close the triangle, force J is drawn from the srcin of vector W. The
point at which forces P and J intersects deﬁnes the length of these vectors. Now that the length of
all three vectors is known, the magnitudes of force P and J can be scaled from force W, which is
equal to body weight. Force P is 3.2 times body weight, and force J is 4.1 times body weight.

a decelerating and stabilizing effect on the knee. During knee ﬂexion in the beginning of the stance phase the joint reaction force was approximately two times body
weight and was associated with contraction of the quadriceps muscle, which acts
to prevent buckling of the knee. The peak joint reaction force occurred during the
late stance phase just before toe off. This force ranged from two to four times body
weight, varying among the individuals tested, and was associated with contraction
of the gastrocnemius muscle. In the late swing phase contraction of the hamstring
muscle resulted in a joint reaction force approximately equal to body weight. No signiﬁcant difference was found between the joint reaction force magnitudes for men
andDuring
womenthe
when
values
werereaction
normalized
dividing
by body
gait the
cycle
the joint
forceby
shifted
fromthem
the lateral
to weight.
the medial
tibial plateau. In the stance phase, when the peak force occurred, it was sustained
mainly by the medial plateau; in the swing phase, when the force was minimal, it
was primarily sustained by the lateral plateau. The contact area of the medial tibial
plateau is approximately 50
In a normal knee, joint reaction forces are sustained by the menisci as well as by
the joint cartilage. The function of the menisci was investigated by Seedhom et al.
(1974), who examined the distribution of stresses in knees of human autopsy subjects with and without menisci. Their results suggest that in load-bearing situations
the magnitude of the stresses on the tibiofemoral joint when the menisci have been
removed may be a much as three times higher than when these structures are intact.

This Figure has been reproduced in the PhD thesis of Zolog
Cristina without mentioning this owner's permission
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Fig. 4.13Joint reaction force in terms of body weight transmitted through the tibial plateau during
walking, one gait cycle (12 subjects). The muscle force producing the peak magnitudes of this
force are also designated. (Adopted from Morrison 1970)

In a normal knee stresses are distributed over a wide area of the tibial plateau.
If the menisci are removed, the stresses are no longer distributed over such a wide
area, but are limited to a contact area in the center of the plateau. Thus, not only does
removal of the menisci increase the magnitude of the stresses on the cartilage at the
center of the tibial plateau, but it also diminishes the size and changes the location of
the contact area. Over the longterm the high stresses placed on this smaller contact
area may be harmful to the exposed cartilage, which is usually soft and ﬁbrillated in
the area.
The forces sustained by the ligaments in the tibiofemoral joint are lower than
those acting on the tibial plateau and are mainly tensile. Morrison (1970) calculated
the force on the knee ligaments during walking. The posterior cruciate ligament
sustained the highest forces, about one-half body weight; peak force occurred just
after heel strike and in the later part of the stance phase.

4.5 Functions of Patell a
The patella provides two important biomechanical functions in the knee: it aids
knee extension by lengthening the lever arm of the quadriceps muscle throughout
the entire range of motion, and it allows a better distribution of compressive stresses
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Nondestructive and Noninvasive Observation of Friction and Wear
of Human Joints and of Fracture Initiation by Acoustic Emission
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Quality control in the orthopedical diagnostics according to DIN EN ISO 9000ff requires methods of
nondestructive process control, which do not harm the patient neither by radiation nor by invasive
examinations. To gain an improvement of health economy quality controlled and nondestructive
measurements have to be introduced in the diagnostics and therapy of human joints and bones. A noninvasive evaluation of the state of wear of human joints and of the cracking tendency of bones is, as of today`s
point of knowledge, not established.
The analysis of acoustic emission signals allows the prediction of bone rupture far below the fracture load.
The evaluation of dry and wet bone samples revealed that it is possible to conclude from crack initiation to the
bone strength and thus to predict the probability of bone rupture.

Keywords: Acoustic emission analysis; noninvasive analysis; bone cracking; joint wear; bone strength

Introduction

The publication gives information about a new method of nondestructive and non-invasive
observation of friction and wear of human joints by acoustic emission. The signs of wear in
human joints are frequently detected in a progressive state by common procedures like X-ray
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investigations /1/. Possibly gross geometric changes can be recognised by x-rays. Endoscopic
methods show lesions of all sizes and location. The effect of wear can not or only rarely be
evaluated /2/. The acoustic emission of the frictional behaviour, however, allows an
evaluation of the state of cartilage degeneration. The method indicates acoustically active
defects in the human joint.

Hence an apparatus for testing the wear in the knee joint was developed, which makes it
possible to simulate a more or less physiological roll-glide friction. A qualitative
differentiation between damaged and undamaged joints has been achieved. Artificially set
defects cause typical acoustic emissions in a reproducible form. Clinical tests with this
acoustic emission analytical system which were performed in parallel to the commonly used
diagnostic methods, showed that the analysis of acoustic emission allows a differentiation of
joint defects and their consequences.

Measuring Principles

The technique used is the acoustic emission analysis (AEA) /3, 5/. Acoustic emission is based
on the phenomenon that under load stored energy is released spontaneously by crack initiation
and propagation. This is the so called burst type of acoustic emission, shown in figure 1.

Friction processes, too, cause acoustic emission. But the series of pulses are in the slope of the
individual acoustic signal. This is the continuous form of acoustic emission.

In the case, that the cracking is accompanied by friction in already existing crack banks, a
continuous acoustic emission with low amplitude and energy overlaps the burst signal.
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The frictional behaviour and the gliding mechanisms in human joints, while moving under
load, can be discriminated and analysed thanks to a well distinguishable form of emission.

This form of acoustic emission is shown in figure 2, corresponding to the physiological rollglide motion of a human knee joint with known lesions under well defined load. The long rise
time of the acoustic signal is obvious. The slope of the signal does not follow an exponential
course.

Measuring system

First of all, the measuring device has to be adapted to the characteristic signals of acoustic
emission generated by crack initiation and propagation or by frictional behaviour of
articulation surfaces with regard to the surrounding noise. It turned out to be favourable to
select from the broadband acoustic emission signal a band of frequencies where the difference
of the signal amplitude and the interfering noise amplitude is as large as possible. In the
examples given here a resonance frequency of the transducer of 100 kHz was chosen.
Introductory tests showed that the following testing method was the most favourable. The
transducer was fixed directly on the bone in the fracture- and friction-tests of the explanted
bones and directly on the surface of the skin in the in-vivo-tests of patients. The measuring
system is shown in figure 3.

The transducer was an undamped piezoelectric converter, connected to an amplifier with an
integrated impedance converter. The amplified acoustic signal was filtered by a band-pass
within the resonant frequency band of the transducer. Depending on its intensity the signal
was further amplified and then evaluated according to the test query.
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For a comparison between artificial damage and normal damage in knee-joints a field test was
carried out among volunteers of the faculty members and students of the Technical College
Fachhochschule Gießen-Friedberg and patients with well-known joint-defects of the
orthopaedic clinic Passauer Wolf.

A test was built, which included tasks of the daily life, as there are:
•

going upstairs and downstairs

•

jump down from a platform 40 cm above the ground

•

sitting down on a chair and standing up

•

walking on an instrumented path

•

cycle-ergometer-test with instrumented pedals for the registration of the load distribution
at the sole of the foot and

•

knee-bends

Figure 6 shows typical sequences of acoustic emission in vivo of joint surfaces with clinically well characterized
types of cartilage damage during knee-bending of the patients. The defect of each knee is indicated by a flexure
dependent acoustic emission. The acoustic emission was recorded from 125 knees. The ages of participants
ranged from 20 years to 58 years, of which students between 20 and 30 years represented the major part.

The acoustic emission is reproducible, which is shown in figure 7. A bicycle ergometer-test of
a patient is demonstrated with a well known cartilage-defect - a superficial cartilage lesion a
little more pronounced than in figure 6a - . The test was repeated three times. It yielded
obviously the same results under different loading cycles. The defect was indicated at the
same bending-angle of the knee as here the acoustic emisssion was just about the same. The
test confirmed the results (not shown here) gained from previous tests on explanted joints ex-
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vivo with respect to form and intensity of the signals. There was a clear correlation between
the extent of the damage and the acoustic emission.

Also figure 8 points out that acoustic emission diagnostic gives reproducible information
about artificial defects in the human knee under artificial load and movement. Figure 8 shows
the results of a bicycle-ergometer-test as described in figure 3. In this test apparatus acoustic
emission can be evaluated by additional information about pedal load, load distribution in the
pedalfield and angle of pedals for an improved diagnostic of defects in a human knee.

On the left side in figure 8 the time relation of pedal load and pedal angle are shown and the
load distribution on the pedal field, the main information of symmetry of load and regularity
of movement and on the right side information about acoustic emission amplitudes in
correlation to angle of pedals and pedal load. The maximum of acoustic emission amplitudes
corresponds to artificial angle of pedals and artificial pedal load. This information allows the
location of the defect and describes the critical load in the knee. Here we define that load as
the critical load which leads to acoustic emission from a defined joint cartilage area at a
defined angle of knee bending in all consecutive cases of knee bending. The amplitude
distribution of acoustic emission and the amplitude-time relation gives further information
about the mechanism of damage. It is possible to attribute the location of the defect to the
medial or lateral condyle by an awkward position of the foot during the test.

This testing method allows in principle not only the detection of local damage and their
consequences on the load distribution in the knee. It can give further information whether a
defect has an effect on the roll-glide mechanism in the knee. Under pain each person seems to
change the load distribution to lower the pain in the damaged zones, so that the damaged area
is not further loaded.
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Abstract

Introduction

In order efficiently to target therapies intending to stop or
reverse degenerative processes of articular cartilage, it
would be crucial to diagnose osteoarthritis (OA) earlier and
more sensitively than is possible with the existing clinical
methods. Unfortunately, current clinical methods for OA
diagnostics are insensitive for detecting the early
degenerative changes, e.g., arising from collagen network
damage or proteoglycan depletion. We have recently
investigated several novel quantitative biophysical methods,
including ultrasound indentation, quantitative ultrasound
techniques and magnetic resonance imaging, for diagnosing
the degenerative changes of articular cartilage, typical for
OA. In this study, the combined results of these novel
diagnostic methods were compared with histological
(Mankin score, MS), compositional (proteoglycan, collagen
and water content) and mechanical (dynamic and
equilibrium moduli) reference measurements of the same
bovine cartilage samples. Receiver operating characteristics
(ROC) analysis was conducted to judge the diagnostic
performance of each technique. Indentation and ultrasound
techniques provided the most sensitive measures to
differentiate samples of intact appearance (MS= 0) from
early (1<MS<3) or more advanced (MS>3) degeneration.
Furthermore, these techniques were good predictors of
tissue composition and mechanical properties. The
specificity and sensitivity analyses revealed that the
mechano-acoustic methods, when further developed for in
vivo use, may provide more sensitive probes for OA
diagnostics than the prevailing qualitative X-ray and
arthroscopic techniques. Noninvasive quantitative MRI
measurements showed slightly lower diagnostic
performance than mechano-acoustic techniques. The
compared methods could possibly also be used for the
quantitative monitoring of success of cartilage repair.

Osteoarthritis (OA) is a severe disease of the joints, in
which articular cartilage is degenerated and, eventually,
worn away. The early changes in cartilage tissue,
associated with OA, include loss of proteoglycans (PGs)
and degradation of the collagen fibril network (Buckwalter
and Mankin, 1997). This leads to softening of the tissue
(Armstrong and Mow, 1982). Softened articular cartilage
fails to resist impact forces during normal loading and
this endangers the tissue to fissures and fibrillation
(Palmoski and Brandt, 1981). Tissue degeneration leads
to inflow of water and, thereby, to an increase in water
content of the tissue. At this stage, cartilage is even more
prone to wearing. Besides degenerative changes in
cartilage, the underlying bone undergoes a remodeling
process that leads to a sclerosis of the subchondral bone
(Radin, 1976). The developing OA increases pain, restricts
exercise and limits physical capability. The earliest
degenerative changes may be reversible, i.e. changing
loading conditions, surgical operation or potentially
pharmacological intervention may slow down or even stop
the progression of OA (Buckwalter and Mankin, 1997;
Freeman, 1999). When OA progresses to its terminal point,
cartilage tissue is almost completely worn away exposing
the subchondral bone. Currently, there is no efficient way
to re-establish eroded cartilage and, therefore, only
palliative treatment or arthroplasty can be used to relieve
patients. Therefore, it would be crucial to recognize the
very early changes of OA to target the treatments
efficiently.
Traditionally, the diagnosis of osteoarthritis (OA) is
based on patients’ symptoms and X-ray imaging. The
measurement of joint gap narrowing in X-ray images is
an indirect way to assess the thickness of articular cartilage
between two articulating bones. Unfortunately, the
changes visible with this method represent the final OA
stages. Magnetic resonance imaging (MRI) or arthroscopy
are also used to evaluate the integrity of articular cartilage.
However, these methods are qualitative and still lack the
ability to detect the earliest degenerative changes. Further,
the emergence of novel surgical methods for repairing
damaged cartilage has increased the demand for sensitive
assessment of the quality of repaired cartilage.
During the last few years, several clinically potential
quantitative MRI, mechanical and ultrasound methods
have been developed to analyze sensitively the structure,
composition and functional properties of articular
cartilage. The delayed gadolinium-enhanced MRI of

Key Words: Articular cartilage, osteoarthritis, patella,
bovine, arthroscopy, magnetic resonance imaging,
dGEMRIC, indentation, ultrasound.
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Discussion with Reviewer
M. Stoddart: When considering the clinical applicability
of the arthroscopic methods described, do the authors
believe that it is likely that any invasive technique, however
minimal, will ever be adopted for the determination of early
asymptomatic OA?
Authors: At present, each year hundreds of thousands of
arthroscopies are performed to patients having problems
with their knee. In addition to other pathologies such as
meniscal tears, and ligament injuries, these patients may
also have cartilage lesions, asymptomatic early OA or
advanced OA. These patients seeking relief to their joint
problems is the population that might benefit best of the
information obtained with the described arthroscopic
instrument. When the arthroscopy has been already
planned to do, measurement with the instrument would
not increase the operation risk more than the use of any
other instrument during the operation. The obtained
information could be used to study risk factors for OA
development and, later, the results of such studies could
help to predict OA risk as well as to apply appropriate
procedures to prevent progression of OA changes. Also,
direct mechanical measurements can help to judge
objectively the results of cartilage repair techniques.
Further, monitoring of tissue maturation after repair surgery
will help the clinicians to determine optimal amount,
pattern and time schedule of external stimulation, such as
mechanical loading of the joint with repaired cartilage.
For screening healthy, asymptomatic individuals, it is likely
that low-cost non-invasive examinations, although not
readily available, are needed.

55

12. Leichter1990 (truncated)

Proceedings of the Institution of Mechanical Engineers, Part H
Proc Inst Mech Eng H. 1990; 204(2):123-7.

Acoustic emission from trabecular bone during mechanical testing:
the effect of osteoporosis and osteoarthritis.
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Abstract
This study examines the relation between the nature of acoustic emission signals emitted from
cancellous bone under compression and the mechanical properties of the tissue. The examined
bone specimens were taken from 12 normal, 31 osteoporotic and six osteoarthritic femoral heads.
The mechanical behaviour of the osteoporotic bone specimens was found to be significantly different
from that of the normal specimens both in the pre-yield and post-yield ranges. In the osteoarthritic
bones only the elastic behaviour was significantly different. The rates of acoustic events before yield
and beyond it were found to be significantly higher both in the osteoporotic and osteoarthritic bone
specimens. The average peak amplitude of the signals was also significantly higher in the diseased
bones. Stepwise regression analysis showed that a combination of the acoustic emission
parameters could significantly predict some mechanical properties of the bone. The energy
absorbed during compression and the ultimate compressive stress of the specimens could be
estimated from the rate of pre-yield acoustic events, the average amplitude of the signals and the
rate of post-yield events. However, the explanation power of the acoustic emission parameters was
only moderate. The nature of acoustic emission signals was thus demonstrated to be a potential tool
for assessing bone quality.
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