Chapter 4

Biomechanical Considerations in Arthritis
of the Hip

Agnes G. d’Entremont, Lawrence L. Buchan, and David R. Wilson

Introduction

Biomechanics plays a role in the etiology of hip arthritis and in its treatment.
The objective of this chapter is to summarize our current understanding of hip
biomechanics as it relates to arthritis.

Biomechanical Quantities and Their Importance

Biomechanics includes many quantities that are important in describing elements of
hip function.

Kinematics describes movement of the joint. Range of motion is often used to
summarize kinematics, and is important as an indicator of hip function, since the
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hip’s substantial range of motion in all three anatomical planes is required for normal
body movement. Reductions in range of motion are important because they may
limit activity, and also because they may be signs of mechanical disruption at the
joint itself which has further consequences on joint function, such as impingement
of the femur on the acetabulum.

Resultant force on the hip and its line of action affects function as well. For
example, there is a strong relationship between hip forces and muscle forces.

Stress describes how forces are distributed within a material, such as cartilage
or bone. Contact stress describes how forces are distributed in a region of contact,
such as between femoral and acetabular cartilage. Abnormal contact stress is widely
believed to predispose a joint to osteoarthritis [1].

Joint fluid pressure is measured within the joint’s synovial fluid, which is sealed
in by the acetabular labrum. Loading the hip increases the pressure in this fluid,
which plays a role in distributing load across the cartilage surface. Loss of pressure
may reflect damage to the labral seal and disrupted patterns of contact stress.

Methods of Biomechanical Assessment

Biomechanics can be assessed using ex vivo experiments, in vivo measurements,
and mathematical models. Each approach has strengths and limitations.

Biomechanics is studied ex vivo by instrumenting cadaver hips and then subject-
ing them to simulations of physiological movement and loading. The key advantage
to this approach is that many mechanical quantities of interest—such as kinematics,
resultant force, and contact stress—can be measured. A leading limitation of this
approach is that substantial simplifications of the dynamic nature of activity are
usually required (such as limited numbers of muscles, static postures, and limited
ranges of motion).

Biomechanics is studied in vivo by making measurements in living partici-
pants. Motion analysis systems measure movement of the limb segments and
external forces. Instrumented prostheses measure resultant force at the hip during
activity. The key advantage of in vivo approaches is that measurements are made
during real physiological activity. Two leading limitations of this approach are
that many important mechanical quantities, such as contact stress on the cartilage
surface, cannot be measured in vivo, and deformities and disorders cannot be
simulated.

Mathematical models predict hip biomechanics from inputs such as joint
geometry and mechanical properties of tissues. A key advantage of this approach
is that a broad range of disorders and treatments can be simulated. The leading
limitation of models is that many simplifications of joint properties must be
made, and the impact of these simplifications on model predictions is often not
known. Model predictions may therefore be poor reflections of hip biomechanics
in vivo.
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Biomechanics of Stabilizing Structures

The acetabular labrum is frequently torn. The biomechanics of the labrum and other
stabilizing structures have been studied because of potential links between labral
tears and osteoarthritis.

Range of Motion and Stability

Simulated circumferential and radial tears of the labrum did not affect the stability
ratio (peak dislocation force/compressive force) in 22 cadaver hip specimens [2],
but substantial labrectomy significantly decreased the stability ratio. Large circum-
ferential tears of the labrum increased strain (reflecting increased stress) in the
anterior labrum for combined anterior and compressive loads, while radial tears
decreased strain in the anterior and anterior-superior labrum.

Sectioning the iliofemoral ligament increased external rotation and anterior
translation in response to a standardized torque in 15 cadaver specimens [3], which
led the authors to conclude that this structure plays a significant role in limiting
external rotation and anterior translation of the femur.

Sectioning the labrum alone did not increase external rotation in response to a
standardized torque [3] in 15 cadaver hips, but both external rotation and anterior
translation were larger when both the labrum and the iliofemoral ligament were
sectioned than when the iliofemoral ligament alone was sectioned, leading the
authors to conclude that the labrum provides a secondary stabilizing role for exter-
nal rotation and anterior translation. The impingement test (combined flexion,
adduction and internal rotation) increased strain (reflecting increased stress) in the
anterolateral labrum in 12 cadaver specimens [4], and other tested postures pro-
duced strain changes in other parts of the labrum. In a study of seven cadavers, five
different loading maneuvers all produced strain in the anterosuperior part of
the labrum. Maximum strains averaged 13.6 % in the axial direction and 8.4 % in
the circumferential direction [5].

Pressure and Stress

In three loaded cadaver hips, resecting the labrum reduced the fluid pressure in
the joint and speeded up cartilage compression, suggesting that the labral seal
plays a key role in normal force distribution in the joint [6]. In an MRI study of
six cadaver hips, labral repair caused a 2 % decrease in mean cartilage strain
(reflecting contact stress) compared to a torn labrum, and labral resection caused
a 6 % increase in maximum cartilage strain compared to labral repair [7]. These
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findings suggest that the labral seal should be preserved whenever possible, and
that its disruption may predispose the joint to osteoarthritis by increasing contact
stress on the joint.

Biomechanical Effect of Problems in Acetabular Coverage

Developmental Dysplasia of the Hip

Developmental dysplasia of the hip (DDH) is a condition where the infant hip is
dislocated and can be reduced, or can be provoked to dislocate, and has primarily
acetabular anatomic abnormalities [8]. DDH is characterized by poor coverage of
the acetabulum over the femoral head [9]. This condition is associated with early
hip osteoarthritis.

Range of Motion

In an experimental study of hip range of motion, hips with unreduced develop-
mental dysplasia (four hips) had slightly higher internal/external rotation ROM
(combined with flexion/extension), and slightly lower abduction ROM, compared to
a group of 325 normal children (Fig. 4.1) [10].
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Fig. 4.1 Measured range of motion in normal children and children with DDH. [Reprinted from
Rao KN, Joseph B. Value of Measurement of Hip Movements in Childhood Hip Disorders.
J Pediatr Orthop [Internet]. 2001;21(4):495-501. With permission from Wolters Kluwer Health.]
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Stress

Generally, the results from mathematical models show that higher hip contact stress
is associated with more severe deformity and less positive outcomes. Increased
deformity was associated with increased peak contact stress (Severin la and 1b:
2.3 MPa; Severin 2a and 2b: 2.4 MPa; Severin 3: 4.6 MPa) in a study using models
whose geometry came from AP radiographs for 35 patients [11]. Peak stresses in
both the femur and acetabulum increased with increasing deformity [12] in a study
using a three-dimensional finite element analysis (FEA) of a CT-based normal hip
joint model which was deformed to simulate three severities of DDH. Peak contact
stress increased in hips with less acetabular coverage when the abductor muscle
force became more vertical in models of dysplastic hips based on modifications to
normal 2D models created from AP radiographs [13].

A study that used planar models from X-rays combined with duration of
follow-up (mean 29 years) to calculate accumulated stress over time in 89 DDH
hips identified a damage threshold of 10 MPa-years, finding that 80.9 % of all hips
below the threshold had good outcomes based on Severin classifications, and 90.4 %
of all hips above the threshold had poor outcomes [14]. Two non-uniform contact
stress models based on longitudinal radiographic information from the same 89
DDH hips showed an association between higher loads and worse clinical out-
comes, although the damage thresholds (based on clinical outcomes) were very
different for the two models (2.0 MPa versus 4.5 MPa) [15].

Mathematical models have shown that various osteotomies used to treat DDH
reduce peak stress or contact stress. Models based on radiographs showed that the
Tonnis osteotomy for insufficient coverage and avascular necrosis of the femoral
head reduced peak normalized contact stress by 55.9 % (peak stress/BW) in
75 patients [16]. A 2D model showed that triple osteotomy of the innominate bone
decreased contact stress and increased contact area, although not to the level of nor-
mal controls [17]. A 3D model showed that the Bernese periacetabular osteotomy
for residual dysplasia increased the normalized resultant hip force but reduced the
peak contact stress normalized by BW from 5.2 to 3.0 kPa/N due to increased cover-
age [18]. Better long-term clinical outcomes were observed in hips with lower post-
operative normalized peak stress [18]. The same 3D FEA model mentioned above
was used to simulate a Bernese periacetabular osteotomy in each severity level of
DDH. Peak stresses were found to decrease with osteotomy in both the femur and
acetabulum, although none were reduced to the level of the normal model, and more
severe deformity was associated with higher stress following osteotomy [12].

Force

Salter osteotomy reduced the measured resultant joint force on the hip from 2.7 BW
(583 N) to 1.2 BW (266 N) in a plastic model of a patient’s DDH joint created with
rapid prototyping [19]. Mean gluteus maximus force was similarly reduced from
0.46 BW (100 N) to 0.24 BW (52 N).
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General/Focal Acetabular Overcoverage

General acetabular overcoverage is characterized by a very deep acetabulum or
circumferentially prominent acetabular rim [20]. Coxa profunda and protrusio
acetabuli are defined by overlapping of the ilioischial line medial to the acetabular
fossa or femoral head, respectively, on an AP radiograph. A center-edge (CE)
angle below 25° is associated with dysplasia, while a CE angle above 39° describes
overcoverage [20, 21].

The main biomechanical failure mechanism in general overcoverage (coxa
profunda/protrusio acetabuli) is hypothesized to be dynamic pincer-type femoroac-
etabular impingement, which is associated with osteoarthritis. General acetabular
overcoverage is often referred to as a pincer deformity. The mechanism of pincer
impingement is thought to be characterized by linear contact of the femoral head-
neck junction against the acetabular rim and labrum [22, 23]. Chondrolabral dam-
age patterns related to pincer morphology are widely distributed around the
acetabulum [24].

Focal acetabular overcoverage is characterized by a prominence of the acetabular
rim in a specific location, and is often related to acetabular retroversion. In retrover-
sion, the acetabular opening is oriented more posteriorly than normal [25]. Clinically,
retroverted acetabula are commonly associated with posterior cartilage damage and
anterior impingement-related chondrolabral pathology [25-27]. Retroversion is
often indicated by the cross-over sign on a plain A-P radiograph, or can be deter-
mined using 3D CT [28].

As with general overcoverage, the main biomechanical mechanism of concern in
retroverted hips is thought to be pincer impingement at the anterior rim. Therefore,
retroversion is frequently combined with protrusio/profunda in the pincer impinge-
ment literature. It is important to note that some retroverted acetabula are associated
with deficient posterior coverage [28, 29], and subsequently may have different
static loading patterns compared to profunda/protrusio acetabula.

Range of Motion

In an in vivo study, 32 hips with cam or pincer pathoanatomy had a mean internal
rotation ROM at 90° flexion of 4°+8° (range: —10° to 20°) compared to 28°+7°
(range: 10-40°) in 40 control hips [30]. This study also quantified the neck-rim
relationship on open-configuration MRI scans taken with hips in 90° of flexion
using the S angle, defined by a line connecting the femoral head center to the head-
neck junction, and a line connecting the femoral head center to the acetabular mar-
gin (Fig. 4.2). The mean f angle was only 5°+9° in the cam or pincer subjects
compared to 30°+9° in the controls. This work supports the hypothesis that linear
abutment of the head-neck junction against the acetabular rim (impingement) termi-
nates motion.
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Fig. 4.2 (Top) Definition of
the f angle on an MR image
(Bottom) and on a diagram.
[Reprinted from Wyss TF,
Clark JM, Weishaupt D,
Notzli HP. Correlation
between internal rotation and
bony anatomy in the hip. Clin
Orthop Relat Res [Internet].
2007 Jul [cited 2013 Feb
5];460(460):152-8. With
permission from Wolters
Kluwer Health.]

Computer models confirm that most types of cam and/or pincer pathomorphology
lead to reductions in flexion, internal rotation, abduction, and internal rotation at
high flexion, although pincer and cam deformity have often been assessed together.
Internal rotation at 90° flexion, a representation of the anterior impingement test, is
commonly simulated with these models because it is thought to bring the anterior
femoral head-neck junction close to the anterosuperior quadrant of the acetabular
rim (often the most prominent part of the rim and a common site for chondrolabral
pathology).

In a study using a mathematical model, 31 symptomatic hips with cam or pincer
pathoanatomy (12 cam, 7 pincer, 12 mixed) had significantly decreased flexion,
internal rotation at 90° of flexion, and abduction compared to a control group of 36
hips [31]. The same model was used to predict the location of impingement during
internal rotation at high flexion in six hips with pincer deformities. The predicted
impingement site for the pincer group was highly localized anterosuperiorly,
whereas the actual site of chondral and labral damage observed in a separate group
of 16 pincer hips spanned nearly the entire superior portion of the acetabulum and
extended inferiorly [24].

Another model predicted that a group of 10 pure cam hips, 8 pure pincer
hips, and 10 with combined cam/pincer pathoanatomy had limited flexion, internal
rotation, abduction and internal rotation at 90° of flexion compared to 33 normal hips.
The model predicted impingement on the anterosuperior quadrant of the acetabular
rim for both control and FAI hips, with minimal difference in impingement zones
between cam/pincer/combined hips [32].

Models of 50 hips undergoing arthroscopy for FAI showed that increased acetab-
ular retroversion (simulated with increased anterior tilt) decreased internal rotation
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ROM by 5.9° at 90° flexion, and by 8.5° at 90° flexion plus 15° adduction. Increased
retroversion shifted the predicted impingement zone anteriorly. Increased acetabu-
lar anteversion (simulated with increased posterior tilt) increased internal rotation
ROM by 5.1° at 90° flexion, and by 7.4° in FADIR [33].

Stress

Using idealized hip geometry in a finite element model, Chegini et al. evaluated the
effects of varying a angles (40-80° range at 10° intervals) and center-edge (CE)
angles (0—40° range at 10° intervals) on hip joint contact stress and acetabular
cartilage stress during stand-to-sit and walking from heel-strike to toe-off [34].
Overcoverage reduced contact stress and chondral stress, while dysplasia greatly
increased contact stress and chondral stress. Peak joint contact stress as well as
chondral stress was inversely related to CE angle. Conversely, at deep flexion during
stand-to-sit, a high a angle in combination with a high CE angle yielded the highest
contact stress and acetabular chondral stress (Fig. 4.3). Cartilage stress distribution
in the mixed cam-pincer hip during stand-to-sit was concentrated in the anterosupe-
rior quadrant, where intraoperative cartilage damage is often observed (Fig. 4.4).
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Fig. 4.3 Effect of CE angle and alpha angle on maximum von Mises stress in acetabular cartilage
during stand-to-sit. [Reprinted from Chegini S, Beck M, Ferguson SJ. The effects of impingement
and dysplasia on stress distributions in the hip joint during sitting and walking: a finite element
analysis. J Orthop Res [Internet]. 2009 Feb [cited 2014 Jun 18];27(2):195-201. With permission
from John Wiley & Sons, Inc.]
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Fig. 4.4 (Top) Intraoperative image of cartilage damage in a cam-type hip. (Bottom) Cartilage
stress distribution predicted by a model of a typical cam-type hip during stand-to-sit. [Reprinted
from Chegini S, Beck M, Ferguson SJ. The effects of impingement and dysplasia on stress distri-
butions in the hip joint during sitting and walking: a finite element analysis. J Orthop Res [Internet].
2009 Feb [cited 2014 Jun 18];27(2):195-201. With permission from John Wiley & Sons, Inc.]

These results indicate that generally overcovered hips are likely not at risk for highly
stressed posterior acetabular cartilage.

The applied forces and resulting peak stresses (3.3—-16.5 MPa) from this
model are within the same range reported by studies using CT-based patient-
specific geometry for normal hips [35-38]. The contact stress magnitudes are
consistent with experiments where miniature pressure transducers implanted
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Fig. 4.5 Acetabular contact stress predictions for normal and retroverted hips for walking mid-
stride (WM), descending stairs (DH) and chair rising (CR). The arrows indicate the approximate
direction and relative magnitude of the load during each activity. [Reprinted from Henak CR,
Carruth ED, Anderson a E, Harris MD, Ellis BJ, Peters CL, et al. Finite element predictions of
cartilage contact mechanics in hips with retroverted acetabula. Osteoarthritis Cartilage [Internet].
Elsevier Ltd; 2013 Oct [cited 2014 Jun 17];21(10):1522-9. With permission from Elsevier.]

superficially into normal cadaver femoral head cartilage measured average peak
contact stress in femoral cartilage to be 8.8 MPa for an applied vertical force
load of 2700 N [39].

Subject-specific finite element models showed that contact stress was concentrated
in the superomedial (SM) region in retroverted acetabula, while normal hips had more
widely distributed contact stresses (Fig. 4.5). During walking and stair descent, nor-
mal hips had 2.6-7.6 times larger contact stresses in the posterolateral (PL) acetabu-
lum. Conversely, retroverted hips had 1.2-1.6 times larger contact stresses in the
superomedial acetabulum [37]. The authors suggest that these results refute the theory
of high posterior stresses in retroverted acetabula due to decreased posterior coverage.
A lack of concentrated loads on the posterior acetabulum suggests that retroverted
hips with cartilage degradation on the posterior acetabulum may more likely be due to
levering and “contre-coup” contact, rather than static posterior overload.

Posterior Overcoverage: Acetabular Anteversion

Acetabular anteversion is characterized by an acetabular opening that projects ante-
riorly. A prominent posterior wall may be associated with acetabular anteversion and
might reduce the available bony range of extension and external rotation. Further,
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the anterior wall might be deficient and lead to overload. However, we found no
biomechanics studies that evaluated the effects of posterior overcoverage.

Biomechanical Effect of Problems in Femoral Neck
Orientation

Femoral Anteversion and Coxa Valga

A valgus femur, or femur with coxa valga, is characterized by a caput-
collum-diaphyseal (CCD) angle greater than 135° [40, 41]. Coxa valga is hypothe-
sized to arise secondary to DDH and as such is associated with concentrated stresses
on the acetabular roof. Femoral anteversion (or antetorsion) is characterized by a pos-
teriorly oriented femoral neck, which is closer than normal to the posterior acetabulum
and related acetabular structures. Recent work has focused on dynamic posterior
impingement-related considerations in coxa valga and femoral anteversion.

Range of Motion

In an experimental study in children, hips with femoral anteversion had reduced exter-
nal rotation in extension and abduction compared to normal subjects (Fig. 4.6) [10].

Mathematical models predicted reduced adduction, extension and external rota-
tion range of motion in hips with both coxa valga and anteversion [42]. External
rotation at 90° of flexion was also limited. These findings are consistent with experi-
mental measurements of hip range of motion [10, 40]. The authors suggested that
femurs with both coxa valga and anteversion are predisposed to a reduced range of
external rotation and extension due to posterior extra-articular impingement. The
findings suggest that hips with coxa valga and high femoral anteversion are at sub-
stantial risk for posterior impingement, and that treatment decisions involving coxa
valga/anteversion should consider dynamic pathology in addition to static overload.
Extra-articular structures like the anterior inferior iliac spine, ischial tuberosity,
greater trochanter, and lesser trochanter caused terminal impingement much more
frequently in the coxa valga/anteversion group than in the control group. The authors
postulate that posterior impingement may induce a levering effect and eventually
cause “contre-coup” chondrolabral lesions on the anterosuperior acetabulum—
which would explain positive anterior impingement tests.

Femoral Retroversion and Coxa Vara

Coxa vara is characterized by a caput-collum-diaphyseal (neck-shaft) angle less
than 125° [43, 44]. In coxa vara, the superior margin of the femoral neck is closer
than normal to the anterosuperior acetabulum and therefore associated with loss of
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Fig. 4.6 Measured range of motion in hips with femoral anteversion (FA) and normal hips.
[Reprinted from Rao KN, Joseph B. Value of Measurement of Hip Movements in Childhood Hip
Disorders. J Pediatr Orthop [Internet]. 2001;21(4):495-501. With permission from Wolters Kluwer
Health.]

hip ROM. Similarly, femoral retroversion (or retrotorsion) brings the anterior mar-
gin of the femoral neck closer to the anterosuperior acetabulum. Femoral version is
defined in the axial or transverse plane by the angle between the femoral neck axis
proximally and intercondylar line distally.

Range of Motion

Experimental measurements showed reduced abduction, internal rotation, and exter-
nal rotation ROM in hips with infantile coxa vara compared to normals (Fig. 4.7)
[10]. Hips with femoral retroversion had reduced internal rotation ROM and increased
external rotation ROM compared to normals (Fig. 4.8) [10]. Hips with combined
retroversion and coxa vara had substantially reduced abduction and internal rotation
ROM and slightly increased external rotation than normal (Fig. 4.9) [10].

Although it is not clear that bony collisions terminate motion, this work
demonstrates that abnormal morphology that brings the femoral neck closer to
the acetabular rim in a specific plane is associated with limited ROM in that plane.
In coxa vara, the femoral neck is brought closer to the superior acetabulum in the
coronal plane, and likewise motion towards the superior acetabulum in the coronal
plane—abduction—is limited. Similarly in retroversion, the femoral neck is brought
closer to the anterior acetabulum, and likewise motion towards the anterior acetabu-
lum in the axial plane—internal rotation—is limited. For this reason, it is hypothe-
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Fig. 4.7 Range of motion in normal hips and hips with infantile coxa vara (ICV). [Reprinted from
Rao KN, Joseph B. Value of Measurement of Hip Movements in Childhood Hip Disorders. J
Pediatr Orthop [Internet]. 2001;21(4):495-501. With permission from Wolters Kluwer Health.]
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Fig. 4.8 Range of motion in normal hips and hips with femoral retroversion (FR). [Reprinted from
Rao KN, Joseph B. Value of Measurement of Hip Movements in Childhood Hip Disorders.
J Pediatr Orthop [Internet]. 2001;21(4):495-501. With permission from Wolters Kluwer Health.]
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Fig. 4.9 Range of motion in normal hips and hips with coxa vara and femoral retroversion (R.V./
C.V.). [Reprinted from Rao KN, Joseph B. Value of Measurement of Hip Movements in Childhood
Hip Disorders. J Pediatr Orthop [Internet]. 2001;21(4):495-501. With permission from Wolters
Kluwer Health.]

sized that coxa vara and femoral retroversion increase the likelihood of linear impact
of the femoral neck against the acetabulum (i.e., pincer impingement) occurring
during daily activity.

Biomechanical Effect of Problems at the Femoral
Head-Neck Junction

SCFE

Slipped capital femoral epiphysis (SCFE) is a primarily adolescent disorder where
the epiphysis slips in an inferior and posterior direction along the growth plate or
physis, resulting in a femoral deformity believed to lead to acetabular impingement
and cartilage damage [45].

Range of Motion

SCFE is expected to cause loss of ROM due to impingement of the deformed
femoral head or neck on the acetabulum.
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In a study using computer models from 31 SCFE patients and 15 contralateral
controls [46], mild slips (as defined by Southwick angle) generally showed similar
or slightly reduced ROM compared to controls (e.g., flexion: mild SCFE 89°, nor-
mal 99°), while severe slips had drastic reductions in ROM (e.g., flexion: severe
SCFE 4°). For mild SCFE with a more prominent head-neck junction (type 2),
ROM was further decreased (e.g., flexion: mild SCFE (type 2) 62°). Moderate
SCFE cases were associated with larger decreases in ROM (e.g., flexion: moderate
SCFE 14.2°), which were worsened by prominent head-neck junctions (e.g., flex-
ion: moderate SCFE (type 3) 2°), while severe slips were not further affected by
head-neck junction morphology.

Stress

Finite element models for both hips from two unilateral SCFE patients (one moder-
ate, one severe) predicted that for a moderate slip, the peak contact stress was 17 %
higher and maximum stress was 29 % higher than in the contralateral hip [45].
In the severe slip, peak contact stress was 49 % higher and maximum stress was
170 % higher. Simulated subcapital osteotomy through the proximal femoral epiphysis,
base-of-neck osteotomy at the neck outside the capsule, and intertrochanteric
osteotomy between the greater and lesser trochanter did not change contact stress or
stress for the moderate slip, while the severe case saw reductions in maximum stress
by about half (along with smaller reductions in contact stress), although this was
still higher than the contralateral normal hips.

Cam Deformity

A cam deformity is typified by decreased concavity of the femoral head-neck
junction. Cam deformities are widely thought to increase the risk of hip osteoar-
thritis. In 1965, Murray identified a “tilt deformity” of the femoral head and noted
that radiographic tilt deformities were present in 79 out of 200 cases of hip OA
[47]. In 1975, Stulberg et al. described the similar “pistol-grip deformity,” and in
1976 Solomon postulated that hip OA was secondary to such deformities [48]. In
2003, Ganz proposed that hips with tilt/pistol-grip deformities, resembling
mechanical “cams,” mainly fail due to cam-type femoroacetabular impingement
(Fig. 4.10) [22]. It was postulated that the cam deformity jams inside the acetabu-
lum during forceful motion, particularly internal rotation at high flexion [22],
leading to concentrated shear forces on intra-articular cartilage and acetabular
labrum. The theory was largely driven by intraoperative findings from more than
600 surgical dislocations of the hip [22, 23], and evidence that patients with ace-
tabular rim syndrome frequently have reduced concavity at the femoral head-neck
junction [50, 51].
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Fig. 4.10 Schematic diagrams of cam (fop) and pincer (bottom) impingement. [Reprinted from
Ganz R, Leunig M, Leunig-Ganz K, Harris WH. The etiology of osteoarthritis of the hip: an
integrated mechanical concept. Clin Orthop Relat Res [Internet]. 2008 Feb [cited 2014 Jul 10];
466(2):264-72. With permission from Springer Verlag.]

Biomechanics research of the cam-type pathoanatomy has focused on measuring
three main factors that are related to the cam impingement pathomechanism:
(1) reductions in hip ROM caused by bony impingement; (2) other kinematic
changes that might be secondary to bony collision during cam impingement; and
(3) the interaction between the cam deformity and acetabulum during motion (joint
contact area, joint contact stresses, and cartilage/subchondral bone stresses).

Range of Motion

Patients with cam deformities typically present with restricted flexion, internal rota-
tion, and abduction [52-55]. In theory, a reduced range of motion would mean a
higher likelihood that cam impingement would occur in, and impede, daily activity
(within the physiological range of motion). It is, however, not clear whether range
of motion is dictated by bony morphology, soft-tissue constraint, or pain-related
(compensatory) limits.
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An experimental study of range of motion in three subgroups (symptomatic cam
pathoanatomy, asymptomatic cam pathoanatomy, and controls, n=24 per group)
showed that the symptomatic cam group had significantly reduced range of motion
in all directions [56]. Notably, the asymptomatic cam group had significantly greater
external rotation at neutral flexion and greater internal rotation at 90° flexion than
the symptomatic group. There were no differences between symptomatic and
asymptomatic groups for pure flexion and pure internal rotation. Models of 36 con-
trol hips and 12 cam, 7 pincer, and 12 mixed cam/pincer hips predicted no signifi-
cant differences between cam, pincer, and combined pathoanatomies for flexion or
internal rotation at 0° flexion [31].

Location of Impingement

Several approaches have been used to link predicted location of impingement with
damage on the acetabulum.

In model simulations of internal rotation tests in high flexion (at intervals from
70° to 110° flexion, combined with —20° to 20° adduction), collisions consistently
occurred on the anterosuperior portion of the acetabulum in ten symptomatic sub-
jects with cam pathoanatomy, ten asymptomatic subjects with cam pathoanatomy,
and ten healthy controls [57]. In control femurs, collisions were localized on the
femoral neck anteriorly, while on the cam femurs, collisions were localized more
superolaterally, where the cam deformity was located.

In a study combining in vivo measurement of joint movement with model predic-
tions of impingement location, maximum flexion, maximum internal rotation at 90°
flexion, and maximum abduction produced direct impingement between the cam
deformity and the acetabulum. Furthermore, engagement began at positions much
earlier than the terminal position. In flexion, engagement began at 80° although the
motion range was 110°, and in internal rotation at 90° flexion, engagement began at
7.2° although the motion range was 19° [58].

In a similar study using in vivo motion tracking coupled with a model to predict
impingement, the anterior impingement exam (flexion around 90°, adduction, and
internal rotation) led to engagement of the inferomedial portion of the femoral
head-neck junction with the anterosuperior portion of the acetabulum [59]. The
engagement location was consistently on the anteroinferior portion of the femoral
head/neck junction, as opposed to the anterosuperior portion where cam lesion size
is often at its maximum. While the accuracy and repeatability of the model are well
documented [60], the study was performed in only six control hips, one cam defor-
mity hip, one hip with general acetabular overcoverage and one hip with femoral
head asphericity plus acetabular overcoverage. Femoral head translation was seen
close to the limit of motion during flexion-abduction-external rotation and anterior
impingement exams. In particular the cam FAI patient had dramatic posteroinferior
translation [59], which was evidence for the “levering” effect. Translation at this
point has been theorized to increase loading on the posteroinferior acetabular
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cartilage (opposite the contact or levering location) and has been termed the
“contre-coup” effect. It was, however, not clear if any “contre-coup” joint contact
occurred in the cam hip.

Pelvic Kinematics

In an ex vivo study of 12 cadaver hips, applied internal rotation torque beyond
12 N.m produced motion of the pubic symphysis in native hips that suggested con-
tact between the femur and acetabulum (Fig. 4.11) [61]. The addition of simulated
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Fig. 4.11 Mean transverse plane rotation of the pubic symphysis as a function of applied internal
rotation torque for native and simulated cam deformity in cadaver hips. [Reprinted from
Birmingham PM, Kelly BT, Jacobs R, McGrady L, Wang M. The Effect of Dynamic Femoro-
acetabular Impingement on Pubic Symphysis Motion: A Cadaveric Study. Am J Sports Med
[Internet]. 2012 May [cited 2014 Jun 17];40(5):1113-8. With permission from Sage Publications.]
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cam deformities to each native hip changed the pattern of pubic symphysis motion,
suggesting altered contact between femur and acetabulum.

In an in vivo study, a group of 15 patients with cam FAI had decreased sagittal
pelvic inclination in a squatting activity compared to 11 controls (14.7+8.4° for
cams versus 24.2 +6.8° for controls). This finding was independent of squat depth.
Since pelvic inclination brings the anterosuperior portion of the acetabulum close to
the femoral neck, this may explain the decrease in pelvic inclination for the cam FAI
group. It is not clear whether the observed decrease in pelvic inclination was com-
pensatory or driven by bony impingement. Interestingly, there were no differences
in hip joint angles at maximal squat depth [62].

Joint Fluid Pressure

Joint fluid sealing ability was reduced in four cam-type hips with chondrolabral
damage compared to six normal controls during pivoting activities but not in stooping
or gait [63].

Stress

A finite element model based on idealized geometry predicted that simulated cam
deformity size (a angle) had no effect on peak contact stress or acetabular cartilage
stress during walking [34]. However, at deep flexion during stand-to-sit, larger cam
deformities led to higher joint contact stresses given normal acetabular geometry
(at a=40°, peak contact stress was 3.66 MPa versus 8.84 MPa at «=80°). The high-
est peak joint contact stress, 16.51 MPa, was observed at the highest a angle in
combination with a high CE angle (mixed-type impingement morphology).
Acetabular cartilage stress was also greatest with the highest a angle and highest
CE angle.

Subject-specific finite element models of two hips from patients with large cam
deformities (¢=83° for both) and related symptoms, and two hips from matched
normals (@=42°, 45°) were combined with subject specific squat kinematics that
had been gathered in a separate study [62] to evaluate locations and magnitudes
of stress in acetabular cartilage and underlying subchondral bone in functional
positions (standing and maximum squat) [38]. Cartilage stresses were higher in the
cam patients than in the controls. The biggest difference between cam and control
hips was found in underlying bone during squatting: in cam deformity hips, peak
maximum bone shear stress was 13.4 and 16.9 MPa in the cam hips versus 4.4 and
4.5 MPa in the control hips.

A patient-specific finite element model was combined with subject specific ROM
of one pathological pure-cam FAI hip (a¢=98°) and one control (#=48°) to predict
contact stresses for three positional tests: 90° flexion, 24° internal rotation, and
combined internal rotation at 90° flexion [64]. Cam deformity raised peak contact
stress substantially relative to the control hip: peak contact stress was 6.60 MPa
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(flexion) and 6.04 MPa (internal rotation) compared to 9.65 MPa (flexion) and
11.68 MPa (rotation) in the cam hip.

Subchondral Bone Density

In an in vivo quantitative computed tomography study, symptomatic and asymp-
tomatic cam-deformity groups (n= 12 for all groups) had greater bone density in the
anterosuperior acetabular region than controls by 14-35 % and 15-34 %, respec-
tively [65]. Bone mineral density had a mild positive correlation with alpha angle.
The increase in bone density may reflect repeated engagement between the deformed
femur and the acetabulum.

Biomechanical Effect of Poor Congruency

Perthes’ Disease

Legg-Calvé-Perthes disease (Perthes’ or LCPD) is a childhood disorder where a
loss of blood flow to the femoral head leads to necrosis and frequently results in
residual deformity upon healing. The effect of joint deformity in the healed stage of
Perthes’ hips on joint contact stress is of particular concern because of the higher
risk of early hip osteoarthritis in Perthes’ patients.

Range of Motion

Perthes’” hips had reduced abduction and all combinations of internal/external
rotation with flexion or extension compared to normal hips (Fig. 4.12) [10]. The
reduction of internal rotation was more marked than that of external rotation.
Flexion, extension, and adduction were similar to results from normal children.

Joint preserving surgery increased ROM in all directions except flexion (average
loss of 1° ROM) in 50 hips in 50 Perthes’ patients at a mean of 8.2 years of follow-
up, although changes were small (smallest: +2.3° mean adduction, largest: +7°
mean external rotation) [66].

To help determine the cause of loss of ROM in Perthes’, 27 patients, 6-10 years
old (average 7.9 years) with early Perthes’ disease who failed non-operative man-
agement and had normal ROM in the contralateral hip were examined for ROM
both pre-operatively and under anesthesia [67]. Twenty-one of twenty-seven
patients (77.7 %) had ROM of the Perthes’ hip within 5° of the contralateral when
examined under anesthesia and the remaining six patients had reduced abduction
(<50°). The author speculated that pain and muscle spasm, rather than deformity
and impingement, were the cause of loss of ROM in this population.
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Fig. 4.12 Range of motion in normal hips and hips with Perthes’ disease. [Reprinted from Rao
KN, Joseph B. Value of Measurement of Hip Movements in Childhood Hip Disorders. J Pediatr
Orthop [Internet]. 2001;21(4):495-501. With permission from Wolters Kluwer Health.]

In a different approach to understanding loss of ROM in Perthes’ disease, geo-
metric models of 13 hips with Perthes’ (41 years old, 22—69, Stulberg grades I1I-V)
were compared to 27 normal hips (54 years old, 31-74). Hips with Perthes’ disease
had a reduced ROM in all movements (e.g., flexion: Perthes’ 103 +40° (26-144),
normal 125+ 13° (103-146)). The location of impingement was also different, with
a majority of Perthes’ hips in an anterior impingement test simulation having
femoral intra-articular (79 %) and extra-articular (86 %) impingement, compared to
normal hips (15 % and 15 %, respectively). The primary limitation of this approach
was that soft tissue, including cartilage and labrum, were not simulated, which
would likely limit ROM prior to bony impingement in some cases.

Stress

Models of 135 patients predicted that there was no difference in peak joint contact
stress (normalized by body weight) between Perthes’ and contralateral hips
(2940 + 885 versus 2946 +793 m~2, respectively). There was a difference in the nor-
malized values of contact stress gradient index (defined as the gradient magnitude
at the lateral acetabular rim) between Perthes’ and contralateral hips (4334 +51,011
versus —37,959 +35,848 m=3, respectively), where the difference in sign is a result
of the peak contact stress for a normal contralateral hip lying medial to the lateral
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acetabular rim (resulting in a negative gradient as defined in this study—contact
stress increases medially, and then decreases after the peak), and the peak contact
stress for a Perthes’ hip being at the lateral acetabular rim (resulting in a positive
gradient as defined in this study—contact stress decreases medially). Models were
based on simplified representations of the hip geometry based on 2D radiographs.

Joint Fluid Pressure

Joint fluid pressure, measured in various joint positions (several with traction) under
sedation using an arterial pressure transducer in 94 hips (81 children) was signifi-
cantly lower in Perthes’ hips than in other conditions (mean of three positions: Perthes’
2.8 kPa (n=9), transient synovitis 9.8 kPa (n=74), septic arthritis 10.1 kPa (n=4),
reactive arthritis 16.0 kPa (n=2), arthritis with urticaria 20.3 kPa (n=3)) [68].

Cartilage and Bone Material Properties

In a piglet model of Perthes’ disease, Perthes’ hips had lower bone stiffness (80 %
lower) and yield strength (50 % lower) compared to the contralateral hip at 8 weeks,
as well as a 31 % increase in bone collagen and a 25 % decrease in bone mineral
content [69]. Perthes’ hips also had lower cartilage stiffness (54 % lower) and yield
strength (34 % lower) compared to contralateral hips at 8 weeks, although no differ-
ences were found in overall glycosaminoglycan concentration [69].

Coxa Magna

Coxa magna, defined as overgrowth of the femoral head and neck, can be a sequela of
Perthes’ disease, transient synovitis, congenital hip dislocation, septic arthritis, osteo-
myelitis, juvenile rheumatoid arthritis, and trauma [70]. Coxa magna is frequently
assessed by comparing the affected and contralateral sides using such criteria as an
increase in femoral diameter of greater than 10 % [70] or a femoral head ratio of less
than 0.9 (unaffected head diameter/affected head diameter) [71]. The thickening of the
femoral neck means that this condition may also be categorized as resulting in poor
clearance [72]. Although these findings strongly suggest that coxa magna modifies
joint biomechanics, no studies that quantify this effect are available in the literature.

Conclusions

It is surprising how little is known about hip biomechanics, given the prevalence of
hip arthritis, the importance of biomechanics to many types of arthritis, and how
much more is known about the biomechanics of other joints. The limited number
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of experimental studies, both in vivo and ex vivo, is of particular concern. Model
predictions must be treated with caution. While models make simulating diseases,
deformities and surgical procedures possible, few biomechanical models have ever
been shown to make reliable predictions of real measurements.

Overall it is clear that many hip conditions reduce joint range of motion. The
evidence does not appear clear whether these reductions in range of motion are due
to bony impingement or soft tissue changes. Models predict that hip disorders
change contact pressure as would be predicted intuitively, and that surgical proce-
dures like osteotomies have the desired effect on contact pressure. However there is
very limited experimental evidence to back up these predictions or quantify them
reliably.
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