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Introduction

The hip joint provides an articulation that allows relative
angulation between the upper body and the lower limbs. This
is critical for achieving both an upright posture and normal
ambulation. Most of the weight of the body is supported by
the hip joint, especially in single leg support, and the mus-
cles controlling the hip act relatively close to the center of
the joint. Thus, the forces acting on the femoral head and the
acetabulum are considerable and have significant conse-
quences in terms of skeletal health and musculoskeletal
function [1, 2]. Over the last hundred years, this has led to
the emergence of a formal field of study, Musculoskeletal
Biomechanics, which has made valuable contributions to our
understanding of the hip. These have included new methods
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for evaluating joint function and understanding pathologic
conditions, alternative surgical approaches for hip preserva-
tion and reconstruction, and the development of methods for
measuring joint forces and moments developed in vivo. The
application of scientific principles to the study of the hip has
also provided insight into morphologic factors compromis-
ing hip motion, including acquired abnormalities (e.g., post-
traumatic deformities, Perthes disease, slipped capital
femoral epiphysis [SCFE]), developmental pathologies (e.g.,
congenital dislocation of the hip [CDH] and developmental
dysplasia of the hip [DDH]), and abnormalities of unknown
origin (e.g., cam deformity of the femoral head-neck junc-
tion and pincer deformities of the acetabular margin).
Ongoing investigations of the biomechanics of the capsule,
labrum, and femoroacetabular impingement (FAI) should
further reduce the proportion of patients that are labeled as
having “idiopathic” coxarthrosis.

Much of our recent knowledge derived from clinical and
radiographic studies has confirmed that hip symptoms and
even joint degeneration are not automatically predestined by
abnormalities of anatomy or bony morphology [3-6]. Indeed,
detailed analysis of cadaveric specimens confirms that dys-
morphic conditions and soft tissue lesions are far more com-
mon than symptomatic impairment of hip function [7-9].
This observation leads us to study the interaction between
the demands that function places on the hip, whether through
sport, vocation, or lifestyle, and the capacity of the joint to
function asymptomatically. In this chapter we will discuss
the external demands placed upon the hip during function
and the mechanisms for dissipating the loads developed
across the joint, in both the normal joint and in the presence
of structural and pathological abnormalities.

Forces Acting Across the Hip Joint
During functional activities, the magnitude and direction of

the contact force developed between the head of the femur
and the weight-bearing surface of the acetabulum is primar-
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ily dictated by the muscle forces needed to stabilize the hip
and generate motion. Data collected using instrumented hip
prostheses show that hip joint forces vary extensively, rang-
ing from 2.1 to 4.3 times body weight (BW) during gait [10-
13] and 2.3-5.5 BW during stair-climbing [10-12], to values
in excess of 8 BW during accidental incidents of stumbling
(Figs. 7.1 and 7.2) (Table 7.1) [11, 14].

The net (resultant) force applied to the head of the femur
is directed both laterally and inferiorly during the stance

phase of the gait cycle and changes direction from posterior
at heel strike to anterior at toe off. Although the predominant
component of the joint reaction force is directed down the
shaft of the femur during gait, with peak values ranging from
1.4 to 4.1 BW, substantial forces are also observed in both
the mediolateral (0.4—1.7 BW) and anterior-posterior direc-
tions (0.2-1.0 BW), especially at points of greatest flexion
during the gait cycle or during the transitions between sin-
gle- and double-limb support. The torsional and shear forces
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Fig.7.1 Hip contact force data (rop) and torsional moments (botrom)
for a range of nine different activities recorded using instrumented hip
prostheses. Hip forces are plotted in units of percentage of body weight
(%BW), while moments are plotted in units of %BW xheight of each

subject in meters [%BW.m]. From Stal et al., Biomechanics of the
Natural Hip Joint, In: Surgery of the Hip, D.J. Berry and J.R. Lieberman,
eds. Volume 2. 2013, pp 5-13. Copyright Elsevier 2013, reprinted with
permission
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Fig.7.2 Typical variation in the hip contact force and its components
during an average gait cycle, commencing with heel strike. From Stal
et al., Biomechanics of the Natural Hip Joint, In: Surgery of the Hip,
D.J. Berry and J.R. Lieberman, eds. Volume 2. 2013, pp 5-13. Copyright
Elsevier 2013, reprinted with permission

Table 7.1 Summary of values of the peak joint reaction force reported
by Bergmann and coworkers during different investigations using
instrumented hip prostheses

Typical peak Number Months
Activity force (BW)  of patients post-op References
Walking, slow 1.6-4.1 9 1-30 [10, 11]
Walking, normal  2.1-3.3 6 1-31 [10]
Walking, fast 1.8-4.3 7 2-30 [10, 11]
Jogging/running ~ 4.3-5.0 2 6-30 [10, 11, 21]
Ascending stairs  1.5-5.5 8 6-33 [11]
Descending stairs  1.6-5.1 7 6-30 [11]
Standing up 1.8-2.2 4 11-31  [10]
Sitting down 1.5-2.0 4 11-31  [10]
Standing/2-1-1 2.2-3.7 3 11-14  [10]
legs
Knee bend 1.2-1.8 3 11-14  [10]
Stumbling 7.2-8.7 2 4-18 [12]

generated within the proximal femur during many routine
functional activities are also significant and vary with activ-
ity [11-13, 15, 16]. For example, during stair-climbing the
anterior-posterior component of the joint force reaches
20-25% of the frontal plane load [12], whereas, the peak
twisting moment and first peak contact force are decreased
by 18% and 14 %, respectively [16]. In contrast, the axial
torques recorded during descending stairs and walking are
of similar magnitude [11, 12, 17].

The magnitude of the joint reaction force and its direction
with respect to the skeleton is affected by numerous factors,

including the specific activity, the age, gender, height, body
weight and gait velocity of the individual subject [17-21],
and environmental factors such as the nature of any footwear
and the surface upon which the activity is performed [22,
23]. In this chapter we will present a summary of the latest
information on the mechanical environment of the hip joint,
the kinematics of the joint during normal function, the role of
tissues controlling joint motion, and the mechanics of patho-
logical conditions, such as FAI, hip dysplasia, and chronic
hip laxity.

Load Transfer Across the Hip Joint

The congruency of the joint surfaces allows for more even
distribution of contact forces during loading [24, 25]. Under
light loads, contact between the joint surfaces is limited to
the anterior and posterior lunate surfaces. Increasing load
results in a greater contact which extends to the superior,
anterior, and posterior regions of the joint [25, 26]. Studies
have shown that the area of joint contact varies greatly
between individuals and changes in response to joint angle
and load [24-26]. During gait, contact area is least during
flexion when the joint load is low, as observed during termi-
nal swing and heel strike. The area of joint contact increases
as the hip moves through the stance phase of gait, peaking at
terminal extension [24]. Maximum acetabular pressures of
3.3 MPa occur during midstance of gait and are located on
the superior and posterior lateral roof. Activities which
require higher ranges of motion reduce the amount of contact
area and result in greater acetabular pressures. The greatest
pressures occur during standing and sitting where pressures
of 9-15 MPa have been recorded over the apex of the femo-
ral head and the superior and posterior aspects of the acetab-
ulum, which are sites of degenerative changes commonly
reported in cadaveric studies [26, 27].

The Kinematics of the Normal Hip

The hip joint is a multiaxial joint formed by the articulation
between the concave acetabulum and convex femoral head.
Despite its sturdy joint capsule which limits extreme motion
and prevents frank dislocation, the hip joint allows a great
deal of mobility [28]. Joint motion is greatest in the sagittal
plane, as the femur flexes and extends around a left-right axis
[29]. Active hip flexion is greatest with the knee flexed
(110°-120°) rather than extended (90°), due to the effects of
hamstring tension [2, 29-31]. For Caucasian populations,
typical values for single-plane motions are 120° for flexion,
20° for extension, 45° for abduction, 30° for adduction, and
40° for internal and external rotation [32-35] (Tables 7.2 and
7.3). In non-Western subjects accustomed to squatting for
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Table 7.2 Difference in mean active range of motion (in degrees) for ages 25-39 years compared with ages 60—74 years by sex-race groups

Motion All subjects White men
Hip flexion

Ages 25-39 years 122° 123°
Ages 60-74 years 118° 118°
Hip extension

Ages 25-39 years 22° 22°
Ages 6074 years 17° 17°
Hip abduction

Ages 25-39 years 44° 46°
Ages 60-74 years 39° 39°
Hip internal rotation

Ages 25-39 years 33° 34°
Ages 60-74 years 30° 31°
Hip external rotation

Ages 25-39 years 34° 33°
Ages 6074 years 29° 27°

From Roach et al. [34 ]

Table 7.3 Range of motion of the hip during functional activities

White women Black men Black women
123° 115° 116°
119° 118° 106°
22° 19° 17°
16° 16° 12°
44° 41° 38°
40° 38° 37°
33° 32° 27°
29° 27° 25°
36° 32° 32°
32° 27° 28°

Motion Squatting (heels down) Squatting (heels up) Kneeling (dorsiflexed) Kneeling (plantar-flexed)  Sitting cross-legged
Flexion 95.4+26.2 91.3%17.1 73.9+29.4 58.8+9.7 85.4+34.2
Abduction 28.2+13.9 31.7+11.2 253+153 27.6+12.5 36.5+15

External rotation ~ 25.7+11.8 33.7+12.7 28.1+12.8 34+14.9 40.3+£18.4

All values are expressed as the average +standard deviation; units are degrees. From Hemmerich et al. [36]

long periods, 130° of hip flexion is observed during a full
squat and 90°-100° in a cross-legged position; hip external
rotation has ranged from 5° to 36° for a full squat and 35°—
60° while sitting cross-legged, and hip abduction has ranged
from 10 to 30° for a full squat and 40°—45° while sitting
cross-legged [36-39].

Tissues Controlling the Range of Motion
of the Hip Joint

The limits of three-dimensional joint motion are determined
by a complex interplay of impingement between the osseous
and soft tissues of the joint and the passive restraint of struc-
tures connecting the femur to the pelvis [40]. The capsular
ligaments of the hip make the largest contribution in limiting
the range of motion of the hip, with a secondary contribution
from the acetabular labrum. The muscles surrounding the
joint contribute to the passive restraint of motion [40].
Computer modeling suggests that osseous impingement
(e.g., abutting of the anterolateral head-neck junction against
the acetabular rim) contributes primarily to restricting flex-
ion, adduction, flexion combined with adduction, and flexion
combined with adduction and internal rotation. Soft tissue
impingement restricts abduction and abduction combined
with flexion, while soft tissue restraint restricts extension
and adduction through the midrange of joint flexion [41].

The Articular Surfaces

The osseocartilaginous surfaces of the femoral head and ace-
tabulum are often thought of as being truly spherical, while
in reality, both are more elongated in the direction of the
neck axis, leading to an “egg-shaped” morphology (often
termed “conchoidal”) [28]. The femoral head forms two-
thirds of a sphere, becoming flatter where the acetabulum
applies its largest load [42, 43], while the acetabulum pos-
sesses a slightly smaller diameter than the femoral head [44].
The acetabulum covers approximately 170° of the femoral
head, being incomplete in the inferior portion [45]. The lack
of a truly congruent articulation permits rolling and gliding
between the joints surfaces, allowing for a great deal of
mobility while maintaining the inherent stability of the joint
[28]. This morphologic configuration also allows the lower
extremity to be placed in positions requiring simultaneous
flexion-extension, abduction-adduction, and internal-
external rotation.

The Hip Capsule and Ligaments
During abduction and adduction, the stability of the joint is

maintained by the passive restraint of the hip capsule (the
capsular ligaments and the zona orbicularis) which also



7 Functional Mechanics of the Human Hip

61

keeps the hip from dislocating when loaded at the extremes
of motion [41, 46, 47]. The capsule is a complex structure
formed by three discrete ligaments: the iliofemoral, femoral
arcuate (pubofemoral), and ischiofemoral ligaments. The
iliofemoral ligament, also known as the “Y” ligament of
Bigelow, is located anteriorly and restricts extension and
external rotation of the joint [48-51]. The femoral arcuate
ligament helps to limit abduction and external rotation.
Lastly, the ischiofemoral ligament acts during flexion to
limit internal rotation and adduction [48, 49]. The ischiofe-
moral ligament is the weakest of the capsular ligaments,
which makes the joint susceptible to posterior dislocation
[52]. Additionally, the zona orbicularis plays a role in pre-
venting frank dislocation by stabilizing the axial position of
the femur in the socket. The zona orbicularis is a circular
condensation of the capsule which surrounds the femoral
neck and appears to prevent distraction of the femoral head
out of the joint [53, 54].

The Acetabular Labrum

The acetabular labrum is a fibrocartilaginous extension of
the bony edge of the acetabular rim with specialized struc-
tural properties, deepening the effective depth of the acetabu-
lar socket and dramatically increasing the resistance of the
joint to dislocation. In mechanical terms, labral tissue is
highly anisotropic, with a preferential stiffness in the cir-
cumferential direction [55] and significant variation as a
function of gender, anatomic location, and the degenerative
state of the hip [56, 57].

In the normal hip, the labrum only makes a small contri-
bution to direct mechanical support of the femoral head;
though with increasing degrees of acetabular dysplasia,
weight is shifted more peripherally on the articular surface
and the contributions of the labrum and capsule become far
more significant [58, 59]. Studies performed over the past
decade strongly suggest that the primary function of the
labrum is not to increase the weight-bearing surface of the
hip, but rather to form a compliant seal with the articular
surface of the femoral head [60, 61, 62]. The ability of the
labrum to seal off the central compartment of the hip is easily
seen intraoperatively during distraction or dislocation of the
hip (Fig. 7.3). Moreover, laboratory studies have shown that
this suction phenomenon increases joint stability and allows
the joint load to be distributed more uniformly over the artic-
ulating surfaces (Figs. 7.4 and 7.5) [63—65]. Computer simu-
lations and in vitro experiments [62, 64, 66] have shown that
the labrum controls the rate of egress of synovial fluid during
weight-bearing which allows retention of a layer of synovial
fluid between the femur and the acetabulum, thus preventing
direct contact of the articulating surfaces during dynamic
loading. If the labrum fails to perform this function, strains
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Fig. 7.3 Average load required to generate distraction of the femur
with respect to the acetabular margin by distances of 1, 3, and 5 mm
with the labrum intact, vented, and incised to simulate a full-thickness
tear. From Stal et al., Biomechanics of the Natural Hip Joint, In: Surgery
of the Hip, D.J. Berry and J.R. Lieberman, eds. Volume 2. 2013,
pp 5-13. Copyright Elsevier 2013, reprinted with permission

within the cartilage matrix are substantially increased. The
rate of consolidation of cartilage under load, with
displacement of internal synovial fluid, has been shown to
increase by up to 40 % following excision of the labrum [62].
This leads to a dramatic rise in the internal stresses within the
cartilage layers and subchondral shear stresses at the bone-
cartilage junction, increasing the risk of delamination [62].

Damage to the labrum through injury or pathology can
compromise its sealing function, leading to displacement of
the head from its normal physiologic position. This leads to
increase in peak articular stresses with a shift of loading to
the acetabular rim, potentially leading to accelerated erosion
of cartilage and early onset of osteoarthritis. Through the
combination of these factors, labral tears occur predomi-
nantly in the anterior quadrant, leading to hip instability, as
well as watershed labral lesions, which ultimately can lead to
degenerative joint disease [60, 61, 67, 68].

In middle-aged to elderly individuals, labral pathology
arises primarily through degenerative changes accompany-
ing aging, as evidenced by the high incidence of lesions
observed in cadaveric specimens [68, 69]. In younger indi-
viduals, primarily those engaged in sporting activities, labral
pathology has been attributed to repetitive microtrauma,
especially during high impact sports or those involving load-
ing of the extremity at the extremes of the motion arc [70-
72]. A common observation in patients with labral injury is
enlargement of the anterior junction of the femoral head-
neck junction, leading to cam-type FAI [73-75]. In these
cases, it has been hypothesized that the mechanism of injury
is forced passage of the enlarged area of the anterior head-
neck junction beneath the labrum at the extremes of the natu-
ral range of joint motion. Repetition of the abnormal loading
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Fig. 7.4 Predicted distribution of cartilage contact stresses (solid on
solid) at 1000 and 10,000 s after application of load to the hip joint in
the presence of an intact labrum (dark gray) and without a labrum (light
gray). From Ferguson SJ, et al. The influence of the acetabular labrum
on hip joint cartilage consolidation: a poroelastic finite element model.
Journal of Biomechanics. 2000; 33(8):953-960. Reprinted with permis-
sion from Elsevier

caused by this event is thought to lead to tensile loading of
the chondro-labral junction and formation of a “watershed”
lesion.

An alternate hypothesis arises from the work of Dy et al.
[76] who showed that substantial tensile strains can be devel-
oped within the anterior labrum without the occurrence of
impingement. In this novel combination of experimental
loading and finite element analysis, maximum strains were
predicted at the junction between the labrum and the acetab-
ular rim during activities involving twisting or pivoting of
the hip with tightening of the joint capsule.

Labral injury may also occur secondary to compression
and shear forces imposed by the iliopsoas tendon [77]. In this
situation, the site of injury is often located more anteromedi-

pressure plus solid contact stress) at 10,000 s after application of load to
the hip joint, with and without an intact labrum. The dashed and dotted
lines depict the maximum and minimum values of contact pressure cor-
responding to the extremes in assumed mechanical properties of the
labrum within the finite element model. From Ferguson SJ, et al. The
influence of the acetabular labrum on hip joint cartilage consolidation:
a poroelastic finite element model. Journal of Biomechanics. 2000;
33(8):953-960. Reprinted with permission from Elsevier

ally than is seen in cases of femoroacetabular impingement
[78]. Recognition of iliopsoas impingement has prompted
hip preservation surgeons to repair these
femoroacetabular impingement-induced labral injuries and
to address the inciting cause, either the iliopsoas tendon or
anterior inferior iliac spine and psoas groove [77, 79].

non-

The Ligamentum Teres

The potential role of the ligamentum teres in stabilizing the
hip remains a topic of debate [80, 81]. Anecdotal reports
indicate that some patients obtain relief of hip symptoms fol-
lowing repair of acute ruptures of the ligamentum teres,
although scientific data corroborating the role of this struc-
ture in enhancing hip stability is scarce [82]. It is known that
the ligamentum teres is taut during hip adduction, flexion,
and external rotation, positions in which the joint is least
stable, which demonstrates the potential contribution of the
ligamentum teres to hip stability [83, 84] (Figs. 7.6 and 7.7).
In patients with developmental hip dysplasia and low lateral
head coverage (lateral center-edge angle—acetabular incli-
nation), the risk of ligamentum teres tears is significantly
increased. Thus, tears of the ligamentum teres may occur
secondary to subtle instability induced by acetabular under-
coverage. In patients with atraumatic microinstability (e.g.
ligamentous laxity due to hypermobility syndrome[s]), the
ligamentum teres may be at increased risk of tear [85].
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Fig.7.6 Experimental radiograph of a hip joint in which radiopaque
spheres have been implanted in the anterior and posterior bundles of the
ligamentum teres. Implanted wires also define the inner edge of the
articular surface of the acetabulum (green) and the fovea of the femoral
head (red). In this case the hip has been placed in maximum external
rotation in 90 degrees of flexion causing the posterior bundle to be
loaded in tension

However, additionally, a tear of the ligamentum teres may
also induce microinstability. Surgical treatment of ligamen-
tum teres pathology includes both debridement and recon-
struction [86-88]. Both techniques may be performed
arthroscopically, with short-term clinical outcomes demon-
strating success via improved pain, function, and return to
sport [87, 88]. Further clinical and biomechanical studies are
needed to conclusively demonstrate the magnitude of the sta-
bilizing effect of the ligamentum teres in adults.

Pathological Impediments to Joint Motion
Femoroacetabular Impingement

Like any other joint, the hip is free to rotate in any direction
(i.e., abduction-adduction, flexion-extension, and internal-
external rotation) until constrained by either:

» Tightening of soft tissues crossing the joint (primarily the
joint capsule and extracapsular ligaments, but also the
surrounding musculature)

e Direct contact between the opposing articular surfaces
(i.e. of the femur and the pelvis).

In the normal hip, the relative contributions of these limit-
ing factors vary with the relative position of the femur and
the pelvis. However, for most motions, joint motion is pri-
marily determined by the laxity of the joint capsule and
comes to an end once the ligamentous structures become taut
[48, 89]. With some motions, for example, flexion and inter-
nal rotation, resistance to motion occurs before ligamentous
tightness becomes significant. In these motions, contact
either occurs between the bony surfaces (i.e., through bone-
on-bone impingement) or the motion arc brings the femoral
head to the edge of its spherical surface where the radius of
curvature increases causing a cam braking effect if further
rotation is attempted.

While these interactions are important for understanding
the kinematics of the normal hip, they are of critical impor-
tance to our understanding of the role of pathologic bony
morphology on chondro-labral degeneration and the devel-
opment of osteoarthrosis. Characteristic deformities of the
hip joint that are known to affect joint motion, especially
flexion and internal rotation, include SCFE in the pediatric
hip [90]; asphericity of the femoral head, with a flattening or
extension of the articular surface at the anterolateral head-
neck junction (“pistol grip deformity” [91]); and the pres-
ence of a deep acetabulum with overgrowth of the acetabular
margin. It has long been appreciated that the mechanism of
reduced flexion/internal rotation in patients with SCFE is
posterior displacement (“slip”) of the femoral head with
respect to the neck leading to reduced offset at the anterior
head-neck junction. This brings the femoral neck closer to
the anterior rim of the acetabulum during flexion and further
away during extension, leading to a shift in the functional
motion arc and damage to the acetabular margin with repeti-
tive impingement [92, 93].

In hips with morphologic changes in the shape of the head
or the depth of the acetabulum, two distinctly different forms
of FAI have been popularized, respectively termed “cam-
type” and “pincer-type” impingement [53] (Figs. 7.8, 7.9, and
7.10). The first form (“cam-type”) occurs when the femoral
head rotates within the acetabulum until the point that an
enlarged portion of at the head-neck junction encounters the
acetabular rim and is forced beneath the labrum [94-96]. The
forced expansion of the labrum causes a stress concentration
at the chondro-labral junction where the relatively stiff sub-
chondral plate with its overlaying cartilage surface meets the
more flexible labrum. With repetitive engagement of the over-
sized cross-section of the head and head-neck junction with
the anterior acetabulum, pathological changes may occur,
including subchondral para-acetabular cysts, fibrillation and
splitting of the chondral surface, and delamination of carti-
lage from underling bone [97]. Ultimately cysts may also
develop within the femoral head or the head-neck junction.

The reduction in the functional range of hip motion aris-
ing from the abnormalities of the head-neck junction present
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Fig.7.7 Diagrammatic representation of the relative positions of the femur, ligamentum teres, and the floor of the acetabulum with placement of
the hip joint in eight different positions encompassing the range of motion of the joint

in FAI has been extensively studied by Kubiak-Langer et al.
[98], using computer simulation of hip motion. Using
patient-specific models of the hip derived from CT recon-
structions, significant loss of hip motion was demonstrated
in FAI cases during flexion, abduction, and internal rotation
in 90 degrees of flexion (Table 7.4). The pathomechanics of
FALI at the tissue level has been investigated by Ferguson and
coworkers using three-dimensional computational models of
normal and pathological joints incorporating morphologic
variations in the head-neck junction (alpha angle) and femo-
ral head coverage (center-edge angle) [99] (Figs. 7.11 and

7.12). In this study, the effect of functional loading of the hip
on stresses developed within the soft tissues of the joint was
modeled for walking and sit-to-stand activities. Quite differ-
ent stress distributions were predicted as a function of activ-
ity. During walking, von Mises stresses within the joint
cartilage increased gradually as the center-edge angle
decreased, but were not affected by the presence of a Cam-
FAI (Fig. 7.12). Moreover, peak stresses only exceeded
4 MPa in simulations with a CE angle of less than 23°.
Conversely, during a stand-to-sit activity, peak stresses in the
normal hip were less than 2.5 MPa and changed little with
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Fig.7.8 Diagrammatic a
representation of the
pathomechanics of joint damage
associated with femoroacetabular
impingement, as proposed by
Ganz and coworkers [71, 90,
92-95]. “Pincer impingement” (a,
b) is observed in cases over
“over-coverage” of the femoral
head by the acetabular margin,
leading to direct impact at the
extremes of motion and labral and
articular damage. “Cam
impingement” (¢, d) occurs when
an enlarged area of the femoral
head at the head-neck junction is
too large to fit into the
acetabulum, typically during ('
flexion and internal rotation.
Attempts to force the hip to flex
or rotate further cause
overstuffing of the acetabulum
and chondro-labral separation
[92]. From Stal et al.,
Biomechanics of the Natural Hip
Joint, In: Surgery of the Hip,

DJ. Berry and J.R. Lieberman,
eds. Volume 2. 2013, pp 5-13.
Copyright Elsevier 2013,
reprinted with permission

Fig.7.9 Radiographic appearance of a cam-impinging hip with a “pis-
tol grip” appearance. An aspherical section of the femoral head is seen
extending beyond the circle of best fit to the head profile on both the AP
and lateral radiographs (see arrows). From Stal et al., Biomechanics of

the Natural Hip Joint, In: Surgery of the Hip, D.J. Berry and
J.R. Lieberman, eds. Volume 2. 2013, pp 5-13. Copyright Elsevier
2013, reprinted with permission
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Fig.7.10 Radiographic appearance of a hip with coxa profunda com-
bined with pincer impinging appearance secondary to ossification of
the acetabular labrum. The femoral head is spherical in both the AP and

lateral views. From Stal et al., Biomechanics of the Natural Hip Joint,
In: Surgery of the Hip, D.J. Berry and J.R. Lieberman, eds. Volume 2.
2013, pp 5-13. Copyright Elsevier 2013, reprinted with permission

Table 7.4 Hip motion (in degrees) predicted by computer simulation for a population of normals compared to patients with femoroacetabular

impingement, before and after osteochondroplasty

Parameter Normal hips FAT hips (pre-op)
Flexion 122.0°+16.3° 105.2°+12.2°
Extension 56.5°+20.1° 61.1°+31.8°
Abduction 63.3°+£10.9° 51.7°x£12.2°
Adduction 32.7°+12.3° 34.6°+12.3°
Internal rotation (90° flexion) 35.2°+6.9° 11.1°£6.9°
External rotation (90° flexion) 102.5°+14.2° 83.0°+£33.7°

p value FAI hips

(normal vs. FAI) (post-osteoplasty) p value (pre vs. post)
<0.0001 125.4°+9.7° <0.0001

0.751 71.1°+26.4° 0.051

<0.0001 63.6°+7.5° 0.0001

0.927 35.8°+15.3° 0.262

<0.001 35.8°+15.3° 0.002

0.194 93.9°+£32.7° 0.327

All values are expressed as the average +standard deviation. From Kubiak-Langer et al. [98]

CE angle, except in cases of extreme femoral containment
(CE angle=40°). Much higher stresses were calculated for
the FAI cases, where peak values exceeding 5 MPa were pre-
dicted whenever the sum of the alpha and CE angles exceeded
90°, with stresses exceeding 10 MPa in almost all simula-
tions with a CE angle of 30° or greater. These predictions
correlate well with the clinical observations seen during the
progression of joint degeneration in the face of FAI, includ-
ing the development of chondral defects at the acetabular
margin, full-thickness delamination of the acetabular carti-
lage, and detachment of the labrum at the chondro-labral
junction [100] (Fig. 7.11).

Femoral and Acetabular Dysplasia

Finite element analysis has shown that subtle variations in
the morphology and orientation of the femur and acetabulum
may generate substantial perturbations in the distribution of
load between the bony, cartilaginous, and soft tissues. This
could explain the occurrence of secondary remodeling, devi-
ations in joint kinematics, “microinstability,” and, ultimately,
osteoarthritis [101]. This patho-mechanical progression is
exemplified by the dysplastic hip, in which the shallow ace-
tabulum provides reduced coverage of the femoral head,
combined with a more vertically inclined weight-bearing
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Fig.7.11 (a) Intraoperative appearance of an anterior-superior labral  rior=/eff). From Chegini, S., et al. The effects of impingement and
tear in cases of cam impingement. (b) Distribution of von Mises stresses  dysplasia on stress distributions in the hip joint during sitting and walk-
at the acetabular rim predicted by computer modeling of a severe cam-  ing: a finite element analysis. J Orthop Res, 2009. 27(2): p. 195-201.
impinging joint (@=80°) during deep flexion (standing to sitting, ante-  Reprinted with permission from John Wiley and Sons
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Fig.7.12 Distribution of von Mises stresses (MPa) within the acetabu-  stress distributions in the hip joint during sitting and walking: a finite
lar cartilage during standing to sitting for all simulated joint geometries.  element analysis. J Orthop Res, 2009. 27(2): p. 195-201. Reprinted
The joints considered normal are surrounded by the blue rectangle.  with permission from John Wiley and Sons

From Chegini, S., et al. The effects of impingement and dysplasia on
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surface. This results in high contact stresses, overloading of
the labrum and hip capsule, and premature joint degenera-
tion [100, 102, 103].

The influence of acetabular dysplasia on contact pressure
has been studied using a variety of computer simulation and
experimental methods. One approach, presented by Genda
and coworkers [19], utilized a 3D parametric model of the
hip joint to explore the impact of classic anatomic parame-
ters on the calculated value of the hip joint reaction force.
These parameters included the center-edge (CE) angle, the
Sharp angle, the head diameter, the direction of pull of the
abductors, and the greater trochanter and the femoral head
center. An interesting finding was that under conditions typi-
cal of the dysplastic hip (i.e., low CE angle), the model pre-
dicted that peak articular pressures would exceed 6 MPa
when the abductor line of action was within 10° of vertical.
This corresponds to four times peak pressures predicted for
the normal female hip using the same method of analysis.
Similar results were reported by Tsumura et al. [104] using
patient-specific CT reconstructions. In this case, peak pres-
sures of 2.5 MPa were predicted at the acetabular rim of nor-
mal hips, compared to 5.3 MPa for dysplastic cases.

Other authors, including Hadley et al. [105] and Russell
et al. [102], have studied the effect on articular cartilage of
cumulative pressure exposure over a simulated lifetime of
loading. Substantial differences in cumulative pressure were
demonstrated between normal and dysplastic hips, suggest-
ing a patho-mechanical mechanism for cartilage degenera-
tion in osteoarthritis based on chronic overload. Russell and
coworkers [102] also highlighted that, beyond gross morpho-
logical differences, small bone irregularities can cause local-
ized pressure elevations. Subsequent computational models
have provided further insight into the relationship between

joint morphology, daily loading, and cartilage contact pres-
sures and stresses [106—108] (Figs. 7.13 and 7.14).

Soft tissue damage and degeneration are unavoidable
consequences of the focal overload of the acetabular rim that
occurs as part of the natural history of hip dysplasia [92, 94,
103]. As luxation of the femoral head progresses, high shear-
ing and tensile stresses develop within the labrum as this
peripheral structure takes over some of the load-bearing
function of the acetabulum, leading to hyperplasia and ulti-
mately damage to the labrum, typically within the anterior-
superior quadrant [103], as predicted by computer models
[98]. Clinical observations have provided confirmation of the
causal link between focal overload of the acetabular rim and
cartilage degeneration and labral rupture [103, 109, 110].
Thinning of the anterior cartilage has been observed in 80 %
of dysplasia patients, in association with forward and upward
displacement of the femoral head [111]. Ultimately, the
peripheral soft tissues of the joint are an inadequate substi-
tute for the stability afforded by a congruent acetabulum with
good lateral coverage; hence, acetabular reorientation
surgery is often performed in an attempt to increase the lon-
gevity of the dysplastic hip [112, 113].

Microinstability

Some patients with radiographically normal hips and
increased range-of-motion experience a sensation of joint
instability without radiographic evidence of femoroacetabu-
lar impingement. In these cases, hypermobility of the joints
is common syndrome with elevated Beighton and/or Brighton
scores [114, 115]. Dancers, ballet dancers, figure skaters,
yogi and yogini, cheerleaders, martial artists, and gymnasts

Fig.7.13 The finite element mesh used by Henak and coworkers [107]
to simulate load transfer across the hip joint in the presence of varying
degrees of hip dysplasia and FAI morphology. The bony hemipelvis
(white), the acetabular cartilage (yellow), and the labrum (red) are each

represented. From Henak, C. R, et al. Role of the acetabular labrum in
load support across the hip joint. Journal of Biomechanics,
2011;44(12):2201-2206. Reprinted with permission from Elsevier
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Fig.7.14 Predicted values of
internals stresses within the
anterosuperior labrum
developed in response to load
transfer during walking (heel
strike). This analysis was
performed for the normal hip
(a, b) and the dysplastic hip (c,
d). The stresses depicted in the
(b, d) were calculated for the
vertical planes taken along the
black lines in (a, ¢)
corresponding to the
approximate location of
maximum deflection of the
labrum. From Henak, C. R.,

et al. Role of the acetabular
labrum in load support across
the hip joint. Journal of
Biomechanics,
2011;44(12):2201-2206.
Reprinted with permission from
Elsevier

2 MPa
B Pelvis

0 MPa

D Pelvis

Labrum

Cartilage

may have a high prevalence of increased motion and poten-
tial microinstability, often prerequisite to the activity per-
formed [116]. In a cohort of 59 professional ballet dancers,
only one hip had evidence of a cam deformity, while several
other abnormalities were identified on magnetic resonance
imaging due to a dynamic “pincer” mechanism from the
extreme motion involved with their dance activities [116].
Further, while in the “splits” position, all hips subluxed
(mean: 2.1 mm). In comparison to a control group, the mus-
culoskeletal abnormalities in the ballet group included a
higher incidence of acetabular cartilage lesions (mostly
superior), labral tears (mostly posterosuperior to anterosupe-
rior), and a larger number of herniation pits in the superior
femoral neck. Despite the relatively low incidence of bony
deformities, 60 % of dancers reported groin pain, but only
when dancing [117]. Further, when each dancer assumed the
most demanding positions of classical ballet, the mean trans-
lation of the femoral head within the acetabulum ranged
from 0.93 to 6.35 mm [118].

Iatrogenic microinstability may be induced in patients
who have undergone hip arthroscopy with capsulotomy
without capsular closure [119, 120]. This conclusion is con-
sistent with the findings of four cadaveric biomechanical
studies (Table 7.5) demonstrating the importance of the ilio-
femoral ligament to the structural integrity of normal hip
joint mechanics. In each of these studies, sectioning the ilio-
femoral ligament increased external rotation, extension, and
anterior translation of the hip with no difference between the
intact and repaired state. Discrete frank hip dislocation is at
the end of the microinstability spectrum. In the postoperative
setting, instability may occur along this spectrum to variable
degrees. Nine cases of post-arthroscopic iatrogenic hip dislo-
cation have been presented in the literature [121-128]. Due
to publication bias, this is likely a significant underestimate
of the true incidence of instability following hip arthroscopy.
Thus, to avoid micro- or macro-instability during hip preser-
vation surgery, most authors recommend avoiding the fol-
lowing: extended capsulectomy without repair, labral
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Table 7.5 Cadaveric studies examining the effect of the ligaments of the hip capsule on the stability and range of motion of the hip

After capsulotomy, in neutral, increased distal, lateral, and anterior translation
After capsulotomy, in flexion, increased distal, medial, and posterior translation

* After capsulotomy, more translation in neutral, more rotation in flexion

* In maximal flexion, hips with capsulotomy rotated more than intact capsules

Study Study design Role

Bayne et.al. (2014)[128]  Cadaveric biomechanical—
motion tracking .

Myers et al., (2011) [50]  Cadaveric biomechanical—
fluoroscopy .

Increased external rotation with IFL sectioning (increased 12.9°) (p<.0001)
Increased anterior translation with IFL sectioning (increased 1.8 mm) (p<.001)

* No difference in external rotation or anterior translation between intact/repaired state

Martin et al. (2008) [48] Cadaveric biomechanical— *

motion tracking .

Release of medial, lateral arms IFL gave greatest increase of external rotation
Lateral arm release provides more motion in flexion and neutral

» Lateral arm release also provides more internal rotation, primarily in extension

Cadaveric biomechanical— e
load to failure .

Hewitt et al. (2002) [46]

IFL much stronger than the ischiofemoral ligaments
IFL greater stiffness than ischiofemoral ligaments

» IFL greater tensile load to failure than ischiofemoral ligaments

resection (versus repair or refixation), aggressive acetabulo-
plasty (rim resection) in dysplastic configurations, and over-
all capsular laxity.

The presence of microinstability does not automatically
preclude other concomitant intra- and extra-articular disor-
ders. In fact, it is likely that subtle instability increases the
loading of some of the structures of the hip including the
labrum, the articular cartilage and underlying subchondral
bone, the ligamentum teres, the iliopsoas tendon, the iliotib-
ial band, the hip abductors, and the remaining normal cap-
sule. Even patients with traditional femoroacetabular
impingement may have subtle underlying microinstability
due to preclusion of true ball-and-socket mechanics, thus
causing anterior levering over the rim (fulcrum) with subse-
quent posterior instability. Further:

* Excessive acetabular anteversion can result in anterior hip
instability and posterior acetabular rim impingement.

* Excessive acetabular retroversion can result in anterior
impingement and posterior instability.

e Excessive femoral anteversion can result in anterior hip
instability and posterior acetabular rim impingement.

e Excessive femoral retroversion can result in anterior
impingement and posterior instability.

Conclusions

We believe that this chapter demonstrates how much
Musculoskeletal Biomechanics has contributed to our
understanding of the hip over the past half-century. The
progress we have documented in this work has now de-
livered us to the dawn of Translational Biomechanics.
This transformation has been made possible through the
intersection of many advances in computing and imaging
technology, combined with a deepening understanding of
hip pathology. The focus of this field has shifted from aca-

demic predictions of hip joint forces to their direct mea-
surement and from speculation as to possible relevance of
stresses to OA to the prediction of tissue stresses in indi-
vidual hips using patient-specific finite element models.

Meanwhile, the intense investigation by clinicians and
scientists of common conditions affecting the health of
the joint, most notably FAI, has led to the utilization of
research tools in the study of the pathomechanics of hip
degeneration and strategies for joint preservation. This
approach has the potential for use in creating individual
treatment plans in much the same manner as Medical
Physics transformed the practice of radiotherapy in
decades past.

The next steps in the emergence of “Translational
Biomechanics” are already in motion. These include:

Patient- and activity-specific modeling of the mechani-
cal response of the hip

Prediction of the risk of individual patients in develop-
ing hip OA on the basis of biomechanical risk factors

The role of instability and tissue laxity in the etiology
of osteoarthritis of the hip.

The interaction of hard and soft tissues as determinants
of joint stability and their effect on the mechano-biology
of joint health and degeneration

The authors invite every reader to participate in this
journey and contribute to its ultimate success!

References

1. Callaghan J, Rosenberg A, Rubash H. The adult hip. In: Hurwitz
D, Andriacchi T, editors. Biomechanics of the hip, vol. 1.
Philadelphia: Lippincott-Raven; 1998. p. 11.

2. Perry J, editor. Gait analysis: normal and pathological function.
Thorofare: Slack; 1992.



7 Functional Mechanics of the Human Hip

71

3.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Hack K, Di Primio G, Rakhra K, Beaulé PE. Prevalence of cam-
type femoroacetabular impingement morphology in asymptom-
atic volunteers. J Bone Joint Surg Am. 2010;92(14):2436—44.

. Register B, Pennock AT, Ho CP, Strickland CD, Lawand A,

Philippon MJ. Prevalence of abnormal hip findings in asymptom-
atic participants: a prospective, blinded study. Am J Sports Med.
2012;40(12):2720-4.

. Allen D, Beaulé PE, Ramadan O, Doucette S. Prevalence of associ-

ated deformities and hip pain in patients with cam-type femoroac-
etabular impingement. J Bone Joint Surg Br. 2009;91(5):589-94.

. Wilson MG, Michet Jr CJ, Ilstrup DM, Melton lii LJ. Idiopathic

symptomatic osteoarthritis of the hip and knee: a population-
based incidence study. Mayo Clin Proc. 1990;65(9):1214-21.

. Seldes RM, Tan V, Hunt J, Katz M, Winiarsky R, Fitzgerald Jr

RH. Anatomy, histologic features, and vascularity of the adult
acetabular labrum. Clin Orthop Relat Res. 2001;382:232-40.

. Baber YF, Robinson AHN, Villar RN. Is diagnostic arthroscopy of

the hip worthwhile? A prospective review of 328 adults investi-
gated for hip pain. J Bone Joint Surg Br. 1999;81(4):600-3.

. Cotten A, Boutry N, Demondion X, Paret C, Dewatre F, Liesse A,

Chastanet P, Fontaine C. Acetabular labrum: MRI in asymptom-
atic volunteers. J Comput Assist Tomogr. 1998;22(1):1-7.

Rydell NW. Forces acting on the femoral head-prosthesis: a study
on strain gauge supplied prostheses in living persons. Acta Orthop.
1966;37(S88):1-132.

Bergmann G, et al. Hip contact forces and gait patterns from rou-
tine activities. J Biomech. 2001;34(7):859-71.

. Bergmann G, Graichen F, Rohlmann A. Is staircase walking a risk

for the fixation of hip implants? J Biomech. 1995;28(5):535-53.
Bergmann G, Graichen F, Rohlmann A. Hip joint contact forces
during stumbling. Langenbecks Arch Surg. 2004;389(1):53-9.
Bergmann G, et al. Realistic loads for testing hip implants.
Biomed Mater Eng. 2010;20(2):65-75.

Tackson SJ, Krebs DE, Harris BA. Acetabular pressures during
hip arthritis exercises. Arthritis Care Res. 1997;10(5):308-19.
Foucher KC, Hurwitz DE, Wimmer MA. Do gait adaptations dur-
ing stair climbing result in changes in implant forces in subjects
with total hip replacements compared to normal subjects? Clin
Biomech (Bristol, Avon). 2008;23(6):754-61.

Stansfield BW, Nicol AC. Hip joint contact forces in normal sub-
jects and subjects with total hip prostheses: walking and stair and
ramp negotiation. Clin Biomech (Bristol, Avon). 2002;17:130-9.
Duda GN, Schneider E, Chao EY. Internal forces and moments in
the femur during walking. J Biomech. 1997;30:933—41.

Genda E, Iwasaki N, Li G, MacWilliams BA, Barrance PJ, Chao
E. Normal hip joint contact pressure distribution in single-leg
standing—effect of gender and anatomic parameters. J Biomech.
2001;34(7):895-905.

Lenaerts G, Bartels W, Gelaude F, Mulier M, Spaepen A, Van der
Perre G, Jonkers I. Subject-specific hip geometry and hip joint
centre location affects calculated contact forces at the hip during
gait. ] Biomech. 2009;42(9):1246-51.

Recnik G, Kralj-Igli¢ V, Iglic A, Antoli¢ V, Kramberger S, Rigler
I, Pompe B, Vengust R. The role of obesity, biomechanical consti-
tution of the pelvis and contact joint stress in progression of hip
osteoarthritis. Osteoarthritis Cartilage. 2009;17(7):879-82.
Bergmann G, Kniggendorf H, Graichen F, Rohlmann A. Influence
of shoes and heel strike on the loading of the hip joint. ] Biomech.
1995;28(7):817-27.

Hardin EC, van den Bogert AJ, Hamill J. Kinematic adaptations
during running: effects of footwear, surface, and duration. Med
Sci Sports Exerc. 2004;36(5):838-44.

Gu D, Hu F, Wei J, Dai K, Chen Y. Contributions of non-spherical
hip joint cartilage surface to hip joint contact stress. In: Annual
international conference of the IEEE, Boston; 2011. p. 8166-9.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Afoke N, Byers P, Hutton W. The incongruous hip joint—a cast-
ing study. J Bone Joint Surg Br. 1980;62B(4):511-4.

Greenwald A, Haynes D. Weight-bearing areas in the human hip
joint. J Bone Joint Surg Br. 1972;54B(1):157-63.

Yoshida H, Faust A, Wilkcens J, Kitagawa M, Fetto J, Chao
EYS. Three-dimensional dynamics hip contact area and pressure
distribution during activities of daily living. J Biomech.
2006;39:1996-2004.

Menschik F. The hip joint as a conchoid shape. J Biomech.
1997;30(9):971-3.

Magee D. Orthopedic physical assessment. 4th ed. Pennsylvania:
Saunders; 2002.

Fagerson TL, editor. The hip handbook. Woburn: Butterworth-
Heinemann; 1998.

Frankel VH, Nordin M, editors. Basic biomechanics of the skele-
tal system, vol. 15. Philadelphia: Lea & Febiger; 1980. p. 303.
Reese N, Bandy W, editors. Joint range of motion and muscle
length testing. Philadelphia: W.B. Saunders; 2002.

Pua YH, et al. Intrarater test-retest reliability of hip range of
motion and hip muscle strength measurements in persons with hip
osteoarthritis. Arch Phys Med Rehabil. 2008;89(6):1146-54.
Roach K, Miles T. Normal hip and knee active range of motion:
the relationship to age. Phys Ther. 1991;71:656-65.

Moreside JM, McGill SM. Quantifying normal 3D hip ROM in
healthy young adult males with clinical and laboratory tools: hip
mobility restrictions appear to be plane-specific. Clin Biomech
(Bristol, Avon). 2011;26(8):824-9.

Hemmerich A, et al. Hip, knee, and ankle kinematics of high range
of motion activities of daily living. J Orthop Res.
2006;24:770-81.

Ahlberg A, Moussa M, Al-Nahdi M. On geographical variations
in the normal range of joint motion. Clin Orthop Relat Res.
1988;(234):229-31.

Hoaglund FT, Yau AC, Wong WL. Osteoarthritis of the hip and
other joints in southern Chinese in Hong Kong. J Bone Joint Surg
Am. 1973;55:545-57.

Mulholland SJ, Wyss UP. Activities of daily living in non-Western
cultures: range of motion requirements for hip and knee joint
implants. Int J Rehabil Res. 2001;24:191-8.

Turley G, Williams M, Wellings R, Griffin D. Evaluation of range
of motion restriction within the hip joint. Med Biol Eng Comput.
2013;51(4):467-717.

Smith M, Costic R, Allaire R, Schilling P, Sekiya J. A biomechani-
cal analysis of the soft tissue and osseous constraints of the hip
joint. Knee Surg Sports Traumatol Arthrosc. 2014;22(4):
946-52.

Shindle MK, Ranawat A, Kelly B. Diagnosis and management of
traumatic and atraumatic instability in the athletic patient. Clin
Sports Med. 2006;25:309-26.

Kelly B, Williams RJ, Philippon M. Hip arthroscopy: current indi-
cations, treatment options, and management issues. Am J Sports
Med. 2003;31(6):1020-37.

Konrath GA, Hamel AJ, Olson SA, Bay B, Sharkey NA. The role
of the acetabular labrum and the transverse acetabular ligament in
load transmission in the hip. J Bone Joint Surg Am.
1998;80-A(12):1781-8.

Bharam S. Labral tears, extra-articular injuries, and hip arthros-
copy in the athlete. Clin Sports Med. 2006;25:279-92.

Hewitt JD, et al. The mechanical properties of the human hip cap-
sule ligaments. J Arthroplasty. 2002;17(1):82-9.

Stewart KJ, et al. Spatial distribution of hip capsule structural and
material properties. J Biomech. 2002;35(11):1491-8.

Martin HD, Savage A, Braly B, Palmer I, Beall DP, Kelly BT. The
function of the hip capsular ligaments: a quantitative report.
Arthroscopy. 2008;24(2):188-95.



72

P.C. Noble et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Wagner F, Negrao J, Campos J, et al. Capsular ligaments of the
hip: anatomic, histologic, and positional study in cadaveric speci-
mens with MR arthrography. Radiology. 2012;263(1):189-98.
Myers CA, Register BC, Lertwanich P, et al. Role of the acetabu-
lar labrum and the iliofemoral ligament in hip stability: an in vitro
biplane fluoroscopy study. Am J Sports Med. 2011;39:85S-91.
Domb B, Philipon M, Giordano B. Arthroscopic capsulotomy,
capsular repair, and capsular plication of the hip: relation to atrau-
matic instability. Arthroscopy. 2013;29(1):162-73.

Offierski CM. Traumatic dislocation of the hip in children. J Bone
Joint Surg Br. 1981;63-B(2):194-7.

Ito K, et al. Femoroacetabular impingement and the cam-effect. A
MRI-based quantitative anatomical study of the femoral head-
neck offset. J Bone Joint Surg Br. 2001;83(2):171-6.

Malagelada F, Tayar R, Barke S, Stafford G, Field RE. Anatomy
of the zona orbicularis of the hip: a magnetic resonance study.
Surg Radiol Anat. 2015;37(1):11-8.

Ferguson SJ, Bryant JT, Ito K. The material properties of the
bovine acetabular labrum. J Orthop Res. 2001;19(5):887-96.
Ishiko T, Naito M, Moriyama S. Tensile properties of the human
acetabular labrum-the first report. J Orthop Res. 2005;
23(6):1448-53.

Smith CD, et al. A biomechanical basis for tears of the human
acetabular labrum. Br J Sports Med. 2009;43(8):574-8.

Konrath GA, et al. The role of the acetabular labrum and the trans-
verse acetabular ligament in load transmission in the hip. J Bone
Joint Surg Am. 1998;80(12):1781-8.

Lohe F, Eckstein F, Sauer T, Putz R. Structure, strain and function
of the transverse acetabular ligament. Acta Anat.
1996;157:315-23.

Beaule PE, O’Neill M, Rakhra K. Acetabular labral tears. J Bone
Joint Surg Am. 2009;91(3):701-10.

Crawford MJ, Dy CJ, Alexander JW, et al. The biomechanics of
the hip labrum and the stability of the hip. Clin Orthop Relat Res.
2007;465:16-22.

Ferguson SJ, Bryant JT, Ganz R, Ito K. The influence of the ace-
tabular labrum on hip joint cartilage consolidation: a poroelastic
finite element model. J Biomech. 2000;33(8):953-60.

Eijer HL. Cross-table lateral radiographs for screening of anterior
femoral head-neck offset in patients with femoro-acetabular
impingement. Hip Int. 2001;11:37-41.

Ferguson SJ, Bryant JT, Ganz R, Ito K. An in vitro investigation of
the acetabular labral seal in hip joint mechanics. J Biomech.
2003;36(2):171-8.

Takechi H, Nagashima H, Ito S. Intra-articular pressure of the hip
joint outside and inside the limbus. Nippon Seikeigeka Gakkai
Zasshi. 1982;56(6):529-36.

Ferguson SJ, et al. The acetabular labrum seal: a poroelastic finite
element model. Clin Biomech (Bristol, Avon). 2000;15(6):
463-8.

McCarthy JC, et al. The watershed labral lesion: its relationship to
early arthritis of the hip. J Arthroplasty. 2001;16(8 Suppl 1):
81-7.

Cashin M, et al. Embryology of the acetabular labral-chondral
complex. J Bone Joint Surg Br. 2008;90(8):1019-24.

McCarthy JC, et al. The Otto E. Aufranc Award: the role of labral
lesions to development of early degenerative hip disease. Clin
Orthop Relat Res. 2001;393:25-37.

Groh MM, Herrera J. A comprehensive review of hip labral tears.
Curr Rev Musculoskelet Med. 2009;2(2):105-17.

Beck M, Kalhor M, Leunig M, Ganz R. Hip morphology influ-
ences the pattern of damage to the acetabular cartilage femoroac-
etabular impingement as a cause of early osteoarthritis of the hip.
J Bone Joint Surg Br. 2005;87(7):1012-8.

Ikeda T, Awaya G, Suzuki S, Okada Y, Tada H. Torn acetabular
labrum in young patients. Arthroscopic diagnosis and manage-
ment. J Bone Joint Surg Br. 1988;70(1):13-6.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Wenger DE, Kendell KR, Miner MR, Trousdale RT. Acetabular
labral tears rarely occur in the absence of bony abnormalities. Clin
Orthop Relat Res. 2004;426:145-50.

Tanzer M, Noiseux N. Osseous abnormalities and early osteoar-
thritis: the role of hip impingement. Clin Orthop Relat Res.
2004:429:170-17.

Dolan MM, Heyworth BE, Bedi A, Duke G, Kelly BT. CT reveals
a high incidence of osseous abnormalities in hips with labral tears.
Clin Orthop Relat Res. 2011;469(3):831-8.

Dy CJ, et al. Tensile strain in the anterior part of the acetabular
labrum during provocative maneuvering of the normal hip. J Bone
Joint Surg Am. 2008;90(7):1464-72.

Domb BG, Shindle MK, McArthur B, Voos JE, Magennis EM,
Kelly BT. Iliopsoas impingement: a newly identified cause of
labral pathology in the hip. HSS J. 2012;7:145-50.

Blankenbaker DG, Tuite MJ, Keene JS, Del Rio AM. Labral inju-
ries due to iliopsoas impingement: can they be diagnosed on MR
arthrography? AJR Am J Roentgenol. 2012;199:894-900.

Cascio BM, King D, Yen YM. Psoas impingement causing labrum
tear: a series from three tertiary hip arthroscopy centers. J La State
Med Soc. 2013;165:88-93.

Bardakos NV, Villar RN. The ligamentum teres of the adult hip.
J Bone Joint Surg Br. 2009;91(1):8-15.

Martin RL, Palmer I, Martin HD. Ligamentum teres: a functional
description and potential clinical relevance. Knee Surg Sports
Traumatol Arthrosc. 2012;20(6):1209-14.

Wenger D, Miyanji F, Mahar A, Oka R. The mechanical properties
of the ligamentum teres: a pilot study to assess its potential for
improving stability in children’s hip surgery. J Pediatr Orthop.
2007;27(4):408-10.

Kivlan BR, Clemente FR, Martin RL, Martin HD. Function of the
ligamentum teres during multi-planar movement of the hip joint.
Knee Surg Sports Traumatol Arthrosc. 2013;21(7):1664-8.
Martin RL, Kivlan BR, Clemente FR. A cadaveric model for liga-
mentum teres function: a pilot study. Knee Surg Sports Traumatol
Arthrosc. 2013;21(7):1689-93.

Domb BG, Martin DE, Botser IB. Risk factors for ligamentum
teres tears. Arthroscopy. 2013;29:64-73.

Simpson JM, Field RE, Villar RN. Arthroscopic reconstruction of
the ligamentum teres. Arthroscopy. 2011;27(3):436—41.

Haviv B, O’Donnell J. Arthroscopic debridement of the isolated
ligamentum teres rupture. Knee Surg Sports Traumatol Arthrosc.
2011;19:1510-3.

Amenabar T, O’Donnell J. Successful treatment of isolated, par-
tial thickness ligamentum teres (LT) tears with debridement and
capsulorrhaphy. Hip Int. 2013.

Bowman Jr KF, Fox J, Sekiya JK. A clinically relevant review of
hip biomechanics. Arthroscopy. 2010;26(8):1118-29.

Leunig M, Casillas MM, Hamlet M, Hersche O, Nétzli H, Slongo
T, Ganz R. Slipped capital femoral epiphysis: early mechanical
damage to the acetabular cartilage by a prominent femoral
metaphysis. Acta Orthop. 2000;71(4):370-5.

Stulberg SD, Cordell LD, Harris WH, Ramsey PL, MacEwen
GD. Unrecognized childhood hip disease: a major cause of idio-
pathic osteoarthritis of the hip. In: The hip: Proceedings of the
third open scientific meeting of the Hip Society. St Louis: CV
Mosby; 1975. p. 212-28.

Leunig M, et al. Acetabular rim degeneration: a constant finding
in the aged hip. Clin Orthop Relat Res. 2003;413:201-7.

Tannast M, et al. Hip damage occurs at the zone of femoroacetab-
ular impingement. Clin Orthop Relat Res. 2008;466(2):273-80.
Ganz R, et al. The etiology of osteoarthritis of the hip: an inte-
grated mechanical concept. Clin Orthop Relat Res. 2008;466(2):
264-72.

Ganz R, et al. Femoroacetabular impingement (FAI): a cause for
osteoarthritis of the hip. Clin Orthop Relat Res.
2003;417:112-20.



7 Functional Mechanics of the Human Hip

73

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Bardakos NV, Villar RN. Predictors of progression of osteoarthri-
tis in Femoroacetabular impingement (FAI): a radiological study
with a minimum of ten years follow-up. J Bone Joint Surg Br.
2009;91(2):162-9.

Parvizi J, Leunig M, Ganz R. Femoroacetabular impingement.
J Am Acad Orthop Surg. 2007;15(9):561-70.

Kubiak-Langer M, Tannast M, Murphy SB, Siebenrock KA,
Langlotz F. Range of motion in anterior femoroacetabular
impingement. Clin Orthop Relat Res. 2007;458:117-24.

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. 2009;27(2):
195-201.

Johnston TL, Schenker ML, Briggs KK, Philippon MJ. Relationship
between offset angle alpha and hip chondral injury in femoroace-
tabular impingement. Arthroscopy. 2008;24(6):669-75.

Brandt KD, Dieppe P, Radin EL. Etiopathogenesis of osteoarthri-
tis. Rheum Dis Clin North Am. 2008;34(3):531-59.

Russell ME, et al. Cartilage contact pressure elevations in dys-
plastic hips: a chronic overload model. J Orthop Surg Res.
2006;1:6.

Noguchi Y, et al. Cartilage and labrum degeneration in the dysplastic
hip generally originates in the anterosuperior weight-bearing area: an
arthroscopic observation. Arthroscopy. 1999;15(5):496-506.
Tsumura H, Miura H, Iwamoto Y. Three-dimensional pressure dis-
tribution of the human hip joint—comparison between normal hips
and dysplastic hips. Fukuoka Igaku Zasshi. 1998;89(4):109-18.
Hadley NA, Brown TD, Weinstein SL. The effects of contact pres-
sure elevations and aseptic necrosis on the long-term outcome of
congenital hip dislocation. J Orthop Res. 1990;8(4):504—13.
Anderson AE, Ellis BJ, Maas SA, Peters CL, Weiss JA. Validation
of finite element predictions of cartilage contact pressure in the
human hip joint. J Biomech Eng. 2008;130(5):051008.

Henak CR, Ellis BJ, Harris MD, Anderson AE, Peters CL, Weiss
JA. Role of the acetabular labrum in load support across the hip
joint. J Biomech. 2011;44(12):2201-6.

Anderson AE, Ellis BJ, Maas SA, Weiss JA. Effects of idealized
joint geometry on finite element predictions of cartilage contact
stresses in the hip. J Biomech. 2010;43(7):1351-7.

Klaue K, Durnin CW, Ganz R. The acetabular rim syndrome. A
clinical presentation of dysplasia of the hip. J Bone Joint Surg Br.
1991;73(3):423-9.

Haene RA, Bradley M, Villar RN. Hip dysplasia and the torn ace-
tabular labrum: an inexact relationship. J Bone Joint Surg Br.
2007;89(10):1289-92.

Kawabe K, Konishi N. Three-dimensional modeling of cartilage
thickness in hip dysplasia. Clin Orthop Relat Res. 1993;289:180-5.
Clohisy JC, Barrett SE, Gordon JE, Delgado ED, Schoenecker
PL. Periacetabular osteotomy for the treatment of severe acetabu-
lar dysplasia. J Bone Joint Surg Am. 2005;87(2):254-9.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Millis MB, Kim Y]J. Rationale of osteotomy and related proce-
dures for hip preservation: a review. Clin Orthop Relat Res.
2002;405:108-21.

Beighton P, Horan F. Orthopaedic aspects of the Ehlers-Danlos
syndrome. J Bone Joint Surg Br. 1969;51(3):444-53.

Grahame R, Bird HA, Child A. The revised (Brighton 1998) crite-
ria for the diagnosis of benign joint hypermobility syndrome
(BJHS). J Rheumatol. 2000;27(7):1777-9.

Nawabi DH, Bedi A, Tibor LM, Magennis E, Kelly BT. The
demographic characteristics of high-level and recreational athletes
undergoing hip arthroscopy for Femoroacetabular impingement
(FAI): a sports-specific analysis. Arthroscopy. 2014;30:398—405.
Duthon VB, Charbonnier C, Kolo FC, Magnenat-Thalmann N,
Becker CD, Bouvet C, Coppens E, Hoffmeyer P, Menetrey
J. Correlation of clinical and magnetic resonance imaging findings in
hips of elite female ballet dancers. Arthroscopy. 2013;29(3):411-9.
Charbonnier C, Kolo FC, Duthon VB, et al. Assessment of congru-
ence and impingement of the hip joint in professional ballet danc-
ers: a motion capture study. Am J Sports Med. 2011;39:557-66.
Harris J, Slikker W, Gupta A, Abrams G, Nho S. Routine complete
capsular closure during hip arthroscopy. Arthrosc Tech.
2013;2:689-94.

McCormick F, Slikker III W, Harris JD, et al. Evidence of capsular
defect following hip arthroscopy. Knee Surg Sports Traumatol
Arthrosc. 2014;22(4):902-5.

Ranawat AS, McClincy M, Sekiya JK. Anterior dislocation of the
hip after arthroscopy in a patient with capsular laxity of the hip. A
case report. J Bone Joint Surg Am. 2009;91(1):192-7.

Benali Y, Katthagen BD. Hip subluxation as a complication of
arthroscopic debridement. Arthroscopy. 2009;25(4):405-7.
Ilizaliturri Jr VM. Complications of arthroscopic femoroacetabu-
lar impingement treatment: a review. Clin Orthop Relat Res.
2009;467(3):760-8.

Matsuda DK. Acute iatrogenic dislocation following hip impinge-
ment arthroscopic surgery. Arthroscopy. 2009;25(4):400—4.
Mei-Dan O, McConkey MO, Brick M. Catastrophic failure of hip
arthroscopy due to iatrogenic instability: can partial division of the
ligamentum teres and iliofemoral ligament cause subluxation?
Arthroscopy. 2012;28(3):440-5.

Sansone M, Ahlden M, Jonasson P, Sward L, Eriksson T, Karlsson
J. Total dislocation of the hip joint after arthroscopy and ileopsoas
tenotomy. Knee Surg Sports Traumatol Arthrosc. 2013;21(2):420-3.
Souza BG, Dani WS, Honda EK, Ricioli Jr W, Guimaraes RP, Ono
NK, et al. Do complications in hip arthroscopy change with expe-
rience? Arthroscopy. 2010;26(8):1053-7.

Bayne CO, Stanley R, Simon P, Espinoza-Orias A, Salata MJ,
Bush-Joseph CA, Nho SJ. Effect of capsulotomy on hip stability-a
consideration during hip arthroscopy. Am J Orthop (Belle Mead
NJ). 2014;43(4):160-5.



	7: Functional Mechanics of the Human Hip
	 Introduction
	 Forces Acting Across the Hip Joint
	 Load Transfer Across the Hip Joint
	 The Kinematics of the Normal Hip
	 Tissues Controlling the Range of Motion of the Hip Joint
	 The Articular Surfaces
	 The Hip Capsule and Ligaments
	 The Acetabular Labrum
	 The Ligamentum Teres

	 Pathological Impediments to Joint Motion
	 Femoroacetabular Impingement
	 Femoral and Acetabular Dysplasia
	 Microinstability

	 Conclusions
	References


