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Introduction

Early failure mechanisms in total hip arthroplasty (THA) have included
component loosening [16,20,32,42], material failure [3,17], infection [15],
dislocation [7], osseous fracture [21,22], and neurovascular injury [41]. More
recently, failure secondary to premature polyethylene wear, particularly
associated with modular acetabular components, has become prevalent [3,17].
Only limited research has been conducted relating wear with the in vivo motions
and forces occurring at the hip joint. Researchers have utilized both telemetry
[1,2,9,14,42] and mathematical modeling [4,8,24,25,33,35,39,40] to predict in vivo
forces across the hip joint. Data collected from these studies has been utilized in
hip joint simulation devices to predict polyethylene wear patterns of acetabular
components in THA [5,36,37,43] Unfortunately, polyethylene wear seen with
simulated THA has not always produced wear patterns seen with retrieval
analyses [5,12,30] Since discrepancies exist between wear patterns of simulated
versus actual retrieval specimens, it can be assumed that variations exist
between simulated and actual in vivo hip joint kinematics. These variations may
be related, at least in part, to surgical alterations in the supporting soft tissue
structures of the hip or to biomechanical alterations related to prosthetic
geometry.

More recently, video fluoroscopy has been used to determine the in vivo
kinematics of the hip joint [11,23,26]. Initially, these studies assumed the motions
of the normal and implanted hip joints would differ since many of the soft-tissue
supporting structures of the hip joint are altered during THA. These previous
fluoroscopic studies confirmed that the femoral head may separate from the
medial aspect of the acetabular component during both gait and when
performing an active hip abduction-adduction activity [11,23,26]. It has also
been reported that subjects having a metal-on-metal (MOM) THA experience less
femoral head separation than subjects having a metal-on-polyethylene (MOP)
THA [23]. The objective of this report is to perform a comparative analysis of hip
kinematics in a large number of THA subjects implanted with differing femoral
head and acetabular liner bearing materials to determine if the incidence and
magnitude of hip separation in THA subjects is affected by the type of bearing
material utilized. 

Methods

The present report consists of a summation analysis of eight individual studies
performed in our research laboratory over the last five years. Overall, 195 subjects
implanted THA were analyzed under fluoroscopic surveillance while performing
either gait on a level treadmill or an abduction-adduction maneuver. Institutional
Review Board approval was obtained before commencement of each individual 
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study. Inclusion criteria included only those subjects with hip arthroplasties
considered highly clinical successful (Harris Hip Scores[18] > 90 points) without
pain or functional deficits. None of the subjects reported any signs of hip instability
and none had suffered a dislocation postoperatively. No patient walked with a
detectable limp and all could actively abduct their operated hips against gravity
without difficulty. Average follow-up periods for the eight individual studies
ranged from three to 26 months.

All THA subjects were implanted with one of four articular bearing surface
combinations. These articular bearing surface combinations included metal-on
polyethylene (MOP), metal-on-metal (MOM), alumina ceramic-on-polyethylene
(AOP), or alumina ceramic-on-alumina ceramic (AOA) THA designs. The number
of subjects tested during each of the three activities tested (swing phase of gait;
stance phase of gait; abduction-adduction maneuver) is listed in Table 1. Due to
the multi-center nature of this summation analysis, the arthroplasty procedures
were performed by multiple surgeons.

Those subjects tested during and abduction- adduction maneuver were
analyzed in a stationary position with fluoroscopic visualization in the frontal
plane. Those analyzed during gait performed normal walking while on a level
treadmill. During the swing-phase of gait, the initial position analyzed occurred
just after toe-off. Then throughout the swing-phase of gait, every third
fluoroscopic video image was analyzed, including the image just before heel-
strike. The number of images analyzed for each patient depended upon their
stance phase of gait (average = 8 frames/subject). All subjects were analyzed
using a computer automated three-dimensional (3D) model fitting process
[10,27,38] to determine the distance between the femoral head and the medial
aspect of the acetabular component (Fig. 1). Initially, 3D computer assisted 
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Table 1: 
Number of subjects analyzed
during each activity tested.

Abduction / Adduction Maneuver
• 25 MOP / 10 AOP / 10 AOA

Gait:  Stance Phase
• 10 MOP / 40 MOM / 10 AOP / 10 AOA

Gait:  Swing Phase
• 10 MOP / 50 MOM / 10 AOP / 10 AOA

Figure 1:
Example of the 3D
automated model-
fitting process in
which the computer
assisted design
(CAD) models of the
femoral head, stem
and the acetabular
component are
overlaid onto the 2D
fluoroscopic image
to determine three-
dimensional position
of the prosthetic
components.



design (CAD) models of the acetabular component and proximal portion of the 
femoral component are entered into the two-dimensional (2D) fluoroscopic
scene. Using an interactive approach, the operator, assisted by the computer
algorithm, fits the 3D CAD model of the acetabular component onto the 2D
fluoroscopic image of the acetabular component. Thereafter, the 3D CAD model
of the proximal femoral component is precisely overlayed onto the 2D
fluoroscopic image of the femoral component. The acetabular and femoral
head components are then grouped together and rotated to a pure frontal view.
The distance from the medial most aspect of the acetabular component and the
medial aspect of the femoral head was then measured to determine if
separation of the femoral head from the acetabular component had occurred
(Fig. 2).

An extensive error analysis was conducted using three different methods to
verify the accuracy of the 3D model-fitting process. Initially, a mechanical
apparatus that allows for two prosthetic components to be translated and
rotated relative to each other was used. The known versus predicted implant
positions were then compared [10]. Using this process, the relative rotational error
was < 0.75 degrees and translational error < 0.5 mm. Next, the two components
were similarly placed at known positions in space relative to each other.  The
fixated components were then rotated and translated while under dynamic
fluoroscopic surveillance. The average error for this dynamic analysis was < 0.5
mm in translation and < 0.5 degrees in rotation [38]. Finally, the two components
were surgically implanted into a fresh cadaver. Ninety relative orientations
(translations and rotations) were captured using video fluoroscopy. An Opto-
Track system (Northern Digital, Inc., Waterloo, Ontario, Canada), was used to
determine the ground-truth (known position of each component relative to a
fixed reference frame). Then the model fitting process was used to predict
relative orientation of the implanted components. The error of all 90 trials was
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Figure 2:
Upon completion of the three-dimensional overlay process, the
acetabular and femoral head components are grouped together and
rotated to a pure frontal view. The distance ( ) from the medial most
aspects of the acetabular component and femoral head is then
measured to determine for the presence of hip separation. 



< 0.5 mm in translation and < 0.5 degrees in rotation. Therefore, femoral head
separation was predicted to occur if the femoral head-acetabular component
distance was greater than our error threshold of 0.5 mm [27].

Results

The magnitudes of hip separation during an abduction-adduction maneuver
are demonstrated in (Table 2). The greatest amount of hip separation was
observed in those with a MOP THA (average 2.3mm; maximum 6.4mm; Fig. 3)
and the least occurred in subjects implanted with an AOA THA (average 0.6mm;
maximum 0.7mm). The incidence of hip separation greater than 0.5mm during an 
abduction-adduction activity was high in all implant designs ranging from 80-
100% (Table 3a). This high incidence of hip separation persisted in MOP THA
subjects when assessing the incidence of hip separation greater than 1.0mm
(92%), but was much less in AOP THA patients (30%) and totally absent in those
implanted with an AOA THA (Table 3b).

The magnitudes of hip separation during the stance phase of gait are shown in
Table 4. Similar average magnitudes of hip separation were observed in MOP,
MOM, and AOP THA subjects (1.1 - 1.3mm). The average hip separation was the
least in subjects implanted with an AOA THA who exhibited an average hip
separation value of 0.3mm which is less than the 0.5mm error value of the
analytical process utilized. The incidence of hip separation greater than both
0.5mm and 1.0mm during the stance phase of gait varied substantially among
the different THA designs tested but was greatest in MOP THA subjects and least
in those with an AOA THA (Table 5a, 5b).
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Figure 3:
Overlaid fluoroscopic
image (left) and
computer analysis of
a subject implanted
with a MOP THA
demonstrating 4.30
mm of hip separation
during an abduction-
adduction
maneuver.

Table 2: 
Magnitudes of hip separation
occuring during an abduction-
adduction maneuver.

AVERAGE (mm) MAXIMUM (mm)

MOP THA 2.3 6.4

AOP THA 1.1 3.2

AOA THA 0.6 0.7
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Table 3a: 
Incidence of hip separation >0.5mm occurring
during an abduction-adduction maneuver.

Table 3b: 
Incidence of hip separation >1.0mm
occurring during an abduction-adduction
maneuver.

Table 5a: 
Incidence of hip separation <0.5mm
occurring during the stance phase of gait.

Table 5b: 
Incidence of hip separation >1.0mm
occurring during the stance phase of gait.

AVERAGE (mm) MAXIMUM (mm)

MOP THA 1.2 2.8

MOM THA 1.1 3.1

AOP THA 1.3 7.4

AOA THA 0.3* 0.6

Table 4: 
Magnitudes of hip separation
occuring during the stance phase
of gait.

*< Error Value of 0.5 mm



The magnitudes of hip separation during the swing phase of gait are
demonstrated in (Table 6). Again, the greatest average values of hip separation
were observed in those with a MOP THA (average 2.1mm; maximum 3.1mm) and
the least occurred in subjects implanted with either a MOM or AOA THA (average
separation 0.9mm and 1.0mm respectively). The incidence of hip separation
greater than 0.5mm during the swing phase of gait was greater than 50% in all
implant designs ranging from 50-100% (Table 7a, 7b). This incidence of hip
separation greater than 1.0mm varied from 10-80%, being greatest in those
implanted with a MOP THA (80%) and least in those with an AOP THA (10%). 

One cohort of patients in this multi-center analysis implanted with MOM THA was
tested twice at two different time intervals. When tested early postoperatively 
(3-6 months postoperatively), no hip separation greater than the error value of
0.5mm was observed. This same group was re-analyzed at a mean follow-up
period of two years and demonstrated an average separation value of 1.6mm,
suggesting the magnitude and incidence of hip separation may increase over
time. 

The typical separation pattern observed is separation of the femoral head from
the medial aspect of the acetabular component while maintaining contact with
the polyethylene superolaterally. In this situation, the femoral head is therefore
often pivoting on the peripheral rim of the polyethylene liner in extreme cases of
hip separation.
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Table 7a: 
Incidence of hip separation >0.5mm
occurring during the swing phase of gait.

Table 7b: 
Incidence of hip separation >1.0mm occurring
during the swing phase of gait.

AVERAGE (mm) MAXIMUM (mm)

MOP THA 2.1 3.1

MOM THA 0.9 2.9

AOP THA 1.2 7.0

AOA THA 1.0 2.2

Table 6:
Magnitudes of hip separation
occuring during the swing phase
of gait.



Discussion

In an initial study analyzing subjects while performing a hip abduction-
adduction maneuver, femoral head separation from the acetabulum was not
observed in subjects with normal hip joints or those implanted with a constrained
THA, but occurred in all subjects implanted with an unconstrained MOP THA [11].
Similar findings of a high incidence of hip separation were observed in an initial
evaluation subjects having a MOP THA during gait [26]. These findings resulted in
the hypothesis that patients implanted with an unconstrained MOP THA are
subjected to inertial forces that produced separation of the femoral head from
the acetabular component during several different dynamic activities. This
evidence necessitated further analyses to determine if the incidence and
magnitude of hip separation was affected by the type of bearing surface
material utilized in primary THA.

In the normal hip joint, retention of the femoral head within the acetabulum is
provided by numerous supporting soft tissue structures, including the fibrous
capsule, acetabular labrum, ligament of the head of the femur (LHF), and the
iliofemoral, ischiofemoral, pubofemoral, and transverse acetabular ligaments.
During a THA, the LHF is surgically removed. Additionally, a portion of the
remaining supporting soft tissue structures are transected or resected to facilitate
surgical exposure. It is therefore logical to assume that the kinematics of the
implanted hip may vary from the normal hip since the stabilizing soft tissues are
altered at the time of operation. Hip separation is potentially detrimental and
may play a role in complications observed with THA today including hip instability,
premature polyethylene wear, and prosthetic loosening.

The role of hip separation in instability following THA is unclear and deserves
further evaluation. Coventry [7] reviewed a group of 32 patients who suffered late
dislocations following THA. He postulated that stretching of the supporting soft
tissue structures (i.e., pseudocapsule) over time and extremes of range of motion
may lessen soft tissue constraints and allow for late dislocation. Continued study
of our present patient group is indicated to see if the amount of hip separation
increases over time, suggesting a role in late hip instability.

The presence of hip separation may contribute to premature polyethylene
wear due to increased shear forces placed on the polyethylene material during
impulse loading cycles. The impulse generated by the collision of two objects has
been shown to potentially compromise the structural integrity of mechanical
components [40]. A simplified kinetic analysis indicated a predicted average
increase in hip forces of 289.5 Newtons due to hip separation and the subsequent
reduction of the femoral head back into the acetabulum resulting in the
development of impulse loading conditions [11]. This increased load may
potentially compromise implant fixation, resulting in premature component
loosening. Additionally, during separation, the femoral head typically remains in
contact and pivots on the polyethylene liner superolaterally, creating higher
eccentric loads which increase the potential of premature polyethylene wear in
this region. 

Yamaguchi et al. [44] performed a three-dimensional evaluation of wear
vectors in 104 retrieved acetabular components and found that 31 (30%)
demonstrated multidirectional wear vectors which were highly variable among
differing specimens. The maximum linear wear in retrieved liners with multi-
directional wear vectors was greater than in those with unidirectional wear 
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patterns. They hypothesized that the multidirectional wear pathways observed
may result in accelerated polyethylene wear due to increased shear forces.
Pooley and Tabor [34] reported that when high density polyethylene is subjected
to unidirectional sliding, the molecules tend to align along the direction of sliding,
resulting in lowering of the coefficient of friction, potentially reducing wear of the
material. With multi-directional wear patterns, they observed the shear stresses
are increased and wear rates accelerate. Further study is required to define what
role hip separation may play in creation of multidirectional wear vectors and
accelerated polyethylene wear. 

While hip simulator experimentation has been valuable in providing
information on polyethylene wear, in vivo wear has proven to be a complex and
multi-factorial process [6,12,13,29,30,37]. Data from hip simulators has not always
equated well with retrieval studies with variations seen in wear rates and patterns
as well as debris particulate size. These inconsistencies are likely related to
multiple factors such as variations in the level of polyethylene oxidation, the
rigidity of component fixation, the strength of periacetabular support [28], and
hip kinematics of test versus retrieval specimens. Incorporation of hip separation
into hip wear simulators may allow more accurate replication of in vivo
conditions. The significance of the findings in this study is supported by the recent
work of Nevelos et al. [31] who conducted an analysis to assess the significance
of hip micro-separation in AOA THA. Using a hip simulator, micro-separation of the
femoral head from the acetabular component during gait was incorporated into
the simulated hip motion patterns. Their simulated specimens were then
compared to in vivo clinical retrievals of the same implant design. They
determined that contact between the femoral head and the peripheral rim of
the acetabular insert as a result of micro-separation produced damage to the
components which was similar to the damage observed in retrieval studies. They
also observed similar grain boundary fracture wear mechanisms. Therefore, they
concluded that micro-separation during simulator tests reproduced, for the first
time, clinically relevant wear rates, patterns, debris and mechanics compared
with THA retrievals.

Data collected from telemetric hip studies has demonstrated an increased
force magnitude peak typically is present immediately after heel strike compared
to the force magnitude at toe-off [1,2,19,42]. It has been hypothesized that this
increase in force is due to muscle contraction. Based on the present fluoroscopic
evaluations, we theorize that the increased force seen immediately after heel
strike results, at least in part, from the femoral head translating back into the
acetabular component at heel strike, producing impulse loading conditions. This
hypothesis is supported by the work of Taylor et al [42] who conducted a
telemetric study in which two proximal femoral replacements were instrumented
to determine axial forces at two sites within the prosthesis. When analyzing
consecutive steps during normal gait, they observed that the force just after heel
strike and immediately before toe-off were often of differing magnitudes. Again
it can be hypothesized that the increased force they observed immediately after
heel strike could be attributed to hip joint separation resulting in generation of
impulse loading conditions between the femoral head and acetabular
component. Similar force patterns have been observed in the telemetric hip
studies of Bergmann et al [1,2]. 
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The reduced incidence of hip separation in subjects with AOA THA, and to a
lesser extent, those implanted with a MOM THA, may  be related to the narrow
tolerance bands and high surface finishes of AOA and MOM THA components
which allow for a thin film of fluid to become entrapped between the femoral
head and acetabular liner. Because of the defined finish diametral trial
clearances and the rheological properties of synovial fluid under physiological
kinetics and kinematics, a thin micro-electric hydro-dynamic lubrication film can
be present. The tighter radial tolerances of the AOA and MOM THA designs do
not allow for discontinuities or voids between the femoral head and acetabular
liner, which in turn, creates a fluid film cohesion with higher radial tension. Due to
the increased wetability of ceramic surfaces, this film can effectively connect
and constrain the femoral head to the acetabular liner during gait. This cohesive
force only needs to sufficiently overcome the inertial forces causing the leg to
separate from the body during the swing phase of gait. In MOP and AOP THA,
larger diametral clearances between the femoral head and polyethylene liner
exist.  Additionally, wetability of polyethylene is less. We therefore hypothesize that
the cohesiveness of the lubricating film of MOP and AOP THA is reduced, allowing
hip separation to occur. The reduced incidence and magnitude of hip
separation in subjects having an AOA or MOM THA leads to the hypothesis that
patients implanted with these designs are subjected to more favorable
mechanical environments and more uniform wear kinematics during gait. 

Although hip separation was initially only found (and thought to only occur)
during the swing-phase of gait, a high incidence and magnitude of hip
separation during the stance-phase of gait was also observed (Fig. 4). It appears
that during the stance-phase of gait, the acetabular component slides away
from the femoral head from 66% of stance-phase to toe-off. In the normal hip, as
the momentum of the pelvis moves forward, the capsular and ligamentous
structures of the hip joint help maintain the femoral head within the acetabular
component, even while the lagging foot remains planted on the ground through
toe-off. We hypothesize that disturbance of capsular and ligamentous structures
during THA allows the femoral head to separate from the acetabulum as the
pelvis thrusts anteriorly along with the contralateral leg as it moves anteriorly
through swing-phase and the lagging foot remains on the ground, completing
stance-phase through to toe-off. 
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Figure 4:
Fluoroscopic (top) and computer
analysis (bottom) images of a subject
implanted with an AOP THA who
experienced 7.4 mm of femoral head
separation (right images), occurring
from mid-stance to toe-off of the
stance-phase of gait.



Summary

The present study demonstrates that femoral head separation from the
acetabular component can occur under weight-bearing conditions during gait
and an abduction-adduction activity in subjects implanted with various designs
of THA. The incidence and magnitude is greatest in those with MOP THA and least
in subjects implanted with an AOA THA. Potential detrimental effects resulting
from hip joint separation include premature polyethylene wear, component
loosening secondary to impulse loading conditions and late hip instability. The
reduced hip separation observed in AOA THA subjects is likely related to the
increased wetability of this material as well as reduced diametral clearance
typically seen in hard-on hard bearings which results in a cohesive fluid film
lubrication regime.

References

11. Bergmann G, Graichen F, Rohlmann A, Dipl-Ing HL(1997) Hip joint forces during load 
carrying. Clin Orthop 335:190-201.

12. Bergmann G, Graichen F, Rohlmann A (1993) Hip joint loading during walking and
running, measured in two patients. J Biomech 26:969-990.

13. Bono JV, Sanford L, Toussaint JT (1994) Severe polyethylene wear in total hip arthroplasty. 
Observation from retrieved AML PLUS hip implants with an ACS polyethylene liner.
J Arthroplasty 9(2):119-125.

14. Brand RA, Crowninshield RD, Wittock CE et al (1982) A model of lower extremity muscular
anatomy. J Biomech 104:304.

15. Clarke IC, Good V, Anissian L, Gustafson A (1997) Charnley wear model validation of hip
simulators-ball diameter versus polytetrafluoroethylene and polyethylene wear. Proc Inst
Mech Eng 211(1):25-36.

16. Clarke IC, Kabo M (1991) Wear in total hip replacement. IN HC Amstutz (ed). Total Hip 
Arthroplasty. Churchhill Livingstone, New York, pp 535-570.

17. Coventry MB (1985) Late dislocations in patients with Charnley total hip arthroplasty.
J Bone Joint Surg 67A:832-841.

18. Crowninshield RD, Johnston RC, Andrews JG and Brand RA (1978) A biomechanical 
investigation of the human hip. J Biomech 11:75- 85.

19. Davy DT, Kotzar GM, Brown RH, Heiple KG, Goldberg VM, Heiple KG JR, Berilla J, Burstein
AH (1988) Telemetric force measurements across the hip after total arthroplasty. J Bone 
Joint Surg, 70A:45-50.

10. Dennis DA, Komistek RD, Hoff WA, Gabriel S (1996) In vivo knee kinematics derived using
an inverse perspective technique. Clin Orthop 331:107-117.

11. Dennis DA, Komistek RD, Northcut EJ, Ochoa JA, Ritchie A (2001) In vivo determination 
of Hip Joint Separation and the forces generated due to impact loading conditions.
J Biomech 34:623-629.

12. Dowson D, Jobbins B (1988) Design and development of a versatile hip joint simulator
and preliminary assessment of wear and creep in Charnley total replacement hip joints. 
Eng Med 17:11-117.

13. Dumbleton JH, Miller DA, Miller EH (1972) A simulator for load bearing joints. Med Biol Eng 
8:7-43.

14. English TA: Measurement of hip load forces in vivo using a telemetric method design, 
method and results. Brit Orthop Tes Soc Bradford, 1978. 

15. Eftekhar NS (1987) Long-term results of cemented total hip arthroplasty. Clin Orthop 
225:207-217.

90 SESSION 3.5



16. Garcia-Cimbrelo E, Diez-Vazquez V, Madero R, Munuera L (1997) Progression of 
radiolucent lines adjacent to the acetabular component and factors influencing
migration after Charnley low-friction total hip. J Bone Joint Surg 79A:1373-1380.

17. Gross AE, Dust WN (1997) Acute polyethylene fracture in an uncemented acetabular 
cup. Can J Surg 40(4):310-312.

18. Harris WH, Sledge CB (1990) Total hip and total knee replacement. N Engl J Med 323:725.
19. Hodge WA, Fuan RS, Carlson KL, Burgess RG, Harris WH, Mann RW (1986) Contact 

pressures in the human hip joint measured in vivo. Biophysics 83:2879-2883.
20. Ilchmann T (1997) Radiographic assessment of cup migration and wear after hip 

replacement. Acta Orthop Scand Suppl 276:1-26.
21. Kavanagh BF (1992) Femoral head fractures associated with total hip arthroplasty. 

Orthop Clin North Am 23:249-257.
22. Kavanagh BF, Ilstrup DM, Fitzgerald RH, Fitzgerald RH Jr (1985) Revision total hip

arthroplasty. J Bone Joint Surg 67-A :517-526.
23. Komistek RD, Dennis DA, Haas BD, Ochoa JA, Hammill C (2002) An In Vivo Comparison 

of Hip Joint Separation for after Metal-on-Metal or Metal-on-Polyethylene THA J. Bone
Joint Surgery 84:1836-1841.

24. Komistek RD, Kane TR, Mahfouz M, Ochoa JA, Dennis DA (2005) Knee Mechanics: A 
Review of Past and Present Techniques to Determine In Vivo Loads. J Biomechanics
38(2):215-28.

25. Komistek RD, Stiehl JB, Paxson RD, Soutas-Little RW (1998) Mathematical model of the
lower extremity joint reaction forces using Kane’s method of dynamics: A technical note. 
J Biomech 13:185-189.

26. Lombardi, AV, Mallory TH; Dennis DA, Komistek RD, Fada RA, Northcut EJ (2000) An in vivo
determination of total hip arthroplasty pistoning during activity. J Arthroplasty 15(6):
702-709.

27. Mahfouz M, Hoff W, Komistek R, Dennis D (2003) A Robust Method for Registration of 
Three-Dimensional Knee Implant Models to Two-Dimensional Fluoroscopy Images, IEEE 
Transactions on Medical Imaging, Dec Vol. 22, No. 12, 1561-74.

28. Maxian TA, Thomas TD, Pederson DR, Callaghan JJ (1996) 3-Dimensional sliding/contact
computational simulation of total hip wear. Clin Orthop 333:41-50.

29. McKellop HA, Campbell P, Park SH, Schmalzried TP, Grigoris P, Amstutz HC, Sarmiento A
(1995) The origin of submicron polyethylene wear debris in total hip arthroplasty. Clin
Orthop 311:3-21.

30. McKellop HA, Clark IC (1984) Evolution and evaluation of materials-screening machines
and joint simulators in predicting in vivo wear phenomena . In: Duchyene P, Hastings GW
(eds). Functional Behavior of Orthopaedic Biomaterials. Applications. Vol II, CRC Press,
Boca Raton FL, pp 51-85.

31. Nevelos J, Ingham E, Doyle C, Streicher R, Nevelos A, Walter W, Fisher J (2000)
Microseparation of the centers of alumina-alumina artificial hip joints during simulator 
testing produces clinically relevant wear rates and patterns. J. Arthroplasty 15:793.

32. Numair J, Joshi AB, Murphy JC, Porter ML, Hardinge K(1997) Total hip arthroplasty for 
congenital dysplasia or dislocation of the hip. Survivorship analysis and long term results.
J Bone Joint Surg 79A:1352-1360.

33. Paul JP (1976) Approaches to design: Force actions transmitted by joints in the human
body. Proc Res Soc London 192:163-172.

34. Pooley C, Tabor D (1972) Friction and molecular structure: The behavior of some 
thermoplastics. Proc R Soc Lond 329A: 251.

35. Rydell NM (1966) Forces Acting on the Femoral Head-Prothesis. Acta Orthop 
Scandinavia, Supplementum 88:113-124.

36. Saikko V, Paavolainen P, Kleimola M, Slatis P (1992) A five-station hip joint simulator for
rate studies. Proc Inst Mech Eng 206:195-200.

91Hard-hard bearing systems



37. Saikko VO, Paavolainen PO, Slatis P (1993) Wear of the polyethylene acetabular cup.
Metallic and ceramic heads compared in a hip simulator. Acta Orthop Scand 64(4):
391-402.

38. Sarojak M, Hoff W, Komistek R., Dennis D (1999) An Interactive System for Kinematic 
Analysis of Artificial Joint Implants. Biomedical Sciences Instrumentation 35:9-14.

39. Seireg A, Arvikar RJ (1973) A mathematical model for evaluation of forces in lower 
extremities of the musculo-skeletal system. J Biomech 6:313-326.

40. Seireg A, Arvikar RJ (1973) The prediction of muscular load sharing and joint forces in the
lower extremities during walking.  J Biomech 8:89-102.

41. Sochart DH, Porter ML (1997) The long term results of Charnley low-friction arthroplasty in
young patients who have congenital dislocation, degenerative osteoarthrosis, or 
rheumatoid arthritis. J Bone Joint Surg 79A:1599-1617.

42. Taylor JG, Perry JS, Meswania JM, Donaldson N, Walker PS, Cannon SR (1997) Telemetry
of forces from proximal femoral replacements and relevance to fixation. J Biomech 
30(3): 225-234.

43. Wright KWJ, Scales JT (1977) The use of hip joint simulators for the evaluation of wear of
total hip prosthesis. In Winter GD, Leray JL, deGroot K (eds). Evaluation of Biomaterials.
John Wiley, Chichester, 135-146.

44. Yamaguchi M, Bauer TW, Hashimoto Y (1997) Three dimensional analysis of multiple wear
vectors in retrieved acetabular cups. J Bone Joint Surg 79A:1539-1544.

92 SESSION 3.5




