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A B S T R A C T

Improvements in early hip arthroplasties focused on surgical techniques with subsequent studies emphasizing restoration of the hip center of rotation for longevity of
the implant. Current literature suggests femoral stem anteversion of 10–20°, cup anteversion of 20–25° and a combined anteversion of 25–40° in males, 30–45° in
females. Inclination goal appears to be 45° precisely to balance between impingement & dislocation versus edge loading & accelerated wear. Restoration of the
acetabular center of rotation will improve joint reactive forces and reduce wear. Here we describe techniques to achieve a well balanced total hip with restoration of
the center of rotation.

1. History

The initial results of the cemented Charnley low-friction ar-
throplasty was met with significant enthusiasm. Charnley's original
design included maintenance of femoral head diameter not larger than
the radius of the acetabular socket to ensure low torque generation and
avoid early radiolucent lines, a surrogate for high joint reactive forces,
early loosening and failure.8 Combined with greater trochanter ad-
vancement for appropriate abductor tension, hip balance combined
with hip center medialization, Charnley successfully pioneered total hip
arthroplasty (THA) as the operation of the century.9,10

Improvements in the early THAs focused on surgical techniques to
avoid the high non-union rate of the greater trochanter and subsequent
abductor limp. Johnston et al.11 calculated a mathematical model for
lowering hip joint reactive forces based upon geometric factors of the
hip. A medialized, inferior and anterior center demonstrated lower joint
forces, while small femoral shaft-neck angles and their junction be-
tween 130 and 140° also lowered joint loads. A shorter femoral neck of
35mm had less moment force compared with a 45mm length neck.
This suggested an additional element of surgical technique to lower
joint forces, a surrogate of early loosening and wear. It also may allude
to the complexity of the hip biomechanics and joint reactive forces.

Subsequent reports emphasized identification and meticulous re-
storation of the hip center of rotation (COR) for longevity of the im-
plant. Ranawat et al.12 identified 35 THAs with 4.3 years followup
performed in the setting of rheumatoid protrusio acetabuli. They re-
ported 94% acetabular radiolucency (a surrogate for loosening) with
hip centers migrated more than 1 cm medially or superiorly compared
to zero radiolucency when the hip center was within 5mm of the
anatomical position. Karachialos et al.13 reported on 12–18 year

followup on 95 Charnley cemented total hip arthroplasties. They noted
changes in hip COR as small as 2mm were related to unfavorable
radiographic signs such as cup migration, wear, stem and acetabular
demarcation, and calcar resorption. They suggested avoiding superior &
medial hip COR while emphasizing the importance of anatomic cup
placement. While these cemented acetabular cups seem to have a small
tolerance for anatomic placement, newer literature appears to have
larger tolerances for achieving acceptable uncemented cup COR.

2. Wear and impingement

THA component position can affect tribologic mechanisms in the
hip as well. Femoral offset, defined as distance between the center of
the femoral head and a line bisecting the long axis of the femur, affects
the abductor lever arm mechanism and thus affects hip joint reactive
forces14,15 Lecerf et al.15 correlated the importance between femoral
offset, abductor lever arm and hip abductor strength. As femoral offset
increases, so does the mechanical advantage of the hip abductors and
thus decrease related joint reactive forces. Of note, they found hip
resurfacing implants tended to lower hip offset while total hip ar-
throplasty tended to increase overall offset. Lastly, they noted a lower
survival rate with high offset cement stems in the Swedish registry, a
possible cause of increased stress at the implant interface in the setting
of cement. On the contrary, Salkalkale et al.16 compared polyethylene
wear in seventeen bilateral THAs with one standard and one high offset
on either side. At 5 years, they reported a linear wear rate of 0.21mm/
yr for standard and 0.01mm/yr for high offset femoral components. In
their study, uncemented stems were utilized, a potential benefit of in-
growth fixation.

Charles et al.14 performed a nice review of the current knowledge on
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hip offset and balance. The overall average femoral offset is 44mm,
with a range 27–57mm. Inability to restore these parameters may lead
to gait imbalance, weakness, affected range of motion (ROM), im-
pingement and dislocation. Preoperative planning is helpful for femoral
offset restoration to ensure accuracy and avoidance of complications.
Femoral offset can be affected by 5 factors: neck length, a varus femoral
component, medialization of the femoral component, cup offset (and
this may be most important because femoral offset by itself is only a
factor if cup COR is restored – otherwise hip offset is the relevant
measurement) and a combination of factors such as a varus component
with increased neck length. Paying attention to a patient's anatomy
such as a varus neck can notify the surgeon to have a high offset femoral
component or a specialized varus neck-shaft angle component avail-
able.

Maintaining the center of rotation of the hip can help improve wear
characteristics.17,18 As the COR migrates superolaterally in certain ar-
thritic patterns, increased abductor tension is required to maintain
balance, resulting in elevated joint reactive forces. Charnley would
recommend medialization of the hip center to improve forces, a sur-
rogate for early failure. Asayama et al.19 evaluated 30 patients with
unilateral THA with regards to femoral offset, hip COR, cup height,
abductor strength in comparison to their non-arthritic contralateral
side. They found that hip abductor strength was significantly higher
(p=0.020) with slightly increased femoral offset and normal or slight
inferomedial hip COR. Their results are similar to others as well.11,15,20

The concept of hip offset was popularized by Dastane et al.7 A
combination of femoral offset and hip center of rotation, they reported
upon their results of 82 THAs with respect to hip COR, femoral offset,
and leg length. Their offset was within 6mm in 78 of 82 hips. They
observed that as hip COR displaced superiorly from 3mm to 6mm,
femoral offset had to be substantially increased to match hip offset. A
COR within 3mm predicted reproducible offset within 5mm. Since
stems have a fixed amount of offset, if hip COR is not within these
parameters, stem offset is compromised by cup position. The authors
concluded that precise hip COR is critical to restore total hip offset.

Optimal acetabular anteversion and inclination can vary per

individual patient, and can affect impingement and subsequent dis-
location.7,20–23 Brown concluded that impingement is the major pre-
cursor for dislocation.21 Malik et al.22 emphasized the importance of
avoiding impingement structures, such as acetabular bone or osteo-
phytes with femoral trochanter, femoral neck with acetabular liner or
shell, or a combination of both. They recommended an acetabular
anteversion of 10–20 and femoral anteversion of 10–15 with a com-
bined anteversion of 25–40° in male and 30–45° in female. Inclination
of< 45° may have some advantages in wear mechanics.17,24 Little
et al.24 reported on 43 uncemented THAs with minimum follow-up of
49 months regarding conventional polyethylene wear with respect to
femoral offset and acetabular inclination. They found lower wear rates
with inclination angles of under 45 deg and femoral offset restoration
within 5mm (0.12mm/year vs 0.18mm/year and 0.12mm/year vs
0.16mm/year, respectively). On the contrary, recent evidence may
suggest that too little inclination may have deleterious effects as well.
Lum et al.23 suggested that too low of an inclination may result in
impingement and dislocation from abnormal pelvic tilt due to spino-
pelvic imbalance. The studies appear to suggest a precise inclination of
40–45° may lower overall complication rates and wear.

3. What does current literature say about cup and stem position?

Femoral and acetabular component positioning must be tailored to
the individual patient. Restoration of hip offset may be achieved with
normal to slight medialization of the hip COR and increased femoral
offset to improve abductor lever mechanism and resting tension, re-
sulting in lower joint reaction forces and improved wear mechanics in
cementless designs. Inclination angles at 45° may have lower wear rates
while avoiding impingement/dislocation.24 Current literature suggests
femoral stem anteversion of approximate 10–20° if proximal femoral
anatomy allows, cup anteversion of 20–25° in order to reach a com-
bined anteversion of 25–40 in males, 30–45 in females.5,6

Fig. 1. Ranawat Triangle for locating the center of rotation of the acetabulum.
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4. Radiographic methods for locating center of rotation (COR)

The classic Ranawat triangle described to locate the anatomic po-
sition of the acetabulum was first described in rheumatoid arthritics
with protrusion.12 On the AP pelvis radiograph, horizontal lines drawn
at the level of the iliac crests and ischial tuberosities are connected by a
vertical perpendicular line passing through point A. Point A is defined
by the point 5mm lateral to the intersection of Kohler's line and
Shenton's line (Fig. 1). Point B is found along the vertical line at the
horizontal level of the subchondral acetabular roof in normal hips. In
abnormal hips, line AB is 20% of the entire vertical distance of the
pelvis. Point C is found along the horizontal line BC, at the level of the
subchondral acetabular roof, and is equidistant to line AB. Line AC is
the hypotenuse of this isosceles triangle, and represents the opening cup
of the acetabulum.

Another method described by the French, modified by Fessy
et al.25,26 locates the respective hip center by reconstructing the hip
joint in several stages (Fig. 2). The first stage consisted of defining the
following points: The center C of the hip by the method of concentric
circles imposed on the femoral head, point U, the most distal point of
the radiological U ("tear-drop"), point S, the most distal point of the
sacroiliac joint, point B, the most lateral point of the obturator foramen,
point E, the most lateral point of the arcuate line. The same points were
located on the opposite side and identified respectively by the letters U′,
S′, B′ and E'. The second stage consisted in tracing the following lines:
the line K of Kohler which passed through points E and B, line TD
passing through points U and U′, and line SI passing through points S
and S'. The third stage consisted of determining the coordinates X and Y
of the center of rotation of the hip with X in relation to Kohler's line K,
and Y in relation to line TD. In a fourth stage, we defined the horizontal
indices and the vertical indices. The horizontal indices were: D=dis-
tance UU′, d= distance SS′, m=distance BB'. The vertical indices
were: L= distance SI-TD, I= distance E-TD on Kohler's line, I' = dis-
tance E− SI on K6hler's line, H= total height of the pelvis.

These techniques to find the hip center are helpful as patient's
anatomy can be variable and does change in the setting of osteoar-
thritis.27 Intraoperatively, to avoid impingement, nesting the acetabular
component within the acetabular bone stock and taking the hip through
an impingement-free range of motion is important, as impingement
cannot be diagnosed by imaging techniques.28

5. Authors technique to restoration of center of hip rotation

The fundamental principle of total hip replacement (THR) is to re-
construct the destroyed articulation of the hip joint. Osteoarthritis of
the hip usually occurs in a joint that incorrectly developed. In most
patients the hip does not just “wear out”. There are non-osteoarthritic
causes such as rheumatoid arthritis, avascular necrosis, and post-trau-
matic arthritis, but the majority of operations are performed in hips
which have osteoarthritis due to secondary geometric deformity of the
hip. Many men under the age of 65 have cam impingement as the un-
derlying etiology and women under 65 years tend to have dysplasia or
pincer impingement. The occurrence of geometric deformities in the hip
as the cause of arthritis has been well described by Stulberg and Harris
and by Ganz.1,2 These geometric deformities tend to have a genetic
component. Primary osteoarthritis tends to be a disease of European
ancestry while Asians usually have dysplasia and osteonecrosis as their
cause of arthritis.3

In an arthritic joint the cartilage no longer is functional, and is ty-
pically absent in the weight bearing anterior superior surface. With the
cartilage worn away, the femoral head slides in the joint and migrates:
lateral and superior in 60% of hips and medially in 25%. Other defor-
mities are coxa profunda with protrusio of the head, and osteophyte
formation of the acetabulum which grips the femoral head superiorly
and inferiorly. As the femoral head migrates in the acetabulum, the
body's reaction is to constrain the migration by forming osteophytes
and to fill the void behind. Thus, an arthritic hip with superior-lateral
migration of the head will have an acetabular floor osteophyte which
will cover the cotyloid notch and the transverse acetabular ligament
(TAL). An anterior wall osteophyte is usually seen with pincer im-
pingement or medial migration.

THR is a mechanical operation in a biological environment. Biology
will support the durability, longevity and resulting success only if the
mechanics are correct. The stem and cup implants themselves are im-
portant for fixation but are simply biomechanical bearings for the re-
created hip joint. The mechanical and biomechanical aspects of the
operation really determine its fate. Additionally, it is not the position of
the incision that determines the outcome of THR based upon the sci-
entific data; it is not important whether the incision is anterior or
posterior. The incision is not one of the principles of THR. It is simply a
method to get inside the hip to perform the true operation, and the
surgeon should use that incision which is most comfortable for him/her
and provides for him/her the desired results.

The mechanics are first with the recreation of the center of rotation
(COR) of the joint. It is this reconstruction that determines the joint
reaction force, the resting tension of the muscles, and facilitates the
range of motion. The second mechanical construction is the cup posi-
tion, both inclination angle and anteversion with cup anteversion
mated to the femoral anteversion.

The biomechanical reconstruction is second, with regards to bal-
ancing the correct hip offset and hip length. This balance is an integral
part of the resting muscle length-tension, and is necessary for clearance
between implants and bone during function of the hip by avoiding of
impingement.

6. Mechanics of THR

6.1. COR of the hip

In simplistic terms, the goal of THR is to recreate the COR of the hip
by returning the center of the migrated femoral head to the re-
constructed COR of the acetabulum. This is the function of templating
for implant size and position during preoperative planning: placing the
cup in its correct position in the bony acetabulum to restore its COR.
The femur template then must then determine where the stem selected
for use needs to be implanted to most closely restore the femur COR.
This femur templating determines the level of the bony neck cut, and

Fig. 2. The French method by Fessy et al.26 locating the center of rotation of the
hip.
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the head length to achieve the COR.
Achieving perfection in every operation is difficult because it is not

so easy to precisely restore the hip COR. Migration of the femoral head
within the acetabulum results in geometric changes of the acetabular
bony structure. The restoration of the femur COR is limited by a metal
stem and fixed neck shaft angle which may not match the anatomy of
the femur. It is the mental planning and necessary adjustments for these
limitations that separates the good hip surgeon.

While planning the operation, the surgeon must decide if the COR of
the acetabulum can be restored, and if so the technical performance of
this must be accomplished. Success of the femoral side biomechanical
reconstruction depends on the cup COR. Restoration of the COR of the
hip facilitates the other mechanics of the operation such as the mating
of the femoral head into the cup. This mating must maintain the head
central in the cup throughout the function of the hip. Edge loading, or
eccentric loading, of the head in the cup is a major factor for wear.

Reconstruction of the COR is dependant on precise reaming by the
surgeon. Most often the surgeon is aggressive resulting in average COR
6.4 mm off from the center.4 When the error is more superior than
medial it causes more difficulty in balancing the hip length and offset.
The error in reaming most often results from the necessity to have
coverage of a non-cemented cup. If the preoperative templating causes
selection of a cup that is one size too large for the acetabulum, then
reaming more medial and more superior by the surgeon is their solution
to make this cup fit with more coverage. Charnley was always able to
cover a cemented cup because the cup was smaller than the reamed
bone. With an uncemented cup, the precision of cup placement/cov-
erage is complex since the metal shell must be press-fit into the acet-
abular rim. The complexity is getting the correct inclination and com-
bined anteversion as well as restoring the COR.

Initial reaming should be transversely to remove the lunate bone
(acetabular ridge). It must not violate the cotyloid notch's cortical bone
to allow recreation of the acetabular COR. This transverse reamer
should simple brush the anterior and posterior walls of the acetabulum
– remember the cup size is best determined by the anterior-posterior
diameter of the acetabulum, not the superior-inferior diameter. The
second reamer forms the bony hemisphere for the hemispheric cup. It
should be the final size reamer which can be anywhere from 2mm
smaller than the cup to line-to-line, depending on the requirements of
the cup used. The final reamer is directed superior and anterior, but is
not “buried” deep beneath bone. It is easier to ream more than replace
lost bone. The trial cup should be impacted into place and fit evaluated
as follows:

1. The medial edge of the metal shell (inferior medial if operating with
the patient in the lateral position) should be over the transverse
acetabular ligament (TAL).

2. The anterior inferior edge should be below the pubis by no more
than 2–3mm, and the posterior inferior edge below the ischium by
the same 2–3mm.

3. The posterior edge of the cup must be covered to avoid impingement
with the metal neck during hip extension of walking.

4. The anterior edge is covered by bone to avoid iliopsoas tendinitis.
5. Posterior-superiorly the metal can be uncovered for 2–3mm to

permit 40° inclination (the average bony acetabulum has 55° in-
clination so in some hips the metal edge must be uncovered to avoid
inclination more than 45°).

6. The anterior superior metal edge must be covered to avoid im-
pingement of the metal neck with flexion (and especially flexion-
adduction-internal rotation).

Additionally, it is important for the surgeon to remember the op-
eration is on a joint, so the femoral side counts! Unfortunately, too often
the only emphasis is placed on the acetabular reconstruction. The
natural hip joint was created with combined anteversion as described
by McKibben in infant cadaver pelvises. (4) The average femoral

anteversion was 15° and the combined anteversion was 30°-40°.
Combined anteversion below 25° resulted in impingement, and below
20° resulted in frank retroversion, howevere in arthritic hips the fe-
moral anteversion (or certainly the cementless stem) is not always 15°
anteverted, and the combined anteversion is not 30°-40°. For THR
stability, the combined anteversion must be reconstructed within the
safe zone of 25°-45°.5 There is less flexibility in implanting cementless
hip components so that combined anteversion in the safe zone is not
always easy to reconstruct. This is especially true regarding hips that
are retroverted, a common finding with cam impingement and pincer
impingement. Thus, attention must be paid to the femoral side, and its
anteversion factored into the implanted acetabular anteversion.

7. Biomechanical reconstruction

Balancing the mechanical reconstruction appropriately so that the
biology of the joint can function normally is a critical task of the sur-
geon. The biology of the hip joint is to propel the leg forward and
provide flexibility for positional changes of the body. To do this com-
fortably and efficiently (efficiency of normal oxygen consumption) re-
quires the joint be stable, and the muscles across it function correctly.
This reconstruction requires the surgeon balance the hip length and
offset. The conundrum is created by the COR of the hip being in an
abnormal position. With a distorted hip COR, the femur and stem
cannot be restored to its correct position and the ball-in-socket motion
of the hip joint is off center. With this distortion, forces on the joint
change, and instability and accelerated wear can occur.

If the hip COR (acetabular COR) cannot be restored to within 3mm
of its normal position, at least the surgeon must restore hip length (and
therefore leg length in most patients) and offset. With THR the hip
offset is more important than just femoral offset. For instance, if the cup
COR is moved 5mm or more superior or medial, an offset stem is often
required to obtain balance of length and offset. Manual reaming of the
acetabulum often creates an off center COR, because surgeons com-
monly overream by a mean 6.4 mm (3) On the other hand, use of the
offset stem for every hip creates its own problem because increasing
offset by more than 5mm will increase wear. These are examples of the
intraoperative decisions a surgeon must make – and issues to be ad-
justed intraoperatively, that are addressed by the techniques in this
chapter.

It is naturally intuitive that the mechanics and the biomechanical
reconstruction of the hip are linked. The hip length (and the leg length)
and offset can be balanced easily if the COR of the hip has been restored
within 3mm superior and 5mm medial.7 The decisions by the surgeon
become more difficult when the COR is not restored. Device mod-
ifications may help the surgeon. A lateralized COR polyethylene liner
can compensate for overreaming, or a geometrically deformed acet-
abulum on the pelvic side of the joint. An offset femoral stem can do the
same on the femur side.

The restoration of the COR is important for biomechanical re-
construction because it allows the preoperative planning of the neck cut
of the femur to be validated. If the COR is displaced by reaming ce-
phalad by 5mm or more, or greater than 5mm medially, use of device
modifications will be necessary in most patients. If there is anticipation
of the distortion of the hip COR, then modification of the femoral neck
cut can often overcome this COR change. Likewise, a correct femoral
neck cut can compensate for an anatomic valgus or varus hip structure.
With a neck shaft angle of 120° or less, an offset stem is usually needed
even with a correct neck cut.

Correct hip length and offset is important because it allows near
normal muscle function; it minimizes hip impingement; and it increases
comfort for the patient by preventing impingement pain and preventing
fatigue to muscles due to decreased tension. Length and offset must be
manually evaluated after the reconstruction. This is a sound reason for
using trials, certainly for the femoral stem.

The hip can be manually evaluated as follows:
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1) Palpate the lesser trochanter relationship to the tip of the ischium.
The x-ray of the contralateral normal hip on the preoperative AP
pelvic film will provide the information needed as to this relation-
ship. If the contralateral hip is not normal, the relationship must be
reconstructed so there is no impingement and the lesser trochanter
is not below the tip of the ischium. This is an accurate measure of
hip length once the surgeon has experience with this technical
maneuver.

2) Fully abduct and externally rotate the hip. The femoral neck should
clear the posterior cup and acetabular bone and the greater tro-
chanter should clear the ilium by one fingerbreadth.

3) Fully flex the knee at neutral rotation towards the chest. The femoral
head cannot drop out of the cup. If it does, the combined antever-
sion is incorrect, or the leg length and offset is not balanced. The hip
may need mechanical support to protect against lax biological
support. Larger femoral head sizes reduce dislocation risks because
they give protection against dropout. If a 28mm or 32mm femoral
head is used, a polyethylene with a hood can simulate the protection
of a large head by placing the apex of the hood at 4 o'clock (right
hip) or 8 o'clock (left hip).

4) Adduct and internally rotate the hip until resistance stops the in-
ternal rotation. The hip must be stable, and the femoral head should
not be uncovered by more than 50% posteriorly or anteriorly. This
test is best done by laying the leg across the table (if the patient is in
the lateral position) and internally rotating it. This simulates the
maximum postural position if someone is in bed and drops one leg
over the other.

Leg length can be anatomically confirmed by relationship of the
lesser trochanter to the ischium. It can be functionally confirmed by
overlaying the legs and the level of the patellae and heels of the op-
erated leg to the contralateral leg. Lastly, we finally confirm the leg
length by measuring this after we have completed the operation and
turned the patient to their side (just prior to transferring to a bed). If the
surgeon is operating the patient in the supine position, this same leg
length measure can be made prior to closing the hip wound. If the
medial malleoli are not within 1mm for a short person, and 3mm for a
tall person we correct the leg length immediately be repositioning the
patient and reoperating upon the hip. Either the head length is changed
or the cup and stem adjusted as needed. We do not allow patients to
leave the operating room without equal leg lengths (unless anatomi-
cally impossible).

8. Summary

● Total hip replacement is a mechanical operation. As surgeons, we
must optimize the mechanics to provide our patients the best bio-
logically functioning hip. Foremost, this means restore the center of
rotation within 3mm superior and 5mm medial.

● In hips which this is unachievable, device modification for the im-
plants used give us the ability to compensate for reaming error or
abnormal hip anatomic geometry.

● Sound practical clinical decisions mean the surgeon does not leave
the operating room without a hip length and offset that avoids
manual impingement and equal leg lengths when possible.

● The principles described herein have changed little since Charnley,
with the exception of trochanteric transfer, as it is not used to
achieve optimization of the joint reaction forces and avoidance of
bone-on-bone impingement.

● The principles to maintain the center of rotation, restoration of hip
length and offset, and the attention to component placement are the
most critical technical accomplishments for the surgeon. It is the
surgeon's responsibility to create a mechanical reconstruction in a
biological environment that will be comfortable for the patient and
be durable for many years.
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