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Abstract

Background Offset in THA correlates to abductor muscle

function, wear, and impingement. Femoral offset after

THA is not independent of the cup center of rotation

(COR) so hip offset, a combination of femoral offset and

change in hip COR, becomes the important measurement.

Questions/purposes We therefore asked whether hip

offset in arthritic hips would correlate with cup COR;

whether offset could always be balanced within 6 mm of

contralateral normal hips; and whether hip length could

also be kept within 6 mm.

Methods We compared hip offset of arthritic and con-

tralateral normal hips on radiographs in 82 patients

(82 hips) who had THA. We used computer navigation in

all patients with the aim of reconstructing the hip offset and

to compare hip offset change to the quantitative change of

the hip COR.

Results The preoperative radiographic change to equalize

the offset ranged from �12 to +21 mm (mean, 1.5);

postoperatively the change was 1.4 ± 6.4 mm and was

within ± 6 mm in 78 of 82 hips. As COR displaced

superiorly from 3 to 6+ mm the offset had to be substan-

tially increased. Only with COR 0–3 mm superior and

0–5 mm medial was offset always within 5 mm.

Conclusions Hip offset reconstruction was directly rela-

ted to the position of the hip COR, and navigation allowed

quantitative control of offset and hip length.

Introduction

The principle of total hip arthroplasty (THA) is to recreate

the correct articulation of the hip which has become

destroyed by arthritis. The arthritic hip has loss of cartilage

which causes the femoral head to slide and migrate away

from the normal hip center of rotation (COR) [23]. One

technical goal of the THA operation is to restore the

femoral head COR into the acetabular COR as closely as

possible to normal with the new articulation surface. When

the centers are not restored near normal, there is decreased

abductor function [1, 9, 17], increased wear [13, 24], and

loosening of implants [6, 10, 18, 19, 26–28]. Femoral

offset, the perpendicular distance from the COR of the

femoral head to the axis of the femur, is an important

reflection of the displacement of the femur from the pelvis.

However, in THA the acetabular COR is changed by

reaming and cup implantation. Therefore, femoral offset no

longer represents the displacement of the femur from the

pelvis—the displacement is influenced by both femoral

offset and cup COR (two authors have named this change

in cup COR as ‘‘cup offset’’ [12, 15]). The important

measure of offset incorporates both the cup and femur, and

we call this ‘‘hip offset’’ and define it as the perpendicular

distance from the teardrop through the femoral head COR

to the axis of the femur (Fig. 1). Perhaps the most common

method used to intraoperatively measure offset has been

the pin method, which measures the displacement of the

femur from the pelvis before and after reconstruction so

that it is a measure of hip offset [3]. The combination of
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femoral offset and cup COR (hip offset) has been measured

in previous clinical [4, 15, 17, 25] and computer modeling

studies [12].

Computer navigation provides a method to quantita-

tively measure the COR intraoperatively and correlate its

restoration to that of hip offset. Offset is particularly

important because it can be difficult to balance with leg

length. Leg length can almost always be corrected by the

use of different modular heads, but this also affects offset.

When the COR of the hip is moved superiorly by 5 mm or

more, achieving offset which does not cause impingement

often requires a high offset stem [2, 4, 24]. However, when

offset is increased by more than 5 mm there is an increase

in wear [13]. One study measured as little as 2 mm

radiographic change of COR as being the most important

technical factor for loosening of the cup [10]. In patients

with congenital disease of the hip (DDH), elevation of

COR caused limping and loosening [6, 18, 26]. Because

change in COR and offset have been correlated to THA

failure [6, 10, 18, 19, 26, 27], we wondered whether the

amount of change of COR correlated with amount of

change in offset.

Therefore, (1) we investigated the influence of COR on

restoration of hip offset; (2) we asked how often the offset

could be controlled within 6 mm of a normal hip; and

(3) because offset and length are interrelated, we asked

whether the hip length could also be restored within 6 mm.

Patients and Methods

We performed primary THA in 121 patients with 129 hips

between March 2007 and November 2007. Eighty-two of

these patients had unilateral hip arthritis and these formed

the study group. Each patient was operated with an

imageless computer navigation system (Navitrack1;

ORTHOsoft, Inc, Montreal, Canada). The diagnosis in 79

of 82 hips was osteoarthritis, two had developmental dis-

ease of the hip, and one had osteonecrosis. Thirty-seven

were men with a mean (± SD) age of 60.7 ± 9.69 years,

and 45 were women with a mean age of 65.2 ± 11.6 years.

Mean weight was 85.1 ± 23.9 kg and mean height was

174 ± 20.5 cm (mean body mass index, 28.3 ± 4.6). All

patients were followed up to 1 year postoperatively, with

clinical data evaluated for impingement pain, muscle

strength, and dislocation, which directly relate to hip offset.

The data were studied retrospectively under Institutional

Review Board approval for retrospective studies. All

patients signed consent for use of the data obtained at their

operations.

Clinical evaluations were performed on 76 patients

(76 hips) because six hips had a revision of a Durom1 cup

(Zimmer, Inc, Warsaw, IN) caused by product failure [14].

Postoperatively patients followed the same clinical proto-

col. We used no dislocation precautions. Pain was

evaluated with a Harris hip score [7]. Muscle strength was

grossly evaluated by the necessity for an assistive device

and limp. Clinical signs of impingement were determined

by dislocation or impingement pain. Operations were per-

formed through a mini-posterior incision by the same

surgeon (LDD) [5]. Implants used were the noncemented

anatomic porous replacement stem (APR1; Zimmer) in 65

hips; the ZweymüllerTM Alloclassic1 (Zimmer) in 14 hips;

and a cemented Apollo1 stem (Zimmer) in three hips.

Acetabular components in 70 hips were the Converge1

with a Durasul1 highly crosslinked polyethylene liner

(Zimmer); and 12 hips had a Durom1 metal-on-metal cup

(Zimmer).

Two of us (MD, ZW), who were not involved in patient

care, made all radiographic measurements on AP pelvic

radiographs preoperatively and 6 weeks postoperatively.

Both legs were internally rotated 15� (preoperatively the

arthritic leg rotated as much as possible up to 15�) [9].

Magnification was corrected on postoperative radiographs

using the acetabular component size and femoral head

diameter; on preoperative radiographs, it was corrected by

comparing the preoperative and postoperative radiographic

femoral shaft diameters at a fixed 10 cm distal to the

proximal corner of the lesser trochanter.

Measurements of offset were made as hip offset and not

as femoral offset. Because our patients had one hip that

was normal, the hip offset of the normal and arthritic hips

Fig. 1 The method for measuring hip length and hip offset is shown.

Point A is the center of the femoral head, point B is the apex of the

lesser trochanter, and line Y is the anatomic axis of the femur. Hip

offset is measured as follows: Line X is the transteardrop line with

line Z drawn through the teardrop perpendicular to the transteardrop

line. A perpendicular line between line Y and line Z through the

femoral head hip center (point A) is the hip offset, ie, AE plus AF.

Hip length is measured from the apex of the lesser trochanter, point B,

perpendicular to the transteardrop line X, line BD.
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were measured preoperatively for the change of the

arthritic hip necessary at THA surgery to create a correct

hip offset (Fig. 1). Postoperatively, at the 6 week postop-

erative followup, the hip offset of the reconstructed hip was

measured on radiographs by the same method for the

change accomplished at surgery and for any discrepancy

between reconstructed and the normal hip. Computer

navigation is a precise quantitative measurement of the

overall change of the femur in relationship to the pelvis

[22]. We were aware that hip offset is not always sym-

metrical: one hip may have a greater offset than that of the

contralateral hip in the same patient. The mean difference

between normal hips in one study was 2.54 ± 2.31 mm

[11]. In hips with asymmetrical offset the normal cannot be

compared to the arthritic without accounting for the mag-

nitude of the asymmetry (Fig. 2). Sometimes, both hips are

arthritic (different than this study) and the change needed

to restore the two CORs at surgery cannot be measured by

comparing a normal to the arthritic hip. We developed a

new radiographic method for measuring preoperative

quantitative target change for hip length and offset when

the contralateral hip was not normal, as well as with severe

pelvic rotation (Fig. 3).

Biomechanical reconstruction of the hip requires that

both the offset and length of the hip are restored. With an

opposite normal hip, restoration of the radiographic hip

length gives equal leg length. Radiographic measurements

of length of the hip were obtained by measuring the per-

pendicular distance from the transteardrop line to the apex

of the lesser trochanter [15, 20] (Fig. 1). We measured

radiographic hip lengths [15] separate from clinical leg

lengths. Clinical leg lengths were measured intraopera-

tively in all 82 hips in the supine position after the

induction of anesthesia to provide muscle relaxation of any

muscle contracture. Legs were compared in the axis of the

body (a line referencing the center of the sternum and

bisecting the pelvic anterior iliac spines) with both legs

elevated 30� to eliminate the effect of flexion contracture in

the arthritic hip. The difference in the level of the bony

prominence of the medial malleoli was measured as the leg

length difference. This measurement was repeated for

clinical leg lengths at the completion of the operation.

Intraoperatively the bony anatomic acetabular COR was

determined by the software of computer navigation from

data generated by the surgeon touching the acetabular bone

16 times with a pointer with an attached array. The

16 points must not be taken on osteophytes. The software

calculates a best fit COR from the points and since the

points are not taken on osteophytes, the deformity of the

acetabulum by arthritis causes little distortion of the correct

COR. The change in COR with reaming and cup implan-

tation is measured in the cephalocaudad direction (vertical)

and the mediolateral direction (horizontal). In our opera-

tions the COR was always moved superior (cephalad) and

medial. Intraoperatively there were two methods used for

computer navigation measurement of the hip offset. For

both methods, a pelvic tracker was attached to the pelvic

brim with three threaded pins. The measurement before and

after reconstruction of the hip required the leg be placed in

exactly the same location. One method used a fixed array

attached to the distal lateral femur by three pins (Fig. 4A).

Fig. 2 Preoperative AP pelvis radiograph shows hips with asymmet-

rical offset. The arthritic hip has femoral head migration of 5.56 mm

in the horizontal direction which means the radiographic anatomic

asymmetry is 16.7 mm.

Fig. 3 Line T designates the transteardrop line. Line XY designates

the transverse acetabular ligament. The mouth of acetabulum is from

the midpoint of Line XY (point A) to the superior-lateral cortical rim

of the acetabulum excluding osteophytes (point B). Point Z marks the

midpoint of Line AB. Line ZD is 7 mm lateral and perpendicular to

point Z. The center of the acetabulum (point C) is 1 mm cranial to

point D. The center of the femoral head (F) was determined by using a

transparent template with concentric circles. Line CE is drawn

parallel to the transteardrop line from point C to point F. The change

necessary to make the centers of rotation C and F coincide in the

lateral direction (offset) is Line CE and the vertical direction (hip

length) is Line FE.
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The software identified the leg position for the initial

measurement and after reconstruction. The accuracy of the

distal femoral fixed array for hip offset and length was

validated by Renkawitz et al. [22] in 17 cadaver hips using

CT scans and imageless navigation. The second method

used a 3.5-mm screw into the greater trochanter as the

locator for the navigation software before and after

reconstruction (Fig. 4B). The technique required the leg to

be in the same position, which was performed by over-

laying the operated leg onto the contralateral leg aligning

the patellae and soles of the heels. To give optimal

reproduction of the leg position, the same assistant aligned

the legs before and after reconstruction. A pointer guide

with optical trackers touched the depression in the screw

head for each measurement. The fixed array to the distal

femur was used as the standard and the results with the

screw into the greater trochanter were validated by com-

paring it to the distal fixed array. Manual measurement of

hip offset was performed by the clearance by one finger-

breadth of the lesser trochanter from the ischium in full

extension; the greater trochanter from the ilium in abduc-

tion and external rotation; and clearance of the trochanter

from the ilium anteriorly in full flexion-internal rotation.

Hip length was measured with computer navigation

using the same methods described for hip offset. Manually,

hip length was confirmed by overlaying the two legs as

described for the screw technique of computer navigation

measurement (Fig. 4B).

The Kolmogorov-Smirnov test was used to determine

whether the data were normally distributed. For each hip,

the offset measurements were given as mean and SD and

the discrepancy between the arthritic and normal hip

was the mean of individual differences. The paired t test

was used to compare offset (and hip length) measured by

the two methods of femoral tracking to the reference value

of radiographic change. Statistical analysis used SPSS1

software (SPSS Inc, Chicago, IL).

Results

In 76 hips (76 patients) with clinical evaluation (6 hips had

Durom1 cup), the Harris hip pain score at 1 year was

42 ± 5.6 versus a preoperative score of 19.9 ± 5.6. Two

patients used a cane and both were over 80 years of age

with balance problems. One patient with a dysplastic hip

had a radiographic hip length difference of 1.7 mm, but

used a shoe lift because of a clinical leg length difference

of 10 mm caused by pelvic obliquity from scoliosis. No

patient had impingement pain or a dislocation.

The hip offset radiographic measurements showed

greater change than was observed with intraoperative

navigation (1.5 mm versus 0.1 mm) (Table 1) which rep-

resents radiographic rotational and magnification errors.

The extremes of the range of change of hip offset are

because of the wide variability of migration of the femoral

Fig. 4A–B (A) A diagram shows the use of the femoral tracker array

for leg length and offset. Leg position is monitored by the software to

be exactly duplicated after reconstruction. (B) A diagram shows

femur registration using a screw in the greater trochanter. The pointer

touches the depression of the screw head for the measurement before

and after reconstruction. The same surgical assistant positions the legs

by aligning the patellae and heels of the feet.

Table 1. Hip offset radiographic measurements

Measurement

(mm)

Preoperative

discrepancy

Postoperative

change

Hip rad 1.5 ± 5.6* (range,

�11.7 to 21.4)

1.4 ± 6.4 (range,

�12.7 to 15.3)

Hip nav troch 0.1 ± 5.1 (range,

�11 to 13)

Hip nav femur+ �0.7 + 7.9 (range,

�24 to 17)

mm = millimeters; hip rad = hip radiographs; hip nav troch = hip

navigation by trochanteric screw; hip nav femur = hip navigation by

distal femoral pins with array;

* = target change in offset to be obtained at surgery; + = no statistical

difference between the two measurements by navigation.
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head which can be superolateral (which requires a reduc-

tion of offset) to a medial protrusion position (which

requires an increase in offset). Postoperatively the radio-

graphic offset discrepancy from the normal hip was 1.7 ±

5 mm (range, �10.6 to 13.1 mm) which was nearly the

same as the desired preoperative change of 1.5 mm. Sev-

enty-eight of 82 hips (95%) had a postoperative

radiographic offset discrepancy within 6 mm.

The preoperative discrepancy in hip lengths (radio-

graphic) and leg lengths (clinical) were corrected

(Table 2). Eighty-one of 82 hips (99%) had a radiographic

discrepancy of 6 mm or less. The intraoperative measure of

leg length difference was the most reliable number to use

for change of length at surgery in these patients with a

normal contralateral hip. Radiographic measurements are

distorted by rotation and magnification.

When the cup COR is changed from the anatomic by

6 mm or more, the mean and range of offset is increased

statistically (Table 3). A superior COR requires greater

offset for clearance of the femur from the pelvis by the

manual measurements we performed. When superior and

medial changes were combined, the influence of COR was

greater. The acceptable COR was defined as 3 mm or less

superiorly and 5 mm or less medially (23 hips) and these

hips had a discrepancy in hip offset from the normal hip of

0.4 ± 3.8 mm (Fig. 5); a change of COR of 6 mm or more

superiorly and 6 mm or more medially (7 hips) had a

discrepancy of 3.9 ± 6.3 mm (Fig. 6) The two dysplastic

hips in this study required superior displacement of the

COR more than 6 mm to permit coverage of the cup.

Four of 17 valgus hips (femoral neck shaft angle greater

than 135o) had an increased postoperative hip offset dis-

crepancy of 6 mm or more which was clinically neces-

sary to prevent manual impingement during intraoperative

examination (Fig. 7). These hips were the four outliers in

offset from the desired maximum discrepancy of 6 mm.

Seven hips had a preoperative offset discrepancy between

the arthritic and normal hip of more than 6 mm (range,

�14.8 to 11.7 mm), which was considered anatomically

asymmetric offset, (Fig. 2).

Discussion

Precise reconstruction of hip biomechanics is one goal of

THA surgery. Several studies have documented the impor-

tance of the hip COR to both longevity of the hip replace-

ment [10, 18, 19, 26–28] and muscle function [1, 9, 17].

Table 2. Hip length discrepancy

Measurement

(mm)

Preoperative

discrepancy

Postoperative

discrepancy

Hip length 4.0 ± 5.1 0.6 ± 3.6

Leg length 2.9 ± 3.0 0.3 ± 2.1

mm = millimeters.

Table 3. Cup center of rotation (COR) and offset

COR superior (mm) n hips Offset discrepancy

0–3 46 1.1 ± 3.6

4–5 23 1.7 ± 6.3

6+ 14 2.9 ± 6.3*

COR superior = number of millimeters the COR is displaced supe-

riorly; n hips = number of hips; offset discrepancy = the discrepancy

in offset between the normal hip and the reconstructed hip; * = p =

0.02 versus contralateral normal hip.

Fig. 5 Postoperative radiographic with hip COR within 3 mm

superior and 5 mm medial so hip offset and length are within

3 mm of the normal hip.

Fig. 6 Postoperative AP pelvis radiograph of dysplastic hip with

acetabular cup placement using the medial protrusio technique which

elevated and medialized the COR more than 6 mm so the recon-

struction required a high offset stem. This was the only hip which did

not keep hip length discrepancy within 6 mm.
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In studies on function, the relationship of COR to the hip

offset was documented. In clinical series, superomedial or

superolateral displacement of the hip COR contributed to

loosening of the socket and femur. Superior displacement

of COR by 5 mm or more distorts the femoral offset so a

high offset stem is required to restore femoral bone posi-

tion [4]. The use of a high offset stem is consistent with our

finding of the necessity of increased offset with superior

COR. With our use of computer navigation the data cor-

related the quantitative change in COR to the quantitative

change in hip offset necessary to avoid impingement by

intraoperative manual testing. We also investigated

whether the quantitative knowledge provided by computer

navigation allowed us to obtain offset of the THA within

6 mm of a contralateral normal hip as measured radio-

graphically. This is important because one study correlates

offset more than this with increased wear [13]. We were

able to keep offset within 6 mm in 78 of 82 hips (95%),

and only in hips with a neck shaft angle greater than 135�
were we not able to maintain offset within 6 mm (Fig. 7).

Finally, we asked whether we could keep radiographic hip

length within 6 mm, which has been the standard for

avoidance of clinical leg length difference [16, 20]. We

were able to do so in 81 of 82 patients (99%), and in these

patients the clinical leg lengths were within ± 2.5 mm. In

our experience, patients do not tolerate clinical leg length

difference more than 3 mm so this number is clinically

more important than the radiographic discrepancy of

6 mm. With this biomechanical reconstruction, there was

no patient with functional leg length difference [21], dis-

location, or impingement pain [16].

The most important limitation was the inability to con-

trol rotation of the hip for accurate hip offset measurement

on radiographs. This potential error was minimized by

using the contralateral hip as the control. The second

limitation was that validation of the computer navigation

software was not performed with CT scans. However, the

accuracy of imageless computer navigation for offset and

hip length was validated by Renkawitz et al. [22] in a study

of 17 cadavers using CT scans. The true offset was known

by measurement of the cadaver and there was close

agreement of CT scan and imageless computer navigation.

Therefore, imageless computer navigation can be consid-

ered accurate in measurement of offset.

We contend reconstruction of offset by THA can only be

accurately measured by including the acetabular recon-

struction, which usually changes the center of rotation of the

hip. This was validated by our correlation of change in the

cup COR to offset reconstruction. It clinically confirms

the computer model of Kurtz et al. that showed change in

acetabular COR had a greater effect on bony impingement

than femoral offset [12]. Their computer modeling study

showed the greater the variance of the cup center of rotation

(more superior, more medial, or both) the more the hip

offset (combination of femoral offset and cup offset in their

study) had to be increased to avoid impingement. This is the

same finding as in our clinical study and consistent with the

necessity for high offset stems in one study where 42 of 109

(39%) hips had a hip center superior by a mean 5 ± 6 mm

and medially displaced by a mean 3.7 ± 6 mm [4]. The

influence of center of rotation was also studied in both

surface and conventional THAs [25]. In this study the cup

was medialized a mean 6 mm with both types of

arthroplasty. With the surface replacement, the difference

could not be compensated by increasing femoral offset so

medialization caused a reduced hip offset compared to the

normal side in 20 of 22 hips. The conventional THAs had an

increased offset of mean 5.2 mm in 17 of 19 hips because

the femoral component could be adjusted.

Superior displacement of the hip COR decreases the

perpendicular distance to the vector of the gluteus medius

with consequent reduction of abductor strength [1, 19].

Therefore, the offset must be increased to adjust this per-

pendicular distance for function. However, increasing the

offset more than 5 mm from the normal hip increases

polyethylene wear [13]. Therefore, if the hip center is

moved by 5 mm or more superiorly, the hip offset must be

increased, yet this may reduce the longevity of the hip if

offset is increased by more than 5 mm. Our data show that

only by limiting superior displacement of the hip COR to

3 mm, and medialization to 5 mm or less, can an increase

in offset always be kept within 5 mm (0.4 ± 3.8 mm).

These data are compelling evidence that to maximize

muscle function and minimize wear the superior COR must

be kept within 3 mm of normal. This quantitative corre-

lation confirms the clinical data that correlated failure of

Fig. 7 Postoperative radiograph with offset increased more than

6 mm to prevent bony impingement because of a valgus hip. The

iliopsoas tendon should be recessed to avoid tendinitis.
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THA to radiographic COR displacement of 2 mm or more

superiorly [10, 18, 19, 26, 27].

Computer navigation provided intraoperative knowledge

of quantitative change of hip offset. Radiographic mea-

surement of hip offset showed more change than measured

intraoperatively with navigation because of rotation and

magnification of radiographs (Table 1). Using computer

navigation, the greater trochanter method of measurement

was more likely precise for both hip offset and hip length

because it measures change closer to the center of the hip

[20]. Distal femoral pin sites cause discomfort for some

patients as long as 6 weeks postoperatively, although we

experienced no fractures and no sequelae at 1 year. As a

consequence of this study, and the published relationship of

center of rotation to wear and longevity, we strive to keep the

center at no more than 3 mm superior and 5 mm medially.

However, the COR of the cup cannot be restored to the COR

of the anatomic acetabulum with some hip deformities, such

as severe dysplasia or severe migration of the femoral head.

Technically, the center of rotation of the cup is determined by

the depth of reaming. Without guidance from computer

navigation, the best anatomic landmarks are to not ream

medially beyond the cortical bone of the cotyloid notch and

inferomedially maintain the edge of the cup at the level of the

transverse acetabular ligament. At the superoanterior rim of

the bony acetabulum the metal shell should be flush with

bone. There may be up to 3 mm of metal uncovered by the

superior posterior rim of acetabulum because the anatomic

acetabulum has average inclination of 55� and cup inclina-

tion must not exceed 45� [5].

Our data educate the orthopaedic surgeon to the

importance of the strong correlation of hip offset to COR of

the cup; thinking about hip offset rather than femoral off-

set; and the benefit of computer navigation in maintaining

hip offset and length within 6 mm of normal, as measured

radiographically. It is important to remember that asym-

metric hip offset does occur and restoration to normal may

not equal the opposite hip. Additionally, dysplastic hips

often require superior displacement of the COR to allow

coverage of the cup, which we experienced in both the

dysplastic hips in this study. If it is necessary to increase

the offset, as we observed in valgus hips, we release that

portion of attachment of the iliopsoas muscle to the prox-

imal side of the lesser trochanter, which recesses this

muscle and prevents tendinitis [8].
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