Number 373 April 2000

CLINICAL ORTHOPAEDICS
AND RELATED RESEARCH




—

CLINICAL ORTHOPAEDICS AND RELATED RESEARCH
Mumber 373, pp. 153163
© 2000 Uppincott Williams & Wilkins, Inc.

Total Hip Arthroplasty in Young Patients

8- to 13-Year Results Using an Uncemented Stem

Jeffrey Robere McLaughlin, MD; and Kyla Renee Lee, MD

Onc hundred eight uncemented total hip arthro-
plasties were performed in 91 patients who were
50 years of age or Younger using the Taperloc
femoral component. The average age of the pa-
tienls at finie of surgery was 37 years (range,
2050 years). The niean followup was 10.2 years
(range, 8-13 years). No nattent was lost o fol-
lowup, Seven patients (eight hips) died before
obtaining the minimum time of § years for in-
clusion in this study. All seven died with their
femoral components in place. Of the remaining
100 total hip arthroplasties, no femoral compo-
nent requived revision for aseptic loosening, One
femoral component was revised to correct a lep
length discrepancy, and one well-fixed femoral
component was revised for sepsis, In the 98 total
hip arthroplasties that hiad not undergune femo-
ral compenent revision, complete radiographic
and elinical followup was obtained. Radiograph-
ically, 96 (98 %) femoral components were deter-
mined (o have fixation by bone ingrowth, two
{2%) femoral components showed stable fibrous
ingrowth, and no femoral component was unsia-
ble. Femoral cortical osteolysis occurred in seven
(7%) hips; major lysis was present in only one
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(1%), Clinically, 91 (93%] total hip arthroplas-
ties were rated good or excellent; six (6%) were
rated fair, and one (1%) was rated poor, Thirty-
nine patients with 47 toral hip arfhroplasties
(48%}) were engaged in moderate to strenuous
manual labor, These resulis indicate that excel-
lent fixation and minimal lysis can be achieved
with an uncemented femoral component in
Young and active patients at 10 years,

The success of total hip arthropiasty in reduc-
ing pain and increasing function inevitably led
to the expansion of this procedure to younger
patients. Results using cement on the femoral
side in young patients undergoing iofal hip re-
placement have shown substantial variability,
The incidence of aseptic loosening and revi-
sion of the femoral component in several series
has ranged from 8% to 55%, with femoral 0s-
teolysis occurring  between 6%  and
35%.131R10,11,16,24,32 35 Changes in cementing
technique, using a femoral plug, & cement gun,
and a super alloy metal stem with rounded cor-
ners may explain these conflicting results.
There is now more than a decade of experi-
ence using biologic fixation in older patients
requiring total hip arthroplasty. Although the
results wsing several uncemented femoral
components have been discouraging,17.19.21.22
femoral components with a taper design have
done well. McLaughlin and Lee2 reported
their results using the Taperloc (Biomet, War-
saw, IN) femoral component in older patients
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and found that 96% remained in place at 10
years’ average foliowup. Femoral osteolysis
occuried in 69. Burt et al® evaluated their re-
sults using the Tri-lock (DePuy, Warsaw, IN)
femoral component in patients with a mean
age of 62 years. They reported a 95% sur-
vivorship at 10 years, with osteolysis occur-
- ring in 11%. Mulliken et a128 reported their re-
sults using the tapered Mallory Head
prosthesis (Biomet) in patients whose average
age was 63 years, No femoral component re-
quired revision for pain, loosening, or osteol-
ysis at 2 {0 6.5 years,

‘The purpose of this study was to cvaluate
the 8- to 13-year results, with regard to osteol-
ysis and durability of fixation, of total hip
arthroplasty performed using an uncemented
tapered Ti femoral component in patients
whose average age was 37 years. These results
are compared with those of arthroplasty per-
formed with cemented and uncemented femo-
ral components in the younger patients.

MATERIALS AND METHODS

Between October 1983 and September 1988, 108
consecutive primary totat hip arthroplasties were
performed without cement in 91 patients who were
50 years of age or younger. Al procedures for (his
study were approved by the Institutional Review
Board, and written informed consent was obtained
from all patients. The average age of the paticnts at
the time of surgery was 37 years (range, 20-50
years). The average weight was 81 kg (range,
50-134 kg). The oulcome of every hip was deter-
mined. Seven patients (cight hips) died before ob-
taining a minimum 8-year followup. All seven pa-
tients died with their femoral components in place.
This left 160 hips in 84 living patients. Among
these, two femoral components have undergone re-
vision. In the remaining 98 hips in 82 paticnls,
complete clinical and radiographic followup was
obtained. There were 43 women (51 hips) and 39
men {47 hips). The average followup was 10.2
years {range, 8-13 years).

‘The Taperloc femoral component was used in
all patients (Fig 1). This implant is a noncoltared

Fig 1A~B. (A} The Taperloc
femoral component. Antero-
posterior view shows the ta-
pered geomelry of the implant.
(B} The fateral profile shows
the narrow width of the com-
ponent, which is designed o
achieve fixalion mediolaterally
within the proximal femur.
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stem made of wrought Ti alloy Ti-6AY-4V {Taper-
loc, Biomet Inc). The stem has a tapered wedge
shape designed to achieve fixalion mediolaterally
within the proximal femur. The proximal 40% of
the implant is coated with the identical Ti alloy
(Ti-6A1-4V) applied with a pressure plasma spray
technique. The plasma spray porous coating is be-
tween 635 to 889 pm thick. Pore diameter varies
through the coating from 92.3 p.m al the surface to
480.3 m at the outermost points of the coating
surface. All of the femoral components in this
study had a 28-mm articulating head. Sixty-two
femoral components were monoblock, and 38 had
a modular design.

The preoperative diagnosis for the 98 anatomic
joints was secondary osteoarthrilis in 39 (40%)
hips, developmental dysptasia of the hip in 29
(30%) hips, avascular necrosis in 20 (20%) hips,
rtheumatoid arthritis in eight (8%) hips, and Legg
Perthes disease in two (29} hips,

All surgeries were performed by one surgeon
using a posterolateral approach to the hip. An in-
tracperative radiograph was obtained on every hip
fo assess component position. Antibiolics were ad-
niinistered before surgery and for 48 hours after
surgery. The patients were allowed only partial
weightbearing for 6 wecks and then were fully
weightbearing (hereafter,

Radiographic evaluation consisted of antcro-
posterior (AP} views of the hip and pelvis and a true
lateral view of the hip. These were compared with
the immediate postoperative radiographs and all
subsequent followup radiographs, The femur was
divided into seven zones, described by Grren et
al.1> and the corresponding seven zones on the lat-
eral radiograph. Radiographic evaluation is subject
to interobserver variability or bias. Ali radiographs
in this study were read by an independent ortho-
paedic surgeon (JRM) who was not the operating
surgeon. Radiographic evaluation by one viewer
¢liminates interobserver variability; however, it
can introduce bias. To reduce bias, all measure-
ments were correcied for magnification based on
the true size of the femoral head, and all measure-
ments were made using a caliper.

All of the radiographs were assessed for radio-
lucencies in each of the seven Gruen zones and
recorded in 0.5-mm increments. Progressive radi-
olucencies were identified and recorded. Radiolu-
cencies with a scalloped or cystic appearance or
greater than 2 mm in width were recorded as oste-
olysis.

Osteolysis was characterized by the eriteria of
Goetz et al.™ Mild osteolysis was defined as a le-
sion involving one or two Gruen zones or occupy-
ing a total surface area less than 2.5 cm?, Interme-
diate osteolysis occurred when a lesion involved
three, four, and five Gruen zongs or involved a to-
tal surface area of 2.5 to 10 cm?. Extensive osteol-
ysis involved a lesion involving six or more Gruen
zones or occupying a surface area greater than 10
em?,

Femoral component stability was evaluated by
the criteria of Engh et al.!2? A component was de-
fined as having fixation by bone ingrowth when
there was no subsidence. Stable fibrous ingrowth
occurred when an implant showed no progressive
migration with or withoul the presence of extensive
radiopaque line formation around the stem. An im-
plant with definite evidence of progressive migra-
tion was considered unstable.

Subsidence was delermined by a comparison of
two measurcments between seriat radiographs. The
first measurement was the verfical distance from
the tip of the greater trochanter to the distal tip of
the implant. The second measurement was the ver-
tical distance from: the medial corner of the implant
to the lesser trochanter. A difference greater than 4
mm on both of these measurements between radio-
graphs was required for this determination,3°

Stress shielding was determined by the classifi-
cation of Engh et al.!? First degree stress shielding
was defined as a slight rounding of the proximai
medial edge of the cut femoral neck. Second degree
stress shielding occurred when rounding of the
proximal ntedial femoral neck was combined with
loss of medial cortical density at Level One on the
AP radiograph. Third degree siress shielding in-
volved more extensive resorption of the cortical
bone extending from the cortical regions of Level
One into the medial cortex of Level Two. Fourth
depree stress shielding represented severe resorp-
tion of cortical bone extending below Levels One
and Two into the diaphysis,

Patients were evaluated clinically by one author
who was not the operating surgeon (JRM) in an of-
fice visit or by a telephone interview and question-
naire. The Harris hip score!® was used to determine
functional level. in addition, the presence or ab-
sence of thigh pain was recorded. At final followup,
79 patients with 95 hips {97%) were examincd dur-
ing an office visit, and three patients with three bips
(3%) were evaluated by a questionnaire followed
by a telephone interview.
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Activity level was evaluated by the classifica-
tion of Johnston et 1.2% Heavy manual labor was
defined as frequently lifting 23 to 45 kg or engag-
ing in vigorous sports such as singles tennis. Mod-
erate manual labor indicated lifting 23 kg or less
and involved in moderate sports, such as walking
greater than 5 k. Light laber included heavy
housecleaning, yard work, and walking less than 5
km. Semisedentary was defined as a white collar
job or fight housekeeping. A sedentary activity
level indicated a minimum capacity for walking,
Bedridden was determined as being confined to a
wheclchair or bed.

The Kaplan-Meier survivorship analysis was
used to estimate a cumutative survival function for
the femoral component. The end point was defined
as revision of the femoral component, Multivariate
linear regression analysis by ordinary least squares
was uscd to determine the statistical significance of
the relationships between the variables. The analy-
sis of residuals for the models was used to deter-
mine the magnitude and behavior of serial correla
tions. Chi square analysis and the Sindent’s t-test
also were performed.

Although not the focus of this review, the ac-
elabular components also were evaluated, The ac-
etabular component used in this series was a coni-
caily shaped, threaded ring Ti shell with 1 28-mm
articulating surface (T-Tap, Biomet Inc). In the first
35 acelabular components, ulirahigh molecular
weight polyethylene powder (H1900, Himont,
Wilmington, DE) was directly compression molded
into the shell, In the next 65 acetabular componerits,
#modular finer consisting uf ram extroded bar stock
polyethylene {GUR 415, Toecht/Celanese Comp,
Houston, TX) was used. The average followup of
lotal hip arthroplasties performed using compres-
sion molded polyethylene was 12.2 years, com-
pated with 9.6 years for those associated with ram
exiruded polyethylene,

RESULTS

Al the time of final followup seven patients
(eight hips) had died before obtaining the min-
imum foliowup of 8 years required for inclu-
sion in this study. All of these patients died
with their femoral component in place. Thus,
100 hips in 84 patients were observed for an
average of 10.2 years (range, 8-13 years). No
femoral component required revision for asep-

tic Joosening, One (1%) femoral component
required revision in the immediate postopera-
tive period for a peroneal nerve palsy sec-
ondary to excessive leg lengthening. One fem-
oral component was revised for sepsis. In the
femoral components that have not undergone
revision surgery, 96 (98%) were determined to
have fixation by bone ingrowth and two (2%)
showed stable fibrous ingrowth. No femorat
component was unstable. At an average fol-
lowup of 10.2 years, 98% of the femoral com-
ponents were in place and well fixed.

Of the 100 total hip arthroplasties in living
patients, two required revision of the femoral
component. One femoral component was re-
vised for a peroneal nerve palsy and was per-
formed in the immediate postoperative period
to correct excessive leg lengthening. The pa-
tient was a 33-year-old man with a preopera-
tive diagnosis of rheumatoid arthritis. The one
femoral component requiring revision for sep-
sis had revision surgery 9.5 years after the in-
dex procedure. This patient was a 50-year-old
man who underwent total hip arthroplasty for
avascular necrosis. Kaplan-Meier survivor-
ship analysis with revision as the end point es-
timated a 98% chance of survival for the fem-
oral component at 12.5 years (95% confidence
interval, 0.96--1.00).

In this study, 56 (56%) total hip arthroplas-
ties required revision of the acetabular con-
ponent. In the hips reguiring revision of the ac-
etabular component, the average Harris hip
score hefore revision was 55 (range, 32-82).
The score increased to 89 (range, 54-100) af-
ter revision, The final average Harris hip score
reported in this study uses the clinical score af-
ter revision of the acctabular component in
those hips in which it was required. The usc of
assistive devices for walking reported in (his
review also represents the resulis after acetab-
ular revision.

At final followup the average Hariis hip
score was 92 (range, 62-100). I'ifty-seven pa-
tients with 66 hips (67%) had no pain, and 19
patients with 22 hips (22%) had only slight
pain. Six patients with six hips (6%) had mild
or occasional pain. Four patients with four
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ips {4%) had moderate pain. No patient had
severe pain. Thigh pain was present in two pa-
tients with two hips (2%). The clinical out-
come of 74 hips (76%) were graded excelient,
17 (17%) were rated good, six hips {6%) were
rated fair, and one hip (1%) was rated poor.

In the one patient (one hip} with a poor hip
score, a decrease in function from an unrelated
medical cause primarily was responsible. This
patient currently is undergoing chemotherapy
for metastatic cancer, Among the six patients
(six hips) with a fair hip raling, a decrease in
function from acetabular revision primarily
was responsible in all six patients,

No support was required in 72 patients with
87 hips (89%). Eight patients with nine hips
(9%) required a cane for long walks. One pa-
tient with one hip (1%) required a cane full
time. One patient with a unilateral procedure
(1%) required two crutches to ambulate as a
permanent restriction sccondary to acetabular
atlografting. Seventy-six patients with 90 hips
(92%) could walk six blocks or greater, Six
patients with eight hips (8%) could walk two

Fig 2A-B. (A) Anteroposterior
radiograph of a 32-year-old
woman shorlly after surgery.
{B) At 13 years, the femoral
component remains well fixed
and without ostealysis.

to three biocks. At the time of last followup,
nine patients with 12 hips were engaged in
Strenuous manual labor, 30 patients with 35
hips were involved in moderate manual labor,
29 patients with 32 hips were performing light
labor, 12 patients with 17 hips were semi-
sedentary, and two patients with two hips were
sedentary,

Radiographs werc obtained on all 98 total
hip arthroplasties that had not undergone fem-
oral component revision (Fig 2). Radiolucen-
cies in the porous-coated region of the femo-
ral component occurred in 16 (16%) hips,
mest commonly in Zone I on the AP radi-
ograph (Fig 3). Stress shielding occurred in 72
(73%) hips. However, in 71 (99%) the stress
shielding was first or second degree. In one
(1%} hip, it was third degree, The immediate
postoperative radiographs revealed 50 (51%)
hips had a neutral stem position; 32 (33%)
hips were in valgus, and 16 {16%) hips were in
varus. No statistically significant relationship
was found between osteolysis and initial fem-
oral component alignment.

|
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Fig 3A-B. (A} The prevalence and sile of radiclucent lines in the porous and nonporous coated re-
gions on the anteroposterior radiographs. (B} The prevalence and site of radiolucont iines in the porous
and nonporous coated regions on the lateral radlograph.

In the 98 hips that had not undergone revi-
sion of the femoral component, femoral corti-
cal osteolysis was present in seven (7%), Ma-
jor osteolysis occurred in only one (1%) hip.
Osteolysis involved one Gruen zone in five
hips, two Gruen zones in one hip, and three
Gruen zones in the one hip with major osteol-
ysis (Fig 4). In the seven total hip arthroplas-
ties (seven patients) in which femoral osteoly-
sis occurred, five were in male patients and
two were in female patients. This difference
was nol statistically significant. Three femoral
components with osteolysis were in patients
involved in strenuous manual labor. Four fem-
oral components with osteolysis were in pa-
tients categorized as performing moderate
manual labor. None of the tolal hip arthroplas-
lies in patients who were sedentary, semi-
sedentary, or involved in light manual labor
had femoral osteolysis (Table 1). This difler-
ence was statistically significant (p < 0.03).
The incidence of femoral osteolysis in hips as-

sociated with compression molded polyethyl-
ene was (4% (0 of 35). In the 63 hips in which
ram extruded bar stock polyethylene was
nsed. femoral osteolvsis oceuwrred in 1i%
{seven of 63). This difference was statistically
significant (p < 0.05). The average followup
of tofal hip arthroplasties performed with
compression melded polyethylene was 12.2
years, compared with 9.6 years for those asso-
ciated with ram extrided polyethylene. Thus,
a greater incidence of femoral osteolysis oc-
curred in a shorter time in total hip arthroplas-
ties in which ram extruded polyethylene was
used.

Pulmonary emsboli developed in two pa-
lients after surgery; both were treated med-
ically and resolved.,

Although not the focus of this review, the
acetabular components were evaluated, Filty-
six (56%) acetabular components required re-
vision surgery and 44 (449%) remained in
place, In the 44 acetabular components that
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Fig 4A-B. (A} The prevalence and site of osleolysis in the porous and nonporous coated regions on
the anteroposterior radiograph. {B} The prevalence and site of osteolysis in the porous and nonporous

coated regions on the iateral radiograph.

had not been revised, ostealysis occurred in 11
(25%). No statistically significant relationship
between acetabular revision and femoral com-
ponent revision or osteolysis was found.

DISCUSSION

In this series using a femoral component in-
seried without cement, only 2% required revi-
sion for any reason, and lysis was present in
7%. Nincty-cight percent of the femoral com-
ponents remained in place and rigidly fixed at
10 years. These results show that an unce-
mented femoral component with a taper de-
sign can achieve stable fixation and minimal
lysis in young patients requiring total hip
arthroplasty.,

The initial results of cemented total hip
arthroplasty in young patients were poor.
Chandler et al® reporfed a 21% incidence of
aseptic loosening of the femoral component
in patients 30 years of age or younger fol-

lowed up for only 5 years. Gustilo and Burn-
ham!é reported their results in patients 60
years of age and younger. They found a 22%
incidence of aseptic loosening of the femoral
component and a 10% incidence of revision at
only 6.8 years.

TABLE 1. Level of Activity and
Femoral Osteolysis
Femoral
Osteclysis

Number {Number
Classification of Hips of Hips)
Heavy manual fabor 12 (12%) 3
Moderate manual 36 (36%) 4

labor

Light labor 32 (33%) 0
Semisedeniary 17 (17%) o]
Sedentary 2 (2%) 0
Bedridden 0{0%) 0
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The advent of modern cementing tech-
niques has significantly increased the duration
of fixation of the femoral component in young
patients, Barrack et al® reported their results in
50 patients 50 years of age or younger. Three
(6%) femoral components had undergone re-
vision and one (2%) femoral component was
considered loose by radiographic criteria,
Ninety-two percent remained in place and
well fixed at 12 years. Callaghan et al’ evalu-
ated the results in patients younger than 50
years old and found a 5% incidence of aseptic
Joosening of the femoral component (five of
93) and an 8% incidence of revision (seven of
93) at 20 to 25 years. Lehtimaki et al?* found
2 91.9% survivorship of the femorat compo-
nent at 15 years in patients whose average age
was 31 years.

However, not all reports using improved
cement technique in young patients have
equaled these results. Analyzing the results
using second gencration cementing tech-
niques, Smith et a3} cited revision of eight of
51 (16%) femoral components in patients 50
years of age or younger at 17 to 20 years.
Sporer ¢t al® reported on the resuits at 8.2
years after using third generation cementing
technique in patients younger than 50 years
old. Eight (18%) of 45 precoated, grit blasted
femoral components had been revised for
aseptic lvosentng, und three (1 1%) were loose
by radiographic criteria. Muldoon et al?? eval-
uvated their results using modern cementing
technique in patients 40 to 60 years of age. Ai
10.5 years, six of 88 (7%) of the femoral com-
ponents required revision for aseptic loosen-
ing, and 19% were loose by radiographic cri-
teria. They reported a detertoration in femoral
componen! fixation after the 10-year mark,

There are few reports available on the long-
term results using uncemented femoral com-
ponents in young patients. In a series of 242
hips using the Anatomic Medullary Locking
(DePuy) femoral component, Glassman ct alt3
reported a mechanical failure rate of 3.7% in
patients 50 years of age or younger at an 8-year
average followup. Femoral osteolysis occurred
in 18%. The Tri-lock femoral component,

which has a flat tapered shaped geometry
nearly identical to the Taperloc, was evaluated
by Olcott et al*? at 10 1o 15 years. In patients
60 years of age and younger, they found a 2%
incidence of aseptic loosening and a 17.8% in-
cidence of femoral osteolysis (Table 2).

The 7% incidence of femoral osteolysis in
this series is low. The intermediate-term inci-
dence of femoral osteolysis reported using
several uncemented femora! components has
ranged from 10% to 56%451417.21.223637 1n
the authors’ opinion, two factors may be re-
sponsible for this low incidence of osteolysis.
First, the stable fixation achieved with the ta-
per design. This observation is based on the in-
creased incidence of osleolysis found in total
hip arthroplasties associated with aseptic loos-
ening.2%3! The second factor was the polyeth-
ylene. Direct compression molded polyethyl-
ene was used in 36% of the hips in this serjes.
The incidence of femoral cortical osteolysis in
those hips asscciated with compression
molded polycthylene was 0%. The incidence
of femoral cortical osteolysis in the hips that
were associated with ram extruded bar stock
polyethylene was 11%. In a retrieval study
previously reported by Lee el al,2* compres-
sion molded polyethylene showed signifi-
cantly less wear than did ram extruded bar
stock polyethylene. Compression molded
polyethylenc also was found to have a iower
wear rate than did ram extruded bar stock
polyethylene in studies performed by
Bankston et al? and Clark et al.? The current
authors think the decreased wear of compres-
sion molded polyethylene vsed in 36% of the
hips in this serics resulled in a lower overall
incidence of osteolysis.

The results of the current study using the
Taperloc femoral component in patients 50
years of age or younger are comparable with
the best results reported using femoral compo-
nents inserted with and without cement. 351329
In addition, 39 paticats with 47 hips (48%)
were found to be in the moderate to strenuous
manual labor activity classification. At 10
years” average followup in this young and ac-
tive group, no femoral component required re-
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The advent of modern cementing tech-
niques has significantly increased the duration
of fixation of the femoral component in young
patients. Barrack et al® reported their results in
50 patients 50 years of age or younger. Three
(6%) femoral components had undergone re-
vision and one (2%) femoral component was
considered loose by radiographic criteria.
Ninety-two percent remained in place and
well fixed at 12 years. Callaghan et al” evalu-
ated the results in patients younger than 50
years old and found a 5% incidence of aseptic
loosening of the femoral component (five of
93} and an 8% incidence of revision (seven of
93) at 20 to 25 years, Lehtimaki et al>* found
a 91.9% survivorship of the femoral compo-
nent at 15 years in patients whose average age
was 31 years.

However, not all reports using improved
cement technique in young patienis have
equaled these results. Analyzing the results
using sccond generation cementing tech-
niques, Smith et al*? cited revision of eight of
51 (16%) femoral components in patients 50
years of age or younger at 17 1o 20 years,
Sporer et al* reported on the results at 8.2
years after using third generation cementing
technique in patients younger than 50 years
old. Eight (18%) of 45 precoated, grit blasted
femoral components had been revised for
aseptic loosening, and three (§ %) were loose
by radiographic criteria. Muldoon et al?7 eval-
ualed their results using modern cementing
technique in patients 40 (o 60 years of age. At
10.5 years, six of 88 (79) of the femoral com-
ponents required revision for aseptic loosen-
ing, and 19% were loose by radiographic cri-
teria. They reported a deterioration in femoral
component fixation after the 10-year mark.

There are few reports available on the long-
term resulls using uncemented femoral com-
ponents in young patients. In a series of 242
hips using the Anatemic Medullary Locking
{DePuy) femoral component, Glassman et all?
reported a mechanical failure rate of 3.7% in
patients 50 years of age or younger at an 8-year
average followup. Femoral osteolysis occurred
in 18%. The Tri-lock femoral component,

which has a flat tapered shaped geometry
nearly identical to the Taperloc, was evaluated
by Olcott ct al?® at 10 to 15 years. In patients
60 years of age and younger, they found a 2%
incidence of aseptic loosening and a 17.8% in-
cidence of femoral osteolysis (Table 2),

The 7% incidence of femoral osteolysis in
this series is low. The intermediate-term inci-
dence of femoral osteolysis reported using
several uncemented femoral components has
ranged from 10% to 569%.45.141121.22.3637 Ip
the authoss’ epinion, two factors may be re-
sponsible for this Jow incidence of ostcolysis.
Firsl, the stable fixation achieved with the ta-
per design, This observation is based on the in-
creased incidence of osteolysis found in total
hip arthroplastics associated with aseptic loos-
ening.233! The second factor was the polyeth-
ylene. Direct compression molded polyethyl-
ene was used in 36% of the hips in this series.
The incidence of femoral cortical osteolysis in
those hips associated with compression
molded polyethylene was 0%. The incidence
of femoral cortical osteolysis in the hips that
were associated with ram extruded bar stock
polyethylene was 11%. In a retrieval study
previously reported by Lee et al,” compres-
sion molded polyethylene showed signifi-
cantly less wear than did ram extruded bar
stock polyethylene, Compression molded
polyethylene also was found to have a lower
wear rate than did ram extruded bar stock
polyethylene in studies performed by
Bankston et al? and Clatk et al.? The current
authors think the decreased wear of compres-
sion molded polyethylene used in 36% of the
hips in this series resulted in a lower overall
incidence of osicolysis.

The results of the current study using the
Taperloc femoral component in patients 50
years of age or younger are comparable with
the best results reported using femoral compo-
nents inserted with and without cement.3.%.13.29
In addition, 39 patients with 47 hips (48%)
were found to be in the moderate to strenuous
manual labor activity classification. At 10
years’ average followup in this young and ac-
tive group, no femoral component required re-
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TABLE 2, Results of Cemented and Uncemented Femoral Components in Young
Patients

Average Average Numberof Femoral Radiographic
Followu Age Patlents  Revision  Loosening Osteolysis
Authors Stem (Range) {Range) {Hips)  (Perceniage} (Percentage) (Percentage)

Cemenled Total Hip Replacement

Barrack CAD t2years 408 years 44 6% 2% 12%
el af? HD2 {10168} {18-50) {50)
Caicar
Balfard Charntey 11 years 41 years 36 5% 12% 29%
et aft fowa  {10-15) {18-49) (12) {26% in Zona 7)
Callaghan  Chaenley 233vyears 42 years 69 5% 8% 20%
et al” {20-25) {18-49) (93} {14% in Zone 7)
Chandler NR 5.6 years 23 years 29 15% &% NR
etald {4.8-7} {14-30) {33)
Dorretal™  Charnley 16.2years  31.1 years 35 49% 6% NR
Charnley- {13-20) 16-45) {49)
Muller
Aufrance
Turner
LeGrange-
Lslournel
Sporer Precoated 8.2 years 41 years 74 8% 8% 3% Zone 1
et al? lowa {5-11) (26-49) {45) 5% Zone 3
8% Zone 4
5% Zone &

35% Zene 7

Uncemented Total Hip Replacement

Glassman AML 8 years NR MR NR 3.7% 18.1%
et ai'3 {6-15.2) (60 years (242} MFR
and younger)
Olcott Trifock NR 48 years NR 2.2% 0% 17.8%
Bl aivs (10-15} (NR) {46)
Currenl Taperoc 10.2years 37 years 84 2% 0% 7%
authors (8-13) (20-50) (100}

NR = not reported; MFR = mechanical failure rate.
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EFFECT OF FEMORAL OFFSET ON RANGE OF MOTION AND
ABDUCTOR MUSCLE STRENGTH AFTER TOTAL HIP

ARTHROPLASTY

BRIAN J. McGRORY, BERNARD F. MORREY, THOMAS D. CAHALAN, KAI-NAN AN, MIGUEL E, CABANELA

From the Mayo Clinic and Mayo Foundation, Rochester, USA

At a minimum of one year after operation, we studied
64 patients with 86 tofal hip arthroplasties (THA) by
standard anteroposterior hip and pelvic radiographs
and measurement of range of motion and of isometric
abduction strength,

The femoral offset correlated positively with the
range of abduction (p=0.046). Abduction strength
correlated positively with both femoral offset
(p = 0.0001) and the length of the abductor lever arm
(p=0.005), Using multiple regression, abduction
strength correlated with height (p=10.017), gender
{p = 0.0005), range of flexion (p=0.047) and the
abductor lever arm (p = 0.060).

Our findings suggest that greater femoral offset after
THA allows both an increased range of abduction and
greater abductor strength.

J Bone Joint Surg [Br] 1995;77-B:865-9,
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There has been recent interest in femoral offset as a factor
in tatal hip arthroplasty (THA) (Yanagimoto 1991; Abra-
ham and Dimon 1992; Steinberg and Harris 1992; Davey et
al 1993; Rothman et al 1993; Wong et al 1993). Femoral
offset is defined as the perpendicular distance between the
long axis of the femur and the centre of rotation of the
femoral head, Chamley (1979) considered it to be a factor
under the control of the surgeon at the time of hip replace-
ment surgery; the more lateral position of the femur with
greater offset was said to increase the range of motion and
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decrease the jncidence of impingement of the femur on the
pelvis. An increase in femoral offset (and consequently of
the lever arm of the abductor muscles) will also, theoret-
ically, increase the mechanical advantage and strength of
the abductors. Finally, a greater femoral offset will increase
stabifity by preventing impingement and improving soft-
tissue tension,

Femoral offset has been shown to correlate with hip
stability (Fackler and Poss 1980; Huk et al 1993), but we
know of no clinical study which has related the range of
mation or abduction strength to femoral offset after THA.
We therefore reviewed 64 consecutive patients at a mini-
mum of one year after surgery in an attempt 1o answer
these questions.

PATIENTS AND METHODS

We reviewed 64 patients who had a total of 86 THAs by
one of two surgeons (BFM, MEC) at a minimum of one
year {mean one year nine months, range one year to three
years two months) after surgery, by radiography, examina-
tion, and standard abductor strength testing. The number of
joint replacements included was based on a power analysis
calculation (see statistical section). The minimom follow-
up was chosen because results for THA have been showa to
stabilise at one year (Insall et al 1983; Schurman, Parker
and Ornstein 1985; Parsley, Engh and Dwyer 1992). We
excluded patients with a diagnosis of theumatoid arthritis to
avoid confounding factors in strength measurements,
Patients who would have had to travel more than 500 miles
were also excluded; the one-year assessment for such
patienls is often carried out locally,

The patients had been operated on over a two-year
period, from 1988 to 1989, during which 263 TiiAs
(excluding patients with a diagnosis of rtheumatoid arthritis)
had been performed by the two surgeons. Informed consent
was obtained and the project and consent process were
approved by the IRB of the Mayo Clinic.

There were 36 women and 28 men and the median age
was 60 years (22 to 87). Their average weight and height
were 77.7 kg (44,5 to 109.1) and 168 cm (140 to 190), Ali
were seen in follow-up from April 1, 1989 to Aprit 1, 1993
and no evaluations were excluded. The right hip had been
replaced in 48 (55.8%) and the left in 38, The diagnosis
was osteoarthritis in 57 (66.3%), post-traumatic deformity
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in nine (10,5%), developmental dysplasia in nine (10.5%),
avascular necrosis in five (5.8%), Paget’s discase in two
(2.3%), arthritis following slipped capital femoral epiphysis
in two, and systemic lupus erythematosus in two. There
were 70 primary and 16 revision operations. Eighteen
(20.9%) femoral components were cemented and 68 unce-
mented. An anterolateral approach was used in 32 (37.2%)
and a posterior approach in 54; trochanteric osteotomy was
not used. A variety of femoral prostheses was employed.
There were 34 (39.5%) Osteonics Omnifit (Osteonics Corp,
Allendale, New Jersey), 14 (16.3%) Osteonics Omniffex,
13 (15.1%) Zimmer Mayo-Morrey (Zimmer Inc, Warsaw,
Indiana), 7 (8.2%) Zimmer Harris precoat, 5 (5.8%) Zim-
mer Harris-Galante, 5 (5.8%) Zimmer Bias, and eight other
prostheses (9.3%) of varying design chosen by the
surgeot,

Radiological assessment. Anteroposterior pelvic and hip
radiographs were taken on the day of examination using a
100 mm magnification marker with the ankles 20 cm aparnt
and the feet 15° internally rotated. The femoral offset and
the abductor lever arm were measured by a single observer
(BIM) from each radiograph (Fig. 1). In addition, the
distance from the centre of rotation of the femoral head 1o

\/
Fig.

Diagram showing measurements of femoral offset (A) and the
abductor lever arm (B). Femoral offset is the perpendicular dis-
tance from the centre line of the femur to the cenive of rotation of
the femoral head, Abductor lever arm is the perpendicutar distance
from a line tangential to the greater trochanter to the centre of
rotation of the femoral head. The tangential line corresponds to the
abducior shadow on the radiograph (from Steinberg and Harris
1992, with permission).

a vertical line through the symphysis pubis was recorded as
the body-weight lever arm. These measurements were then
correcled for magnification,

Functional assessment, A complete cxamination included
the recording of the patients’ height, weight, and maximum
thigh circumference on the affected side,

Motion. The ranges of motion in flexion, abduction, adduc-
tion, internal rotation, and external rotation were measured
using a goniometer by a single observer (TDC).

Strength. Three measurements of isometric abduction
strength at 0° (neutral) were made for each THA by the
method previonsly described (Cahalan et al 1989). A Cybex
IT isokinetic dynamometer (Lumex, Ronkonkoma, New
York} was modified to allow adjusiment of the loading
level arm to provide a comfortable position for the patient
and maximal stability to produce optimal strength. A body
stabilisation frame was developed and used to allow sub-
jects to stand with support when testing abduction strength,
The Cybex machine was calibrated at weekly intervals. We
used the numerical average of three measurements as the
abductor strength for data analysis.

Statistical analysis. A power analysis showed that a study
of 84 THAs should provide at least an 80% chance (statis-
tical power) of detecting any correlation between offset and
range of motion or strength, accepting an r value of 0.30,
Linear regression beta coefficients and corresponding prob-
ability using SiatView software (Abacus Concepts Inc,
Berkeley, California) were determined for femoral offset
versus range of motion, and for abduction strength versus
gender, age, diagnosis, revision, surgical approach, com-
ponent fixation, height, weight, thigh circumference, offset,
abduction lever arm, time from surgery, and body-weight
lever arm, We then used multiple regression to determine
which of the variables found to have significant inter-
relationships were the most important,

RESULTS

Radiological assessment, The corrected femoral offset
averaged 3.9 cm (2.3 to 5.5), the abductor lever arm aver-
aged 48cm (3.4 to 7.1) and the body-weight lever amm
averaged 9.2cm (7.8 to 10,7).

Femoral offset corelated positively with the length of
the abductor lever arm (p = 0.0001; r=0.43; Fig. 2), The
body-weight lever arm did not correlate with either offset
or the abduction lever arm.

Functional assessment

Motion. The average range of motion with range and
standard deviation is shown in Table I. Simple regression
analysis showed that femoral offset was significantly and
positively related to range of abduction (p = 0.046;
r=022; Fig. 3). We could demonstrate no significant
correlation between femoral offset and hip fexion, adduc-
tion, or internal or external rotation.

Strengih. There was a highly significant positive correlation
between femoral offset (and consequently abductor lever
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Femoral offset related o isometric abductor strength,

Tuble L Range of hip motion after THA in degrees

Standard

Average Range deviation
Flexion 99.8 48 10 121 153
Abduction 25.7 10 to 45 1.7
Adduction 19.8 81035 5.7
Internal rotation 26.5 710 51 92
Extemal rotation 249 6to 48 8.1

Table I1, Factors which correlated with strength of isometsic
abduction after THA by simple regression

P=0048

45 + [}

Abduction ROM (degreas)

Femoral offset (¢m)
Fig. 3

Femoral offset related (o range of abduclion.

arm) and abductor strength (p = 0.0001; r = 0.40; Fig. 4).
The other factors which correlated with abductor strength
are shown in Table 1.

Additional variables and multivariate analysis. Abductor
strength was not significantly related to side of arthroplasty,
thigh circumference, use of cement for the femoral com-
ponent, revision surgery, age, surgical approach, body-
weight lever arm, and time from surgery. Multiple
regression was used to determine the relative importance of
each of the significant variables because a number of them
were inter-related, The statisticat data for each variable are
presented in Table iIL Of the four, only the length of the
abductor lever arm is under the conirol of the surgeon.

DISCUSSION

The advantages of increasing femoral offset at THA are
reported o include an increased range of motion, better
mechanical advantage for the abductors and decreased
instability because of better soft-tissue tension, Our study is
the first, to our knowledge, to address the first two issues in
a clinical setting.

Table HI. Factors which correlated with steength of isometric abduction
after THA by multiple regression analysis

Standardised
p value  r value coefficient p value r value
Patient height {0.0004 0.72 Patient height 047 0.017 0.95
Patient gender (male > female) 0.0001 0. Patient gender (male > female) 0.44 00005 0.86
Femoral offset 0.0001 040 Femoral offset 0.030 0.4 0.67
Abduction ROM* 0.0009 0.36 Abduciion ROM* 0.16 0.098 0.78
Patient weight 0.001 0.35 Patient weight 0.9 0.13 0.87
Flexion ROM* 0.004 0.32 Flexion ROM# 0.18 0.047 o.M
Abductor lever arm 0.005 0.30 Abductor lever arm o.16 0.060 0.68
Patient diagnosis (OAT > others)  0.03 0.24 Palient diagnosis (OAt >others)  0.012 0.89 0.68

* range of motion
tosteoarthritis
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{osteoarthritis
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The relationship between increasing femoral offset and
stability after hip arthroplasty has been shown (Fackler and
Poss 1980; Huk et al 1993). In our series there was a single
postoperative dislocation {1.1%} in a patient with an abso-
lute offset of 4.1 cm (series average 3.9cm). We can
therefore make no definitive statement on hip stability.

The lateral position of a hip with greater offset has been
said to allow an increase in motion (Charnley 1979; Kelik-
ian et al 1983) and we found that range of abduction was
significantly greater in patients with greater femoral offset
(p = 0.046). We could not, however, show any correlation
with other planes of motion.

Charnley considered that the most effective method
available to the surgeon to improve the abductor tever arm,
and therefore the biomechanics, was to increase the offset.
This should decrease the abductor force required for walk-
ing, and therefore decrease the energy requirement for gait
as well as the overall joint reactive force.

Other authors have inferred that this relationship is teue
from apparent abductor weakness and lurch evident in
patients with poor offset (Tauber et al 1980; Kelikian et ai
1983; Rothman et al 1993), We identified a variety of
factors that correlated with abductor strength after THA,
among which were femoral offset (p=0.0001) and the
length of the abductor lever arm (p = 0.005). Multiple
regression showed that the four most important factors in
abductor strength after THA were height, gender, range of
flexion, and abductor lever arm (Table ), All the other
factors found to be significant by simple regression analysis
were related to these four.

The advantages of increased stability, range of motion,
and abduction strength are conferred by an increased femo-
ral offset, but a possible disadvantage is an increase in the
out-of-plane bending moment in the prosthesis. This effect
in the stem is generally not imporiant in modern THAs
because of the increased fatigue resistance of currently used
metals (Steinberg and Harris 1992). An increase in offset,
however, could cause increased strain in the medial prox-
imal femur, and more particularly in the medial proximal
bone cement in cemented cases.

These potential concerns have been allayed by two
recent scientific reports. Davey et al (1993) toaded cadaver
femora containing cemented fernoral components in simu-
lated gait. Direct measurements of strain were made using
strain gauges on the bone and the metal as well as in the
cernent mantle. It was possible to quantify the effect of
changing offset on both abductor force and the resultant
force, as well as on the sirains in the cement, the bone and
the prosthesis. Increased femoral offset gave substantial
reductions in both abductor and resultant forces, and the
strain in the proximal medial cement mantle was not
significantly increased. Wong et al (1993) used finite-
element analysis and a canine uncemented THA model to
demonstrate that both the abductor force and hip reaction
force were significantly reduced with an increase in offset,
Although stress was slightly higher at the distal portion of

the stem it did not produce an excessive increase in bone
strains. In addition, the amount of bone ingrowth was not
affected by a change in femoratl offset. Both reports indi-
cate that the adverse effect of an increasing bending
moment was neutralised by a reduction in hip force.

Despile these experimental results, the clinical concern
of increasing femoral component loosening has been
expressed by Rothman et al (1993). They showed a 6% rate
of loosening in femora with implant offset of 38 mm or
more, against a 2% rate in those with less offset, in 146
patients followed for two 10 six years. These resulls must
be interpreted cautiously; there were only five loose stems
overall, there were significantly more males in the high-
offset group, and the actual femorzl offset was not reported,
only the prosthesis offset. This is obviously important in
that varus or valgus prosthesis positioning affects actual
femoral offset.

Our data allow us to compare the abduction strength
after THA with that for normal volunteers, previously
reported (Cahalan et al 1989). We demonstrated the sig-
nificant relationship of gender to strength, but could not
identify the age-dependent relationship evident in normal
volunteers. We believe thal this was because ali but one
patient in our study would be in the ‘older group’ of the
series by Cahalan et al (1989) (over 40 years of age). Of the
anthropomorphic measurements reported in both studies,
height had the greatest correlation. When gender-specific
abduction strength is compared between normal volunteers
and THA patients the latter have lower actual strengihs by
an average of 24.6% for men and 37.8% for women. This
may be due to actual age difference, the effect of under-
lying diagnoses, the effect of surgery, or other factors.
Conclusions. We have shown that femoral offset correlated
positively with increase in range of abduction and that
objective strength of abduction correfated positively with
both femoral offset and the length of the abductor lever
anm,
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Minimum 10-Year Results of a Tapered
Cementless Hip Replacement

Durgadas P. Sakalkale, MD; Kenneth Eng, MS; William J. Hozack, MD;
and Richard H. Rothman, MD, PhD

Seventy-one total hip arthroplasties with a ce-
mentless, wedge fit, cobalt chrome femoral
component were reviewed in 60 pafienfs at a
minimum 10-year followup (mean, 11.5 years),
For tite femoral component, the mechanical
failure rate was 5% and the revision rate for
aseptic loosening was 0%. The mean Charnley
scores for pain, function, and metion changed
from preoperative mean values of 3.0, 2.7, and
3.2 to followup mean values of 5.7, 5.5, and 5.2,
respectively, The followup mean Harris hip
Score was 91. The incidence of thigh pain was
1.4% at 10-year followup. Ninety-five percent
of femoral components showed radiologic evi-
dence of stable, bone Ingrowth fixation,
whereas loosening was seen in 5% of stems.
Despite the high incidence of acetabular oste-
olysis, no osteolysis was seen on the femoral
side distal to the lesser trachanter. Nonmodu-
larity of the femoral component led io un-
avoidable revision of stably fixed femoral com-
ponents in seven (9.8%) hips during the
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revision of a loose socket, Design features (col-
larless, tapered, wedge fit, and circumferen-
tially porous coated) were theught to be cru-
cial to the superlative results with the cobalt
chrome femoral component,

Despite the increasing use of uncemented (o-
tal hip a rthroplasties during the last decade,
no consensus exists regarding the ideal mate-
rial of implant or ideal shape of the femoral
componerit. Short term and midterm results
of collarless, wedge fit, porous coated unce-
mented stem have been excellent regardless
of type of metal, 141617232231 However, only
cne report on long term experience with a
wedge fit design is available using a titanium
stem.?® Long term, minimuim 10-year results,
with the use of a CoCr wedge fit, cementless
femoral component for primary total hip
arthroplasty are presented.

PATIENTS AND METHODS

Ninety total hip arthroplasties using the unce-
mented Trilock femora! component (DePuy, War-
saw, IN) were performed in 76 patients from 1983
through 1986 at one institution. The indications
were younger, active patients and patients with
good bone guality (Dorr Type A or B).5 Nine pa-
tients (11 hips) died and seven patients (eight
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hips) were lost to followup before their 10-year
foltowup, leaving 60 patients and 71 hips for re-
view.

The demographics of this group included a
mean age of 51.8 years (range, 25.2-69 years),
mean weight of 177.2 pounds (range, 107-240
pounds), with 44 men and 16 women. Bone quat-
ity was classified as Dorr Type A in 21 hips and
Type B in 50 hips. Of the 71 arthroplasties under
review, 67 were primary, and four were conversion
procedures (resurfacing arthroplasties). The mean
followup was 11.5 years (range, 10-14 years). The
preoperalive diagnoses were ostecarthritis in 54,
avascular necrosis in 16, and rheumatoid arthritis
in one. Thirty-five cases werc classified as Charn-
ley Class A (involvement of only the ipsilateral
hip), 31 were Charnley Class B (involvement of
the contralateral hip); and five were Charnley
Class C (involvement of other joints or systemic
problems limiting activity).?

All acetabular components were cemented in
place, The femoral component was monolithic
and was available with only 32-mm heads.
Femoral component insertion required minimal
reaming. Only one reamer was used, which was

of the size of the smallest broach in diameter. Its
primary purpose was to sound the feroral canal.
The femoral canal was prepared with hand driven
broaches, The broaches were fully toothed and
were designed to be slightly smaller than the size
of the implaut to provide a press fit. Testing of
stability was not done scientifically. Rather, it
was done by testing of the broach by rotating the
broach handle. After a sequential broaching (o a
firm, snug fit, a trial smooth stemmed component
was used to test for stability and leg lengths. Two
neck lengths and a laterally offset femoral com-
ponent were available. The final prosthesis, a
straight stemmed collarless CoCr component,
coated in proximal 60% was inserted with firm
impaction, The Trilock Prosthesis {DePuy),
which is made of CoCrMo alloy, has the proximal
60% of the stem circumferentially coated with
CoCr sintered beads of average diameter of 150
um (range, 100-250 pm) to form an irregular
porous surface, The diameter of the empty spaces
or pores ranged from 150 to 400 pm. The stem is
flat in cross section anteroposteriorly with medio-
lateral wedging (Fig 1). After surgery, all patients
were allowed only partial weightbearing for 6

Fig 1A=-B. (A) Front view of
the monolithic Tritock femoral
component (DePuy, Warsaw,
IN), The circumferential por-
ous coating made of GoCr
sintered beads and the ta-
perad shape with no coliar
can be seen. (B) Side view of
the Trilock stem. The shape is
thin and nonfilling.
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weeks, and then were advanced to being fully
weightbhearing by 3 months.

Objective followup evalvation was performed
by a specially trained research fellow, Clinical
evaluations were performed before sucgery, 6
weeks after surgery, and then yearly using the
modified D’ Aubigne and Postel scale.? Patients
were questioned specifically regarding the level
of pain, function, and motion using a grading sys-
tem in which a score of six represents an excellent
result, five a good result, and one a poor result,
Patients were asked specifically about thigh or
groin pain; the responses wete recorded as pre-
sent or absent. The presence of a limp also was
recorded. More recently, the Harris hip scoring
System has been incorporated into the clinical
evaluation. !t

The radiologic evaluation in this study was
done independently by a research fellow and by
an attending orthepaedic surgeon who was not in-
volved in the patient’s surgery. An analysis
showed no difference between the two interpreta-
tions for parameters, such as bone ingrowth, loos-
cning, and osteolysis. However, cup wear
analysis was performed by one observer (research
fellow). During the repetitive measurement of
wear in another study at the authors’ center, the
intraobserver variability was found to be 0.06
mm, and the interobserver variability was found
to be 0.11 mm, Anteroposterior (AP) radiographs
of the pelvis and hip and frog leg lateral radi-
ographs of the hip were evaluated at the same in-
tervals of the clinical examinations. Leg holders
were used to position the limb accurately for se-
quential radiogeaphic review. Magnification cor-
rection factors were calculated for cach film
based on the ratio of the measured diameter of the
prosthesis head versus the actual known diame-
ter. Postoperative films were evaluated for ec-
topic bone according to the classification of
Brooker et al,! and the trochanter was evaluated
for union, nenunion, and if applicable, degree of
separation.

Acetabular compenent position was identified
in reference to the teardrop. ‘The horizontal refer-
ence line was drawn by connecting the points at
the bottom of both teardrops. A vertical reference
line was drawn perpendicular to this, passing
through the center of the teardrop. The acetabular
cup angle was measured from the horizontal ref-
¢rence line. Any change in component position
from the horizontal or vertical reference line of 3

mm or more or any change in cup angle of 3° or
more was considered migration of the cup, a sign
of definite cup loosening.!* Acetabular compo-
nent coverage by bone was computed as a per-
cenlage. Component bone radiolucency greater
than 1 mm was assessed in the three zones as de-
fined by DeLee and Charnley.* If a complete radi-
olucent line was present, the cup was considered
to be probably loose.!3 Cup wear was assessed ac-
cording to the technique of Livermore et al.!®
Each radiograph was measured by one observer
to the nearest 0.1 mm using a caliper. This tech-
nique has been vatidated by Cates et al.2

Femoral component position was assessed us-
ing a fixed point of reference on the prosthesis
and on the femur {using the lesser trochanter).
Subsidence was present if the component settled
3 mm or more. Component orientation was neu-
tral il the center lines of the component and femur
were within 3°, otherwise, the component was
designated as varus or vaigus,

All changes around the cementless femoral
component were documented using a system
modified from that suggested by Engh et al.5-8
This femoral interface was divided in two zones.
Zone 1 is defined as the area around the porous
surface of the femoral component, and Zone 2
lies distally around the smooth part of the stem.ts
Calcar changes, atrophy or hypertrophy, radiolu-
cent lines, endosteal new bone formation near the
prosthesis (spot welds), the presence of a distal
pedestal, and an intramedultary shelf of new bone
changes were evaluated according to the defini-
tions described by Engh et al.t Proximity of the
component to within { mm of endosteal bone was
identified in each zone, and AP fll of the
medullary bone by the component was measured
at the junction of Zones 1 and 2 and expressed as
a percentage. The primary sign of component in-
stability was subsidence of 3 mm or more,

Other signs suggestive of instability were cal-
car hypertrophy, distal pedestal formation, and
the development of progressively divergent radi-
olucent lines around the component.2® Stress
shielding was determined as per the classification
of Engh et al® as (1) first degree, slight rounding
off the proximal medial edge of the cut femoral
neck; (2) second degree, rounding off the proxi-
mal medial femoral neck combined with loss of
medial cortical density at level one on the AP ra-
diograph; (3) third degree, extensive resorption of
cortical bone extending from level one into level
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two; and {4) fourth degree, extensive resorption
of cortical bone beyond levels one and two, ex-
tending into the diaphysis. Femoral components
were classified into three caiegories using the
classification system of Engh et al%; (1} stable,
bone ingrown; (2) stable fibrous ingrown; and (3)
unstable. Presence of osteolysis was classified as
per the seven zones of Gruen et al.'®¢ Statistical
analysis was performed nsing the SAS System
(The SAS Institute, Cary, NC), a statistical sofi-
ware program.

RESULTS

Clinical Results

The mean preoperative Charnley score for
pain was 3.0, for function 2.7, and for mo-
tion 3.2. At final followup the mean scores
were 5.7, 5.5, and 5.2, respectively, The
mean postoperative Harris Hip Score was 91
(range, 27.7-99.9). Thigh pain was present
in one (1.4%) patient at the latest followup.
At the 2-year followup in the same group of
patients, four (5.6%) patients had thigh pain.
Medical complications included deep vein
thromboses (three patients), asymptomatic
pulmonary embolisms (three patients), ar-
rhythmia (one patient), gout (onc patient),
ileus (one patient), and urinary retention
(two patients). Orthopaedic complications
included two patients with hematomas, two
with delayed wound healing, and one with
temporary femoral nerve injury. There were
no intraoperative femoral splits or fractures.
Nonmodularity of the femoral component
ledt to unavoidable revision of a well fixed
femoral component in seven (9.8%) hips
during revision of a loose socket.

Radiologic Results

Complete radiologic evaluation (minimum
10-year followup that correlated with the lat-
est clinical followup) was possible in 62 of
the 71 hips. Of the remaining nine hips, five
had radiologic followup of a2 mean of 8.2
years (range, 7.5-9.5 years) and four had ra-
diologic followup of a mean of 4.5 years
(range, 3-5.7 years). These nine hips showed

radiologic evidence of bone ingrowth fixa-
tion of the stem. Acetabular osteolysis, loos-
ening of the cup, and femoral osteolysis were
not seen in any of the nine radiographs. Al-
though it is possible to predict the stability of
the femoral component after having achieved
bone ingrowth fixation, it is impossible to
predict the status of the acetabular compo-
nent and features such as osteolysis and cup
wear, Thus, the radiologic data of these nine
hips from the group of 71 hips were ex-
cluded,

Numerous radiologic changes occurred
around the femoral component. Subsidence
greater than 3 mm was observed in six hips,
but three of them showed radiologic evi-
dence of bone ingrowth with no additional
subsidence. Fifty-eight (95%) bips were
classified as stable, bone ingrown; three
(5%) as unstable; and none were classified as
stable, fibrous ingrown. Thus, the mechani-
cal failure rate for this stem at {0 years was
5%. None of the patients with unstable stems
needed revision surgery, and none of them
had thigh pain. There were no femoral revi-
sions for aseptic loosening. None of the hips
showed any osteolysis distal to the lesser
trochanter. Osteolysis was observed above
the level of the lesser trochanter in two hips
{3.2%) in Gruen Zone 7. Stress shielding
was scen in 59 (95%) hips. It was first degree
in 17 (27%) hips, second degree in 33 (54%),
and third degree in nine (149). Trochanteric
separation was seen in one patient. Grade 4
heterotropic ossification was seen in one hip.
Definite cup loosening and acetabular oste-
olysis was seen in 41 (66.1%) hips. The
mean polyethylene wear was 122 mm
(range, 0.11-271 wmm). Twenty-three
(37.1%) sockets required revision secondary
to aseptic loosening.

Analysis of Patients Who Were Lost to
Followup or Died

Eight patients (nine hips) died before the 10-
year review, and one patient {two hips) died
after the 10-year followup. This group in-
cluded eight men and one woman, with a
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mean age of 57.6 years (range, 36.5-72.3
years), mean weight of 194 pounds (range,
140-180 pounds), and the following diag-
noses: osteoarthritis (nine) and avascular
necrosis (two), The mean followup was 7.7
years (range, 4.5-10.7 years). At their latest
followup all had mean pain and mean func-
tion scores above 5 points (Charnley scale),
and none of the radiographs revealed loosen-
ing of the femoral or acetabular components.

Seven patients (eight hips) currently have
not returned for their 10-year followup. The
demographics of this group are five men and
two women, with a mean age of 45.7 years
(range, 25.5-59.6 years}, mean weight 178
pounds (range, 100-222 pounds), and the
following diagnoses: osteoarthritis (four),
avascular necrosis (three), and failed endo-
prosthesis in one hip. However, five patients
did return for 5-year followup and had mean
pain and function scores of 5 points or
greater. In addition, radiographs revealed no
femoral loosening (definite or probable), Ac-
etabular cup loosening was seen at 6 years in
one patient who underwent socket revision.
Thus, there were no revisions for aseptic
loosening and no evidence of mechanical
failure in the femoral components of the pa-
tients who either died before the 10-year
visit or did not return for that visit.

DISCUSSION

This study showed excellent long term re-
sults with the Trilock femoral component.
Although the mechanical failure rate was
5%, the revision rate for aseptic loosening
was 0%, and thigh pain was present in 1.4%
at a minimum of 10 years after surgery.
These results surpass or equal those of ce-
mented stems inserted with modern cement-
ing techniques.21.22.25 The success rate of the
stem can be attributed to specific design fea-
tures. Being flat, tapered, and collarless, the
prosthesis can wedge into the fermoral canal
into a position of maximum rotational stabil-
ity, If not attained at the time of implanta-
tion, axial and rotational stability can be

achieved through weightbearing as the pros-
thesis can settle into a position of stability.
This is what occurred in the three cases of
initial subsidence, followed by bone in-
growth, long term stability, and good clinical
outcome.

In one biomechanical study,2 excellent
rotational and axial stability with a tapered
femoral component design was described. In
their study, Sharkey et al26 found no differ-
ence between the cemented stem and a ta-
pered porous coated design regarding axial
or rotational micromotion. However, the
porous coated anatomic stem showed signifi-
cant axial or rotational micromotion. The
medijolaterally tapered Trilock femoral com-
ponent, being flat anteroposteriorly, relies on
its mediolateral wedging fit (taking advan-
tage of prosthesis tapering) for stability, with
no attempt being made to achieve AP fill
(Fig 2). The design allows an interference fit
with the medial and lateral endocortices as
viewed in the AP radiograph (Fig 2). Another
advantage of the tapered design is the ease of
insertion and extraction, Because it requires
minimal reaming for insertion, the deleteri-
ous effects of extensive reaming? are
avoided.

Removal of a stable, fixed femoral com-
ponent in seven cases was neither difficult
nor caused any bone damage. All compo-
neats that were removed in the seven cases
were well fixed with bone ingrowth, which
was visible at the time of surgical extraction.
However, because the component did not fill
the canal, it was relatively easy to remove
this bone ingrown stem with high power in-
strumentation without damaging the cortical
shell of the femur, Although this requires
some care and precision in extraction, none
of these patients required extended
trochanteric osteotomies for removal and no
cortical perforations were incuired during
removal of the stems. All of these patients
had radiologic evidence of osteopenia in the
greater trochanter. Trochanteric osteotomy
was not done because reattachment of the
trochanter might have been difficult. Porous
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Fig 2A-B. ;A) AP radiograph of implanted Trilock stem (DePuy). The tapering of the stem into the
diaphysis with excellent mediolaterai fit can be sesn. (B) Laleral radiograph of implanted Trilock stem
showing the lack of AP filting of the component within the canal.

coated components were used during the re-
vision surgery. These implants were long
stem and contained porous coating that ex-
tended past the metaphyseal and trochanteric
region of the femur. However, none had ex-
tended porous coating,

The incidence of thigh pain in this study
was 1.4% at the latest followup, This was
much lower than the incidence of thigh pain
at previous visits (5% incidence of thigh pain
at 2 years of followup). Diminution in thigh
pain is known to occur with continuing fol-
lowup.23 In a series of 57 hips replaced with
the Trilock component, Pellegrini et al?* re-
ported thigh pain in 15 patients during the
postoperative period; however, only two
(3.5%) patients had thigh pain at the latest
followup at a mean of 6.5 years (range, 5-8
years). Similar lower incidences of thigh
pain have been reported with similar tapered
wedge fit designs: 4% by Hozack et al,!¢ and
6% by McLaughlin and Lee.2d However,
other uncemented femoral stems with differ-
ent designs have becn associated with higher
incidences of thigh pain: 9.4% by Engh and
Massin,” 15% by Heekin et al,}2 and 20% by
Maloney et al.t® In addition, even with mod-
ern cementing techniques Oishi et al?2 and
Wixson et al3® reported 3% incidence of
thigh pain. The superlative results with the
wedge fit prosthesis can be attributed par-

tially to excellent initial stability with subse-
quent bone ingrowth. However, the tapered
design likely plays a role; it allows for grad-
ual transfer of stresses from the stem to the
bone. An engineering analysis of the tapered
design and stress transfer has been published
that supports this effect.?®

The circumferential porous coat of the
prosthesis seems 1o prevent osteolysis. This
hip system used cemented acetabular com-
ponents and 32-mm heads with resultant
high wear and loosening rates. However, no
osteolysis was scen on the femoral side,
probably because of the barrier effect of the
circumferential porous coat. The porous coat
of the Trilock Prosthesis is CoCr sintered
beads (similar to the coating of the AML
prosthesis?). However, the authors think the
results of the current series are attributable to
the component design, rather than the porous
coat type, because similar excellent results
have been achieved with a similar tapered,
wedge fit, Ti prosthesis with a Ti plasma
spray coating,!6:20

The excellent results seen with the Trilock
femora) component are related to its specific
design features, such as collarless, wedge fit,
mediolaterally tapered, and circumferential
porous coating. However, the high failure
rate of the acetabular component is related to
the excessive polyethylene wear rate, with
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acetabular lysis secondary to a 32.mm
femoral head size.
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PrimARY CEMENTLESS ToTaL Hip
ARTHROPLASTY IN OCTOGENARIANS

TWO TO ELEVEN-YEAR FOLLOW-UP

By K}ELL S, Kuisu, MBP, Fapro ORrozco, MD, PETER F SHARKEY, MD,
WILLIAM |. HOZACK, MDD}, AND RICHARD H, ROTHMAN, MD, PHD

Investigation performed at the Rothman Institute, Philadelphia, Pennsylvania

Background: Cementless total hip arthroplasty is an accepted alternative to totai hip arthroplasty with cement in
younger patients, but it remains controversial for elderly patients. The purpose of this study was 1o evaluate the
clinical and radiographic outcomes of cementless total hip arthroplasty with use of a proximally coated stem in
patients who were at least eighty years of age at the time of the operation.

Methads: One hundred and twenty-three cementless total hip replacements were performed for the treatment of
osteoarthritis in 114 patients between the ages of eighty and eighty-nine years. Seven patlents (elght hips) died
within two years after the surgery, seventeen patients {eighteen hips) dled more than two years postoperatively
but were not foliowed for at feast two years, and five hips were lost to follow-up; this left ninety-two hips in eighty-
six patlents for review, The mean duration of follow-up was five years (range, two to eleven years). For the clinical
evaluation, the Charnley modification of the Merle d’Aubigné and Postel scale was used. In addition, preoperative
and postoperative Harris hip scores were avallable for sixty-nine hips. Seventy-eight hips were followed radio-
graphically for two years or more. The focus of the radiographic evaluation was the status of the fixation of the
femoral and acetabular components as well as cup wear.

Results: Perioperative medical complications occurred in association with 24% {thirty) of the 123 operations, but
there were no deaths. The mean Charnley scores for pain and function for the ninety-two hips that were followed
clinically for at ieast two years improved by 3.0 and 1.4 points, respectively. The sixty-nine hips for which preoper-
ative and postoperative Harris hip scores were available had a mean improvement of 42 points, with a mean
score of 82 points at the last follow-up evaluation. Mild thigh pain was present in four patients, but it did not limit
their activity. There were no femoral component revisions. Ali of the femorai components were radiographicaily
stable and had bone ingrowth. No acetabular component failed by Joosening, but 41% (thirty) of the seventy-three
hips with radiographs available for measurement of wear showed polyethylene wear. Of the seventy-sight cups
that were followed radiographicaliy for two years or more, 4% {three) were assoclated with lysis, but none had
been revised.

Conclustons: Cementless fixation In the elderly Is safe, effective, and durable at the time of two to eleven-year
follow-up.

than eighty years of age has proven efficacy’”. Cement-

less total hip arthroplasty is an accepted alternative in
younger patients. Uncertainties regarding stem fixation, pain
relief, demand on the implant, and cost are the basis for a
widely held belief that the use of uncemented porous ingrowth
total hip prostheses should be restricted to physiologically
young patients™. However, because of the ever-increasing lon-
gevity and activity of the elderly, the value of a cementless im-
plant in this population should not be dismissed. Additionally,
fat embolism is potentially a serious problem for the elderly
because of their lower level of physical reserves, and it could
be partially prevented by the use of cementiess implants'",
Fat embolism has been most closely associated with total hip
arthroplasties with cement, but it has also been scen with pro-
cedures in which cement was not used™™"*, Elderly patients,

Total hip arthroplasty with cement for patients older

who may be more fragile than younger patients, also may ben-
efit from a reduction in surgical time. Eliminating the time
required for the cement to harden can reduce the duration of
the procedure by approximately twenty minutes, In this study,
we reviewed the experience at a single institution in which ce-
mentless primary total hip arthroplasties were performed in
octogenarians and the results were followed for a two to
eleven-year period,

Materials and Methods

Bctween September 1987 and December 1993, a total of
2237 primary cementless total hip arthroplasties were per-

formed for the treatment of osteoarthritis at our institution by

the two senior authors (R.H.R. and W.J.H.}. One hundred and

twenty-three (5%) of these procedures were performed in 114

patients between the ages of eighty and eighty-nine years. To
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No. of hips 92
No. of patients 86
Mean duratlon of follow-up (range) (v} 5{211)
Mean age {range) {yr) 83 (80-89)
Mean welght (range) (kg) 68 (49-109)
Gender {M/F) {ro. of hips) 32/60
Initial diagnosis fno. of hips}

Ostecarthritis 91

Avascular necrosis 1
Chamley class (% of hips}

A 54

B 39

C 7

provide a more complete picture of the perioperative compli-
cations, this entire original group was analyzed. Of the 114 pa-
tients, seven (eight hips) died within two years (range, five to
twenty-two months) after the surgery. None of these patients
died of causes related to the hip surgery. Additionally, seven-
teen patients {eighteen hips) died more than two years post-
operatively but had not returned for follow-up. Five hips were
tost to follow-up. Thus, cighty-six patients {ninety-two hips)
were available for review at two to eleven years (mean, five
years) after the eperation (Table I). {One patient with bilateral
total hip replacement was followed for more than two years on
only one side.) There was no significant difference regarding
age (p = 0.95; t test), side (p = 0.28; chi-square test}, or preop-
crative Charnley pain or function score (p =0.78 and p = 0.72,
respectively; chi-square test) between the twenty-nine patients
(thirty-one hips) followed for less than two years (died or lost
to follow-up) and the eighty-six patients {ninety-two hips)
followed for two years or more. The only difference was that
there were more men in the group followed for less than two
years {p = 0.01; chi-square test),

The cementless acetabular component was the Univer-
sal cup I (Biomet, Warsaw, Indiana), which is a hemispheri-
cal titanium-alloy component with a plasma-spray coating,
The peripheral flange has a flare to provide a press-fit, The
plasma-spray coating increases the outer diameter by 1 mm
compared with the reamed diameter, thereby further en-
hancing stability. The cup liner is a cylindrical shel] with
both standard and high-wall options, The technique for in-
sertion of the acetabular cup included routine use of tita-
nium screws inserted through the dome for supplemental
fixation.

The cementless femoral component was the Taperloc
femoral stem (Biomet). This component is composed of tita-
nium alloy with a circumferential plasma-spray coating on
its proximal third. It is a collarless, tapered, wedge-shaped
implant and is avatlable with a lateral-offset option. Inser-
tion of the femoral component requires no endosteal ream-
ing. Broaching achieves a solid cortical press-fit. The broach
is used as a trial to check for stability and leg length. The per-

manent implant is then inserted with firm impaction, Stabil-
ity of the prosthesis is manually tested by twisting the
screwed-in handle used for insertien of the prosthesis. Excel-
lent intraoperative stability was perceived in every patient,
despite variation in bone stock,

Al patients were instructed to bear approximately 10%
of their weight on the treated extremity for six weeks, at which
time they were advanced to a cane. A low-dose warfarin pro-
tocol was used, with 10 mg given on the night of the surgery
and the dose subsequently adjusted daily to maintain the pro-
thrombin time at fifteen seconds,

Objective preoperative and follow-up evaluation was
performed by specially trained physical therapists or research
fellows. Clinical evaluations were performed preoperatively, at
six wecks postoperatively, and then yearly with use of the
Charnley modification of the Merle d’Aubigné and Postel
scale”, The Harris hip-scoring system™ was incorporated into
the clinical evaluation at our institution later in the study pe-
riod, so a preoperative Harris hip score was not available for
seventeen of the ninety-two hips, The patient was questioned
specifically about thigh or groin pain, which was recorded as
present or absent.

Leg-holders were used to position the limb accurately
for sequential radiographic review, and the distance between
the film and the x-ray tube was constant. The quality of the
bone stock preoperatively was categorized radiographically
with the method described by Dorr et al.”. Subsidence of the
femoral component was defined as a change in position of
more than 3 mm. All changes around the cementless femoral
component were documented with a modification of the sys-
tem suggested by Engh et al.™”, The femoral component was
classified as stable with bone ingrowth, stable with fibrous in-
growth, or unstable. Mechanical failure was deemed to have
occurred if the femoral component was revised for loosening
or was considered to be radiographically unstable.

The position of the acetabular component was deter-
mined according to the criteria of Massin et al.”. Any change
in component position of either 3 mm or 3° was considered
to represent migration of the cup, a definite sign of cup-
loosening™. Radiolucency of greater than I mm in thickness
at the component-bone interface was looked for in the three
zones defined by Delee and Charnley®™ Cup wear was as-
sessed according to the technique of Livermore et al™,
Bricfly, the shortest distance between the center of the femo-
ral head and the edge of the metal cup was used for this eval-
uation, Each radiograph was measured by a single observer
to the nearest 0.25 mm with use of the X-caliper (Eisenlohr
Technologies, Davis, California). This is an electronic caliper
that automatically corrects for magnification on the basis of
a known variable such as the actual femoral head size,

Statistical Analysis

Categorical variables were analyzed with use of a chi-square
test”, Statistical comparison to test for differences betveen
two groups was performed with the Student t test for uncorre-
lated means”. All analysis was done with StatView 5.0 {(SAS In-
stitute, Cary, North Carolina).
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Resulis

Clinical Results

There was substantial improverent in pain relief, function,
and motion following the total hip arthroplastics. At the last
follow-up evaluation, the mean Harris hip score was 82 + 13
points {range, 49 to 100 points). The Harris hip score was not
determined for six patients (six hips} at the last office visit:
two of them had died, and we were unable to contact the re-
maining four by telephone or letter. According to information
recorded in the office charts, four of these six patients re-
ported no pain, one had slight pain with tenderness over the
greater trochanter, and one had moderate pain over an un-
united greater trochanter. Neither of the latter two patients
had radiographic signs of loosening of the prosthesis, As pre-
viously mentioned, because the Harris hip score was not in-
corporated into the clinical evaluation in the beginning of this
study, preoperative scores were available for only seventy-five
of the ninety-two hips; the mean score for these seventy-five
hips was 40 + 13 points (range, 15 0 78 points). The sixty-
nine hips with both preoperative and postoperative Harris hip
scores had a mean increase of 42 points,

The mean Charnley score for pain improved from 2.7
points (2, 3, or 4 points) preoperatively to 5.7 points (range, 3
to 6 points} at the time of the latest follow-up, the mean score
for function improved from 2.8 points (range, 1 to 5 points)
to 4,2 points (range, 1 to 6 points), and the mean score for
motion improved from 4.0 points {range, 2 to 6 points) to 5.2
points (4, 5, or 6 points), Of the ninety-two hips, 77% (seventy-
one) were not considered to be painful by the patients and
17% (sixteen) were considered to be mildly painful without
limitation of activity. Four (4%) of the hips were associated
with pain in the thigh, Each of these patients had radiographic
evidence of osseous ingrowth, and each had a Charnley pain
score of 5 paints, Five {5%) of the ninety-two hips had pain
that was considered limiting, and the location of the limiting
pain was described as the groin (one hip), buttock {one hip),
or trochanter (three hips),

At the time of the most recent follow-up, the eighty pa-
tients (eighty-six hips} with an available postoperative Harris
hip score were evaluated with regard to whether they could
walk six blocks or more without an assistive device {24%
[nwenty-one] of the eighty-six hips); could walk six blocks or
more with support {10% [nine] of the hips); could walk out-
doors for a distance of less than six blocks (31% [twenty-
seven]), either with support (nineteen) or without support
(eight); could walk only indoors (319 [twenty-seven}); or
could not walk because of medical conditions unrelated to the
hip surgery (2% [two, neither of which was painful]). They
were also evaluated with regard to whether they required a
walker for walking (209 [seventeen]}, had difficulty putting
on shoes and socks (43% [thirty-seven]), and could ascend
and descend stairs (86% [seventy-four]),

There were no femoral or acetabular revisions.

Radiographic Results
Of the ninety-two hips that were evaluated after at least two
years, 839 (seventy-eight} were followed radiographically for

two years or more {mean, five years; range, two to ten years).
Eleven hips were followed for less than two years, and we were
unable to find the follow-up radiographs for three hips.

The acetabular cup angle averaged 42° (range, 27° fo
60°). No socket demonstrated migration (definite loosening),
and none showed complete bone-prosthesis lucency consis-
tent with probable loosening,

Wear was measured on the immediate postoperative ra-
diograph and on radiographs made at the time of the most re-
cent follow-up, 'These radiographs were available for seventy-
three of the seventy-eight hips. OF these, 419 (thirty) had a
22-mm femoral head and 59% (forty-three) had a 28-mm
head. Forty-three percent (thirteen) of the thirty 22-mm sock-
ets and 409 (seventeen} of the forty-three 28-mm sockets
demanstrated measurable wear, Linear cup wear averaged
0,076 mm/yr for the hips with a 22-mm femoral head and
0.074 mm/yr for those with a 28-mm head. Volumetric wear
was 29 and 46 mum’fyr, respectively. Acetabular lysis was seen
in 4% (three) of the seventy-eight hips; two had a 22-mm
head and one, a 28-mm head.

According to the system of Dorr et al.”, 179 (fifteen) of
the ninety hips in which bone type was evaluated had type-A
cortical bone; 58% (fifty-two), type-B; and 26% (twenty-
three), type-C. ‘Two hips did not have available radiographs
for this evaluation. The clinical results were independent of
bone type. According to the classification system of Engh et
al.”™, all of the femoral components had radiographic evidence
of bone ingrowth. No component was unstable, and no fi-
brous ingrowth was seen. None of these cementless femoral
components had evidence of mechanical failure (that is, either
a revision or radiographic evidence of failure) at a mean of
five years (range, two to eleven years) after the arthroplasty.
Despite the high prevalence of polyethylene wear and the pres-
ence of acetabular osteolysis, there was only one case of femo-
ral osteolysis. This osteolysis was localized at the proximal-
medial aspect of the femoral neck, proximal to the coating of
the prosthesis.

Complications

In the original group of 123 hips, the rate of medical compli-
cations was 24% (thirty hips). The complications included
femoral nerve palsy (associated with one hip [0.8%}), with to-
tal recovery by six months; urinary tract infection (five hips
(4.1%6]); pulmonary emboli (eight hips {6.5%]), none of
which were symptomatic and all of which were detected on
routine postoperative Jung scans; cardiac abnormalities (three
hips [2.4%]), consisting of one case of congestive heart failure,
one case of angina, and one case of atrial fibrillation; gout at-
tack (three hips [2.49]); intestinal iteus (three hips [2.49%]);
peptic ulcer {one hip [0.8%]); seizure (one hip [0.8%6]); uri-
nary retention (six hips [4.9%)); and enterocolitis {two hips
[1.6%]}). It is important to note that there were no periopera-
tive deaths. Equally important are the results involving peri-
operative component-related complications, There were no
femoral fractures, dislocations, or infections. One patient did
eventually have recurrent dislocations (a total of nine disloca-
tions treated by closed reduction) but declined operative in-
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tervention, Two patients sustained a periprosthetic fracture at
1.5 and six years postoperatively. Both fractures were related
to a fall. One was treated with traction, and the other was
treated with open reduction and internal fixation.

Discussion
We are not aware of any other reports in the literature on
the efficacy of primary cementless total hip arthroplasty
in octogenarians. There are a few related reports on the use of
cementless total hip arthroplasty in older patients. Engh et
al.” reported good results with the use of the AML prosthesis
(DePuy, Warsaw, Indiana} in patients older than sixty-five years.
Survivorship probabilities with revision and mechanical failure
as the end points were 98.6% and 92.5%, respectively, at eight
years. There were three stem revisions, one because of stem
breakage and two because of failure of biologic stabilization.
The rate of revision because of failed biologic stabilization was
only 0.6% at a mean of six years. McAuley et al.” reported a cu-
mulative probability of prosthetic survival of 0.92 at ewelve
years, with any reoperation as the end point, in patients sixty-
five years of age or older who were treated with different designs
of the AML femoral component and a fully porous-coated ace-
tabular component. The survival rate for the femoral compo-
nent was 0.97, and that for the acetabular component was 0.92.
At a mean of 8,5 years, 91% {139) of the 152 patients reported
no or mild pain and had a normal activity level,

Concerns regarding cementless total hip arthroplasty
in the elderly include persistent pain, failure of bone in-
growth, and cost™**, Qur data indicate no clinically ad-
verse consequences of cementless fixation in terms of pain
and function. Even patients with thigh pain had satisfactory
clinical scores, and all patients had radiographic evidence of
bone ingrowth, The decreased time required for insertion of
an uncemented prosthesis in this physiologically frail age-
group is an advantage over arthroplasty with cement. The
time saved by avoiding curing of femoral and acetabular ce-
ment mantles decreases blood loss and operative time. Fat
embolism is a well documented consequence of cement in-
jection and pressurization'"™", Patterson et ak." reported seven
cases of cardiac arrest during total hip replacement with ce-
ment and a long-stem femoral component. Three patients
were successfully resuscitated, but four patienis died, Factors
that were common fo all of these patients were advanced age,
a previously undisturbed intramedullary canal, and osteo-
porotic bone, Cementless fixation is likely to reduce the
chance of this serious complication,

Many authors™? have based implant selection on an ar-

bitrary age and bone quality because of the belief that initial
implant stability may not be achievable in the elderly. In our
series, no prosthesis was thought to be unstable when tested
manually during surgery. Failure due to a lack of osseointegra-
tion is also of concern in these patients. There were no in-
stances of loosening after a minimum two-year follow-up
period in our patients. Therefore, we concluded that the bone
of elderly patients can provide adequate initial stability for ce-
mentless implants, leading to subsequent bone ingrowth.

Cemented total hip components generally are considered
to be a less expensive and therefore a more appropriate option
for the elderly. The cost of the prosthesis alone is the usual basis
of comparison, even though many additional costs are incurred
in the implantation of & cemented stem and cup. For example,
longer operative time as well as the cement, cement-mixing
setup, cement pressurizers, cement restrictors, pulse irrigation,
and cement guns are alt associated with costs. Barrack et al.” ex-
amined the costs of total hip replacement with a cemented or
uncemented stem and found the actual cost for a modern ce-
mented stem to be greater than that for an uncemented stem.

Persons eighty years of age or older are, by percentage,
the fastest growing segment of the American population, with
their number estimated to increase to nine million by the year
2000 and to thirty-two million by the year 2050%. Because of
their longevity, even this elderly group may require between
ten and twenty years of service from their implants®,

In conelusion, in the short term, cementless fixation for
total hip replacement in octogenarians can decrease pain and
improve function. Long-term biologic fixation may prove to
be of benefit as these individuals lead longer and more active
lives.
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"TMZF®: The Ultimate 5-Minute Primer

Have no time to read all the technical details on TMZE® alloy?
This quick, 5-minute primer is perfect for your skimming pleasure. Find out more about this _ L.
amazing alloy, its growing role in the cementless product portiolio, and how to sell it }
agalnst the competmon!

What is TMZF®?

TMZF® is a titanium alloy consisting mainly of the foilowing elements
Titanium

Molybdenum
Zirconium

Ferrous (Iron)
Note that this alloy does not include any aluminum or vanadium, as is the case for
Ti-6Al-4V, the standard titanium alloy used in orthopaedic implants. Molybdenum,
zirconium, and iron are added to “stabilize” and strengthen the alloy structure,

Why was TMZF® developed?

First, here’s some history on Ti-6Al-4V, Although it's a great choice for ' ;
orthopaedic applications because of its high strength, good corrosion resist-  Citation® TMZE® Stem
ance and tissue tolerance, it was actually originaily developed for military and i
industrial applications. Since 1959, this alloy has heen successfully used in many orthopaedic
implant designs. But in 1988, Howmedica set out to improve it by developing a titanium alloy

that was custom-tailored for orthopaedic applications; a titanium alloy that could optimize the

key advantages of strength and flexibility.

Mevidian® TMZF" Stem

Where has it been used!?
Domestically, TMZF® alloy is currently used in the Meridian®, Citation®, and
Accolade™ cementless stems.

How is TMZF® alloy an advantage?

Here are the three key points, which you should be able to chant in your sleep
« Strength TMZF® alloy is 20% stronger than Ti-6Al-4V. The higher strength means

that we can incorporate smaller stems and cross sections into our designs. Smaller
neck cross sections give the patient greater range of motion.

« Flexibility T™MzF® alloy is 25% more flexible than Ti-6Al-4V and 62% more than
cast cobalt chrome. Improved flexibility means better stress transfer to bone and
potentially reduced thigh pain for the patient.

» Notch Resistant TMzr® alloy has 47% greater notch resistance than
Ti-6Al-4V. Notch resistance is the ability of a material to resist fracture with i
the presence of a surface imperfection such as a notch, section, crack, or  aceplade® TMZE® Stem
scratch, .

Who else uses a titanium alloy other than Ti-6Al-4V?

Sulzer has an alloy containing titanium, aluminum, and niobium: Ti-8Al-7Nb. However this alloy
is quite similar to Ti-BAl-4V and introduces no significant mechanical advantages over it. '
TMZF® alloy is still stronger by 20% and more flexible by 25%.
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TMZF™

A Beta Titanium Alloy
for Orthopaedic Implants

Introduction

Since its introduction in the early 1950s, the
use of titanium and its alloys in orthopaedics
has been primarily limited to the alloy Ti-6Al-4V
and to unalloyed commercially pure (CP) tita-
nium. Both of these materials were originally
developed for military or industrial applica-
tions, and later adopted for medical use due to
their availability and desirabie properties.’

CP titanium was first used clinically in 1951 by
Doctors lergensen and Leventhal for fracture
fixation bone screws and plates. They observed
that the material exhibited good corresion
resistance and tissue tolerance, but marginal
strength.

The alloy Ti-6Al-4V was first employed in the
Soviet Union in 1959 in the Sivash total hip.
During the early 1970s, Ti-6Al-4V replaced CP
titanium to increase the strength of nails,
plates, screws, and endoprostheses being man-
ufactured in England. In the mid- to late-1970s,
the extra low interstitial (ELl) grade of Ti-6Al-4V
was introduced in the United States for tota!
hip femoral components. In the 1980s, two
variations on Ti-6Al-4V alloy were introduced in
which vanadium was replaced to address
concerns over vanadium toxicity. These alioys,
Ti-6Al-7Nb and Ti-5Al-2.5Fe are metallurgically
quite similar to Ti-6Al-4V, except for the
absence of vanadium.?

S Patent Nos. 4,857,269 and 4,952,236,

in 1986, Howmedica R&D began a program
to develop a titanium alloy specifically designed
for use in orthopaedic implants. The goal was
to optimize attributes such as strength and
flexibility, while avoiding controversial alioying
elements. The decision was made to pursue an
alloy of the classification known as beta tita-
nium alloys, as opposed to an alpha-beta alloy
such as Ti-6AI-4V.

Beta titanium alloys generally can be
processed to higher strength levels and exhibit
better notch properties and toughness than
alpha-heta alloys. By design, they contain
bic-acceptable alloying elements, such as
molybdenum, zirconium, niobium, tantalum, or
iron, and can exhibit an elastic modulus lower
than that of Ti-6Al-4V.**

The alloy developed by Howmedica R&D,
Ti-12Mo-62r-2Fe, or TMZF™, is a beta titanium
alloy that meets all of the design goals for an
improved orthopaedic alloy. It is 25% more
flexible than Ti-6Al-4V alloy, with a 20% higher
yield strength and improved notched fatigue
resistance. TMZF™ exhibits comparable corrosion
resistance to Ti-6Al-4V, but has demonstrated
superior resistance to wear and abrasion.

TMZE™ can be readily forged and cold-
formed, making it an alloy well-suited to a
range of implant applications from total hips to
trauma devices. The alloy has been extensively
tested and characterized by Howmedica R&D
to define its mechanical, metallurgical, and
physical properties. The results of this testing
are presented in the following pages.




Titanium Metallurgy

Unalloyed titanium exists in two crystallo-
graphic forms, or phases, depending upon tem-
perature. Alpha titanium exists in a hexagonal
close-packed (hcp) crystal structure beiow
882°C and transforms to the body-centered
cubic {bcc} beta titanium above this temperature.
This behavior of titanium provides the basis for
the microstructural and property control of all
titanium alloys.

Through elemental additions that elevate or
lower the transformation (transus)} temperature
and sirengthen the alpha and beta phases, plus
heat treating and thermomechanical process-
ing to alter the amount and form of the alpha
and beta phases, titanium alloys with distinct
metallurgical properties are created. Alloys,
such as Ti-6Al-4V, exhibit a two phase micro-
structure of alpha plus beta phases and, hence,
are referred to as alpha-beta alloys. Beta alloys,
in contrast, consist of a single stabilized beta
phase at room temperature,

Certain elements, such as aluminum, oxygen,
and nitrogen, are soluble in the alpha phase.
They strengthen alpha titanium and elevate
the alpha-beta transformation temperature,
Other elements, such as vanadium, molybde-
num, zirconium, niobium, and iron, help
strengthen and stabilize the beta phase and
prevent the formation of the alpha phase on
cooling through the transformation tempera-
ture range.®

TMZF™ Metallurgical Structure

TMZF™ Alloy retains a single phase beta
microstructure on cooling to room temperature
from its beta transus temperature of 754°C
{Figure 1). In contrast, the alpha-beta alloy
Ti-6Al-4V exhibits a two-phase microstructure
upon metallographic examination (Figure 2).

The annealed all-beta TMZF™ microstructure
has been found to provide the preferred com-
bination of high strength, increased flexibility,
and ductility desired for orthopaedic applications.

Figure 1
TMZF™ beta structure

Figure 2
Ti-6Al-4V alpha-beta
structure




TMZF” Alloy Composition

The chemical composition requirements for
TMZF™ Alloy are listed in Table 1. In addition to
the major alloying elements — molybdenum, zir-
conium, and iron - which serve to stabilize the
beta phase, there are also small amounts of
oxygen, nitrogen, and carbon, which provide
additional strengthening effects.

Table 1
Elements weight %

Titanium Bal.
Molybdenum 18-13
Zirconium 5-1
Iron 1.535
Oxygen* 0.28
Carbon* 0.05
Hydrogen* 0.020
Nitrogen* 0.05

Corrosion Properties

TMZF™ Alloy exhibits the same excellent cor-
rosion-resistant characteristic of titanium alloys,
attributable to the spontaneous formation of a
stable adherent surface oxide in the presence
of only slight amounts of oxygen. 1t is the inert-
ness of this surface oxide that accounts for the
excellent corrosion resistance of titanium alloys.'

Anodic polarization testing, comparing
annealed TMZF"” with annealed Ti-6Al-4V
alloys, showed exceilent corrosion resistance for
both alloys (Figure 3).

S Maimum limits

While there have not been any clinically sub-
stantiated reports of problems stemming from
the presence of the elements aluminum and
vanadium in current titanium alloys, there are
reported concerns based on potential toxicity,
potential inhibition of apatite formation, and
possible association with neurological disor-
ders.” For these reasons, aluminum and vana-
dium were avoided in TMZF” Alloy.

ANODIC POLARIZATION OF T ALLOYS
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Figure 3

With increasing potential, each alloy
reached a steady current density indicative of
the presence of a stable passive protective
oxide, Further increases in potential up to
+1000mv vs. 5.C.E. caused no further increase
in current density for either alioy.




Mechanical Properties
Tensile Strength

Room temperature tensile testing was con-
ducted on annealed TMZF™ and Ti-6Al-4V alloy
bars in accordance with ASTM E-8. The results,
shown in Table 2, demonstrate that TMZF™ has
up to a 20% higher yield strength, an 80%
improvement in elongation, and a 25% lower
elastic modulus than Ti-6Al-4V alloy,

Table 2

Tensile Properties of TMZF™ vs, Ti-6Al-4V Alloys
Yield Ultimate Elastic
;_Iﬁ_\llog Strength | Strength %Ei!or’;gration %?ﬁﬁdio" Modulus
L (MPa) {MPa) n Area € i (GPa)
TMZF [ 1000-1060 | 1060-1100 1822 64-73 7485
Ti-6Al-4v | B50-900 | 960-970 10-15 35-47 110

TMZF™ Alloy, with its increased yield strength
and lower elastic modulus, (i.e., increased flexi-
bility), permits the development of implant
designs having increased flexibility, which
increases implant/bone stress transfer without
sacrificing component strength.

Fracture Toughness

Fracture toughness is a measure of a mater-
ial's ability to resist the propagation of a crack
under load. Generally, materials with higher
fracture toughness are less sensitive to damage
in service.

When tested for fracture toughness in accor-
dance with ASTM standard E399 (Standard Test
Method for Plane-Strain Fracture Toughness of
Metallic Materials), TMZF" Alloy exhibited
toughness values 73% greater than those of
Ti-6Al-4V alloy (90 versus 52 MPaym).

Fatigue Strength

Rotating beam fatigue results for TMZF”
Alloy in the smooth and notched conditions are
shown in Figure 4, and are compared against
those for Ti-6Al-4V alloy. The smooth results are
comparable for both alloys, with a fatigue
strength of about 585 MPa at 10 million cycles.

Under notched conditions, TMZF™” proved to
be superior. Results for notched samples having
a stress concentration factor of 1.6 show
Ti-6Al-4V with a drop in fatigue strength of
47%. TMZF"” tested under the same conditions
was less affected, retaining 70% of its smooth
strength.

Generally, improved notch fatigue resistance
will provide a material with more tolerance of
surface stress concentrations in service.

ROTATING BEAM FATIGUE
TMZF™ vs. Ti-6A1-4V Alloys
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Modulus of Elasticity

Modulus of elasticity is a measure of a mater-
ial’s flexibility, that is, the degree to which a
material can be deformed and still “spring
back" to its original shape. Elastic materials will
deflect more readily under load than will rigid
materials.

In implant design, material elasticity is an
important requisite for producing implants
which will adequately transfer stress to sur-
rounding bone to minimize bone atrophy due
to stress shielding. More elastic materials allow
for more fiexible designs, which enhance
implant to bone stress transfer (Figure 5).2

Figure 5

A finite element analysis (FEA) model of a hip stem
in bone illustrates the increase in proximal stress
transfer with decreasing material modulus (E). From
left to right: intact femur; Co-Cr, £=220GPa;
Ti-6Al-4V, E=110GPa; Composite 1, E=55GPa;
Composite 2, E=14GPa. TMZF, with its low elastic
modulus {80GPa), exhibits a flexibility approaching
that of composite systems.

But, material elasticity is only useful when in
combination with suitable material strength.
Fiexible materials without strength have limited
utility, particularly in load-bearing applications
such as orthopaedic implants.

TMZF" Alloy has a preferred combination of
strength and flexibility, offering designers the
ability to increase implant flexibility (and stress
transfer) without reducing component cross
section and strength (Figure 6).
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Figure 6
Elastic modulus and yield strength values for com-
mon implant alloys,

Admissible Strain

TMZE™ exhibits a low elastic modulus, nearly
one third that of the widely used forged Co-Cr-
Mo alloy, while maintaining a 20% higher yield
strength. Compared with coldworked 316L
stainless, TMZF™ Alloy has a 45% higher yield
strength with a 60% lower modulus.

The ratio of yield strength to elastic modulus,
referred to as "admissible strain,” is a measure
of a materials tolerance of deflection under
load. The higher the ratio, the more “forgiving”
the material is in use. TMZF™ Alloy's percent
admissible strain of 1.25 is over three times that
of Co-Cr-Mo and stainless steel alloys and over
one and one half times that of Ti-6Al-4V alloy.?




Comparison of
Beta Titanium Alloys Being Proposed
for Orthopaedic Applications

In addition to TMZF", five other beta tita-
nium alloys have appeared in the literature as
possible candidates for orthopaedic use. Based
on published data, TMZF" is superior in overall
mechanical properties to each of these alloys.
The comparative data is presented below in
Table 3.

Optimal properties of an orthopaedic alloy
include flexibility (demonstrated by a low elas-
tic modulus), high yield and ultimate tensile
strength, combined with good ductility {(as
measured in percent elongation).

While the other beta alloys may match some
individual properties of TMZF™ Alloy, none has
the equivalent combination of strength, flexi-
bility, and ductility.

Tabie 3
Tensile Properties
Elastic
UTS YS Elong.
Alloy Modulus
(GPa) (MPa) (MPa) (%)
TMZF™ 74-85 1060-1100 1000—1060 18-22
“Ti-13Nb-13Zr 79-84 973-1037 836-908 10-16
"Ti-15Mo-2.8Nb-
0.25i-0.260 83 979-999 945-987 16-18
“Ti-15Mo 78 874 544 21
*Ti-16Nb-10Hf 81 851 736 10
“Ti-15Mo-5Zr-3Al 75-88 882-975 870-968 17-20

UTS - Ultimate Tensile Strength
YS - Yield Strength
Elong. -~ Elongation




Wear/Abrasion Resistance

The association of implant loosening with
peri-implant bone loss due to biological reaction
with implant wear debris has been well docu-
mented." While wear of polyethylene articular
surfaces is recognized to be the predominant
source of debris in total joints, incidents of
metallic stem wear in total hips have also been
reported.'*

Loosened cemented Ti-6Al-4V alloy stems
have been found to generate significant
amounts of black metallic wear debris, due to
abrasion of the titanium alloy stem against the
surrounding cement mantle.’'

in view of the clinical reports of cement-stem
abrasion, a pin-on-disc wear model, employing
a metallic disc and Surgical Simplex ? bone
cement ball, was chosen to evaluate the wear
resistance of TMZF™ Alloy. Five polished discs
of Ti-6A)-4V and TMZF™ alloys {(surface finish
1 micron) were individually tested against
12.7mm diameter bone cement balls under a
100 gram load in deionized water.

After 100,000 cycles, the TMZF™ discs exhib-
ited only minimal change in surface roughness
{0.01 to 0.06 microns) and no weight loss (Table 4).
Only white bone cement wear debris was evi-
dent after testing (Figure 7). In contrast, severe
wear of the Ti-6Al-4V samples was observed
after only a few hundred cycles. Disc surface
roughness increased on average over 5.0 microns
with visible surface scratching. Significant black
wear debris was generated, resulting in an aver-
age sample weight loss of 0.0145 grams {Figure 8
and Table 4).

Figure 8

Figure 7
Table 4
Wear Test of TM2F™ and Ti-6Al-4V Against Bone Cement
Surface Roughness {microns}| Welght Loss {grams)
Disc Alloy Dlsc Samples Dis¢
tritfal Final {gain} Cement
mean 0,035 0.072 {0.0005) 0.108
INZE s.d. 0.021 0.022 {0.0004) 0.058
n 5 5 5 5
mean 0.026 5082 0.0145 1.214
TH6AL4V |s.d. o7 0.784 0.0017 0.142
n 5 5 5 5

Coefficient of friction values for the Ti-6Al-4V
samples were typically twice those for TMZF™,
and exhibited a broad spread in value (Figure 9).
This recorded spread in coefficient of friction is
indicative of a sticking and sliding action
between the bone cement ball and Ti-6Al-4V
disc during testing, which likely accounts for the
extreme wear and debris generation observed.




Biological Testing of TMZF" Alloy

The safety of TMZF™ Alloy was tested in a series
of assays based on the Tripartite Agreement,
ASTM recommendations, and Howmedica's own
standards for material safety. Contract laborato-
ries conducted the following safety studies
according to Good Laboratory Practice as sum-
marized below in Table 5.

Table 5
Test Control
Safety Test Material | Material | Result
Agar Cverfay Assay {ASTM F-898)
{a} Direct Contact TMZF™ | plastic Passed
{b) Saline Extract TMZF™ | extractant | Passed
Colony Suppression Assay TMZF™ | Ti-6Al-4V | Passed
USP Intracutaneous Toxicity Test
(ASTM F-749)
{a} saline Extrac TMZF™ | extractant ] Passed
(b} Cottonseed Oil Extract TMZF™ | extractant| Passed
USP Mouse Systemic Test
{ASTM F-750)
{a) Saline Exiract TMWZF* Passed
(b) Cottonseed Qil Extract TMZF™ Passed
In Vitro Hemolysis in Rabbit
Whole 8lood
{a} Direct Contact MZF- | Ti-6A14V | Passed
{b) Saline Extract TMZF 1 Ti-6Al-dvV | Passed
Guinez Pig Sensitization
{Maximization}) TMZE® | Ti-6At4V | Passed
Ames SalmoneliaReverse
Mutatlon Assay TMZF™ | Ti6Al4V | Passed
90 Day Muscle Implant study
in the Rabbit TMZF™ | Ti-6Al4V | Passed

Where appropriate, Ti-6Al-4V was the concur-
rent control. This battery of safety studies
showed TMZF™ Alloy to be biocompatible. To
determine if there was any difference in the tis-
sue reaction to particulates of these materials,
in vivo and in vitro studies were conducted. The
particles used in these studies were <37 microns
with average diameters of 27.0 microns for the
Ti-6Al-4V alloy and 23.5 microns for the TMZF”
Alloy. They were produced via gas atomization
and sieving. By using the same methodology to
produce the particles and sieving them to the
same maximum size, the only variable for this
study was the alloy and not the particle shape
or size. The size range used examined the abil-
ity for particles of either alloy to simulate cells
from either surface or internal means.

in Vitro Particulate Assay

The objective of this study was to analyze
the capability of particulate debris from poten-
tial implant materials (TMZF™ and Ti-6Al-4V) to
affect the release of PGE,, IL-1, and IL-6 by
human peripheral blood macrophages in an in
vitro cell culture system. Synovial cells from
patients with rheumatoid arthritis retrieved at
total joint arthroplasty were also used for this
study, since this disease may affect the
response of these cells to particulate materials.
At concentrations ranging from 106 to 103 total
particles, the peripheral blood macrophages
and synovial cells did not respond to either the
TMZE™ or Ti-6Al-4V alloy. Neither particle induced
release of cellular mediators that are known to
induce bone resorption.”

In Vivo Particulate Assay

A slight modification of the animal model
used by Goodman et al.® was used to investi-
gate the in vivo response by bone and marrow
to 106 particles of TMZF™ or Ti-6Al-4V alloy after
8 and 16 weeks implantation. Undecalcified
histology of the implantation sites showed that
there was no difference in the bone or bone
marrow response to TMZF™ particles or Ti-6Al-4V
particles compared to each other or controls
implanted with the carrier (hyaluronic acid)
alone at either time period.




Summary

TMZF™ Titanium Alloy represents an advance-
ment in the state of the art for implant titanium
metallurgy. A beta titanium alloy with the
composition Ti-12Mo-6Zr-2Fe, TMZF™ addresses
many of the critical issues associated with
implant materials:

*» By design, the alloy composition avoids con-
troversial alloying elements, such as aluminum
or vanadium.

* Improved wear resistance reduces the poten-
tial for generation of particulate metallic
wear debris.

» Increased strength combined with a low elas-
tic modulus provides a material with the best
combination of strength and flexibility of all
titanium implant atloys.

» The unique metallurgical characteristics of
TMZF™ Alloy’s beta titanium structure permit
hot or cold forming of a variety of implant
designs.
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Background  First-generation highly cross-linked polyeth-
ylene liners have reduced the incidence of wear particle-
induced ostcolysis. However, failed acetabular liners have
shown evidence of surface cracking, mechanical failure, and
oxidative damage. This has led fo the development of sec-
ond-generation highly cross-linked pelyethylene, which has
improved wear and mechanical properties and resistance (o
oxidation in vitro. Owing o its recent introduction, there are
no publications describing its clinical performance.
Questions/purposes  We assessed early clinical wear of a
second-generation highly cross-linked polyethylene liner
and compared iis clinical performance with the published
results of hip simulator tests and with first-generation
highly cross-linked polyethylene annealed liners.

Patients and Methods Twenty-one patients were enrolled
in a prospective cohort study. Clinical outcome and

One or more of the authors (DGC) has received funding from Stryker
Orthopaedics, Mahwah, NJ.

Each author certifics that his or hter institution approved the human
protacol for this investigation, that all investigations were conducted
in conformity with ethical principles of research, and thut informed
consent for purticipation in the study was obtained.

This work was performed @t Wakefield Orthopaedic Clinic,

D. G. Campbell {EX)

Wakefield Orthopaedic Clinic, 270 Wakefield Street,
Adelaide, SA 5000, Australia

c-mail: hipknee @1pg.com.au

J. R. Field
CORe: Comparative Orthopaedic Research Surgical Facility,
Flinders University, Adelaide, SA, Australia

S. A. Callary

Department of Orthopaedics and Trauma, Royal Adelaide
Hospital and University of Adelaide, Adelaide, SA, Australia

Publishicd online; 12 February 2010

femoral head penctration were measured for 19 patients at
6 months and | and 2 years postoperatively.

Results The median proximal head penetration was
0.009 mm and 0.024 mm at 1 and 2 years, respeclively.
The median two-dimensional (2-D) head penctration was
0,083 mm and 0.060 mm at | and 2 years, respectively.
The median proximal wear rate between | and 2 years was
0.015 mun/year.

Conclusions  The wear rate catculated was similar to the
in vitro wear rate veported for this material; however, it was
less than the detection threshold for this technigue. Although
longer followup is required for wear to reach a clinicaily
quantifiable level, this low level of wear is encouraging for
the future clinical performance of this material.

Level of Evidence Level TV, therapeutic study. See the
Guidelines for Authors for a complete description of levels
of evidence.

Intraduction

Component foosening is the most common reason for early
to midierm revision of hip prostheses [2, 27}, A major
contributor to the loosening observed at revision
arthroplasty is osteolysis related to wear of UHMWPE [10,
17, 18, 23, 26, 40, 45, 46], To overcome the problems of
wear associated with conventional UHMWPE, highly
cross-linked polyethylene (HXLPE) was introduced [{ 1]
The first-generation HXLPEs in clinical use have exhibited
markedly less wear than conventional UHMWPE [12, i4,
28, 30, 31} however, there have been some reports of
surface cracking, mechanical fatlure, and oxidative damage
in failed acetabular liners [5, 22, 25}

The reduced mechanical properties of first-generation
HXLPE can be atributed to the process of cross-tink

@ Springer



Campbell ¢t al.

Clinical Orthopaedics and Retated Research™

formation, which is achieved by imadiation and heating of
the polyethylene [16, 37]. Materials that are healed above
their melting temperature (remelted) have reduced fatigue
strength {41, 42] owing (o alteration of the material’s
crystalline structure [38]. Heating Lo just below the melting
point (annealing) maintains the mechanical properties of
the material; however, the ability to eliminate free radicals
using (his technique is reduced as a consequence of Lheir
Jimited mobility in the polymer, which increases the pro-
pensity for late oxidative damage to the material [42, 43},
To improve the efficiency of free radical elimination, a new
process of sequentinl irradiation and anncaling has been
introduced in a new sccond-generation material X3™
{Stryker Orthopaedics, Mahwah, NF. A hip simulator
study has shown, in addition to excellent mechanical
properties, acetabular liners made from this material have
superior wear properties in comparison to conventional
UHMWPE and clinically successful first-generation
HXLPE [16].

Unforiunately, the ability to translate positive findings
from hip simulater studies 1o equally good results clinically
has proven challenging {29, 32, 39]. This highlights the
importance of confirming the safety and wear performance
of new matcrials in clinical studies using a sensitive eval-
uation technique. There is currently no published data
describing the clinical performance of the second-genera-
tion highly cross-linked polyethylene X3™ acetabular
liner. Therefore, we assesscd the early clinical wear prop-
erties of the X3™ liner using radiostereometric analysis
(RSA) to compare ils clinical performance with the results
of hip simulator tests and with those of first-generation
annealed aceiabular liners, We hypothesize the X3™ liner
will have a clinical wear rate similar to that reported from
hip simulator tests and less than that reported for first-
generation annealed acetabular liners.

Patients and Methods

We vecruited a prospective conseculive series of 21
patients with osteoarthritis of (heir hip for the trial. Inclu-
sion criterin were the consultant surgeon selecting
cementless components with the Trident™ acetabular sys-
tem {Stryker Orthopaedics) matched with an x3™
acetabular liner (Stryker Orthopaedics) as the preferred
choice of implant and surgery scheduled at the Calvary
Wakefield Hospital, which is cquipped for RSA, Ethics
approval was obtained for this study from the Wakefield
Hospital ethics committee. All patients provided informed
consent for the insertion of tantalum markers during sur-
gery and the subsequent RSA radiographs. Exclusion
criterin were residence outside the metropoliian arca,
abnormal gross anatomy of the hip, age older than
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80 years, and inflammatory arthritis or severe osteoporosis,
Two patients were cxcluded from the study owing to
incomplete RSA evaluation at 12 months. Therefore, 19
patients were included in the study (10 men, nine women).
Their median age was 63 ycars {range, 47-76 years);
median male weight was 84 kg (range, 72-100 kg) and
median female weight was 71 kg (range, 60-78 kg). Sixteen
paticnts were Chamley grade A and three were Charnley
grade B, The mean cup size was 54.6 mm (range, 43—
62 mm). The mean inclination was 45.6° (range, 39°-58%).

All patients had a hemispheric, porous-coated, metal-
backed shell (Trident™ acetabular system) implanted with
a HXLPE liner (X3™9). The cross-link formation process
of the liner involved three cycles of sequential irradiation
and annealing. Each cycle consisted of gamma irradiation
atl a dose of 3 Mrad followed by annealing at 130°C for 8
hours [16]. The total cumulative radiation dose was @
Mrad. Terminal sterilization was achieved through a gas
plasma process. A}l patients received a cementless femoral
stem {Accolade™; Stryker Orthopaedics) with a 32-mm
cobalt-chromium femoral head.

Six tanialum markers (1.0-mm diameter; RSA Bio-
medical, Umedl, Sweden) were placed in the outer rim of
the polyethylene liner at the time of surgery. Baseline RSA
examinations were performed within 7 days of surgery and
again at 6 months and | and 2 years postoperatively.
Examinations were taken with each patient in a supine
position. Bragdon et al. [8] and von Schewelov et al. [50]
reported no statistical difference between the wear mea-
surements made from standing and supine RSA
radiographs; therefore, patients in our study were examined
in the supine position.

A ceiling-mounted radiographic tube and a mobile
radiographic tube were used simultancously to take expo-
sures of the hip with a calibration cage (Number 43; RSA
Biomedical). Wear was measured by penetration of the
femoral head inside the polyethylene liner with UmRSA™
software (v6.0; RSA Biomedical). The program identifics
the center of the outer ellipse of the femoral head and
acetabular cup with an edge detection algorithmt used in
conjunction with tantalum markers placed in the ouier rim
of the polyethylene liner. This combined measurement
technique using edge detection in conjunction with marker
beads was proven to have the highest precision clinically in
a study by Borlin et al, 4] with a conservaiive detectable
limit for measuring wear of 80 um.

Femoral head penctration into the polyethylene was
calculated in three scparate ways (o enable comparison (o
other in vitro and in vivo studies. First, proximal head
penciration was calculated from translations afong the y
axis (Fig. 1). Second, the amount of 2-D head penetration
was calculaicd as the vectorial sum of medial-lateral
(x axis) and proximal-distal (y axis) migrations. Third, the
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Fig. 1 A postoperative RSA radiograph of a right hip is shown, with
an inset illustrating the three axes used 1o measure head penetration.
Positive x-axis translations represent medial head peneiration;
positive y-axis transkitions represent proximal head penetration; and
posilive Z-axis translations represent anterior head penetration.

amount of 3-D head penetration was calculated as the
vectorinl sum of medial-lateral, proximal-distal, and anic-
rior-posterior (z axis) migrations. These measurements of
femoral head penetration used the immediate postoperative
radiograph as a baseline and therefore included “bedding-
in" of the femoral head. The penelration recorded after
| year was identified as true wear of the polyethylene liner,
and consequently, the proximal wear rate was calculated
between 1 and 2 years. Median wear rate was calculated as
the difference in head penetration between | and 2 years
for cach individual.

To document that this series of patients achieved a
typical outcome with usual physical activity afier TKA,
clinical outcome was measured using Oxford Hip and SF-
12 scores recorded preoperatively and posloperatively,

Sample size was based on a power calculation made
using (he Altman normogram {f, 52). Previous RSA studies
[22, 41] showed wear of conventional polyethylene of 0.1
to 0.085 mun and a standard deviation less than 0.07. RSA
studies on cross-linked polycthylencs support in vitro
observations that wear would be less than the delection
threshold of (.80 mm. A power calculation indicated a
total of less than 20 subjects was required to detect a target
difference of less than 50% wear compared with published
results of noncross-linked polyethylene (ot = 0.05,
f = 0.9). A post hoc power calculation [33, 52) with
2-year results showed a B value greater than 90% for vertical,

2-D, and 3-D wear. Changes in clinical cutcomes scores
assessed preoperatively and at 1 year followup were
compared using the Wilcoxon’s matched pairs signed-
ranks test, Significance was sct at p = 0.05.

Results

There were no mechanical failures or reoperations in any of
the patients. All patients showed improvement in preop-
erative and 1-year postoperative clinical scores (p < 0.5,
Wilcoxon’s maiched pairs signed-ranks test). Oxford Hip
Score improved from a preoperative median of 36 (range,
26-54) to a postoperative median of 18 (range, 12-30). The
median preoperative SF-12 scores for pain and motivation
were 30 (range, 21-43) and 42 (range, 31-61), respec-
tively. Postoperatively, ihe median SF-12 scores for pain
and motivation were 39 (range, 25-56) and 52 (range, 34~
65), respectively, SF-12 scores were comparable to those of
age-matched population normals [3}: in subjecis aged 55 to
64 years, the mean physical component is 46.7 (range,
45.4-48.0) and the mean mental component is 53.4 (range,
52.4-54.5).

Femoral head penetration was observed during the ini-
tial 6 months, which plateaued with minimal wear at | and
2 years of followup. The median proximal head penetra-
tions were 0.009 mm (range, —~0.094-0.119 mm; SD,
0.063 mm) and 0.024 mm (range, —0.070-0,160 mm; SD,
0.061 mm) at 1 and 2 years, respectively (Fig, 2A). The
median proximal wear rate calculated between t and
2 years was 0.015 mm/year. The median 2-D head pene-
tration showed most of the migration occurred during the
first 12 months, The median 2-D head penetralions were
0.083 mm {range, 0.017-0.152 mm; 8D, 0.040 mm) at
1 year and 0.060 mm (range, 0.014-0.165 mm; SD,
0.040 mm) at 2 years (Fig. 2B). The median 2-D wear rate
between | and 2 years was 0.009 mm/year. The median
3-D head penetrations were 0.159 mm (range, 0.017-
0.317 mm; SD, 0.080 mm) and 0.156 mm (range, 0.067-
0.256 mm; SD, 0.059 mm) at | and 2 years, respectively
(Fig. 2C). The median 3-D wear rate between 1 and
2 years was —0.043 mm/year.

Discussion

As a consequence of its recent introduction to clinical use,
there currently are no publications describing the clinical
wear propetlies of the X3™ acetabular cup insert. One hip
simulator study reports the in vitro wear of this insert 16},
and therefore our purpose was to compare these in vitro
wear results with those after clinical use during a 2-year
period, Furthermore, as this is the first report of the clinical
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Fig. 2A-C Box-and-whisker plots show (A) proximai, (B) 2-D, and
(C) 3-D head penctration measured at 6, 12, and 24 months.
Horizonta) bar = median; box = upper and tower quuriiles; error
bars = range.

wear characieristics of a second-generation HXLPE ace-
tabular liner, we were interested in comparing the resulls
from this study with literature reports of firsi-generation
annealed highly cross-linked UHMWPE liners. We
hypothesized the findings of this study would be consistent
with the in vitro wear results and show clinical wear com-
parable or less than wear for first-generation HXLPE liners.

The high sensitivity of the RSA measurement technique,
in conjunction with the ability o extrapolate results of
short-term average linear wear rate to the average long-
term linear wear rate for a population, makes this a useful
tool for screening newly introduced prostheses [13, 29, 49).
Despite this, the RSA technigue has limitations in accuracy
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and precision [4, 7, 51] that make it challenging to measure
very smalt amounts of wear that are less than the detection
threshold. In an optimal experimental setup, the accuracy
of RSA is reported to range from 0.022 mm to 0.086 min
depending on the vector direction [7). Our study is further
fimited in that no measurement of precision was made for
this data set. The precision of our results should be similar
to those validated previously for the combined liner and
marker technique 4],

Dowd et al, {15] reported a linear increase in true wear
with time is characteristic of polyethylenc acetabular fin-
ers. However, we measured an uncharacteristic pattern of
proximal femoral head penetration in that numerous
patients had negative wear, particularly within the first year
of the study. This finding has been reported previously
16, 20, 34-36] and is a result of femoral head penctration
measurements lying within the accuracy limit of the tech-
nique and therefore being outside the fimit of detection,
The migration calculated between 1 and 2 years represents
the actual rate of wear, but the numerical value of this
should be interpreted with caution as it also lies within the
detection thresheld of the RSA technique.

The calculation of annual wear in this study was based
only on wear that occurred between 1 and 2 years. Although
the amount of head penetration was recorded at three times,
the measurements were relative to the immediate postop-
erative radiographs and consequently included the initial
creep and bedding-in of the finer. Studies have shown the
niajority of bedding-in occurs within 2.5 million cycles [213,
which usually is complete after approximately I year [47].
This being the case, only wear measured between the first
and second years was considered true wear. This is sup-
ported by the findings of Glyn-Jones et al. [24] in an RSA
study of the creep and wear characteristics of HXLPE. They
concluded femoral head penetration within the first
& months was dominated by creep whereas penetration after
I year was virtually all attributable to wear.

In the only published hip simulator study comparing the
X3™ tiner with conventional UHMWPE and a first-gen-
eration amncaled HXLPE liner (Crossfire™; Stryker
Orthopaedics}, the X3™ finers had a markedly lower wear
rate than the conventional and first-generation HXLPE
liners [16]. Based on their findings, Dumbleton et al, [16]
predicted the clinical wear rate of the X3™ liners should
be 14 pm/year. The wear rate of 15 pm/year of median
proximal wear measured in our study betwcen I and
2 years is consistent with the predicted wear rate of 14 yum/
year but should be considered a serendipitous resuft as this
amount of wear is within the limits of accuracy for RSA
and is not valid at this time. If we assume a conservaiive
detectable limit for measuring wear of 80 pm, which is
consistent with the precision measurements reported by
Borlin et al, [4] for this technigue (68 jun, 98 um, 138 pm
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in the x, y, z axes, respectively), it would take more than
3 years before there is evidence of measurable wear.
Similar findings have been reported for firsi-generation
HXLPE liners, which highlights the neced 1o evaluate
HXLPE over a period of at least 5 years [9, 35]. The annual
2-D wear rale calculated in our study was considerably less
than for proximal wear; however, linear measurements of
2-D wear are thought to underestimate the true wear rate
[17, 48) and therefore may not truly represent the wear rate
lor this type of polyethylene.

First-generation annealed Crossfire™ liners are reported
to have an annual wear rate of 36 pm/ycar based on a 5-
year evaluation of plain radiographs [12]. The annual wear
rate for the X3™ liner found in our study (15 pm/year) is
58% less than this, which is consistent with the hip simu-
lator results of Dumbleton et al, [16], who found the X3™
material had 62% less wear than Crossfire™ tiners. Rohs]
ct al. {44] reported a mean wear of 23 pm between 2 and
24 months for Crossfire™ inserts. This is similar to the
mean proximal head penetration we found (28 pm) for the
x3™ liner; however, an accurate comparison requires a
longer study Lo quantify the potential differences in wear
between these maferials.

A low rate of polyethylene wear is advantageous as it
reduces the likelihood of wear particle-induced osteolysis
and the subsequent need for revision arthroplasty owing to
aseplic loosening. Dumbleton et al. {17] have assigned an
osteolysis threshold for wear of 0.1 mm/year, below which
osteolysis occurs infrequently, and a rate of 0.05 mm/year,
which is considered safe, as the occurrence of osteolysis is
almost eliminated. The annual wear rate calculated in our
study was well below this threshold. We can expect the
need for revision arthroplasty attributable to wear particte-
induced osteolysis to be unlikely at least in the short term.
The functional biotogic activity of this material is tikely to
be lower than conventional polycthylene owing to a com-
bination of similar specific biologic activity and lower wear
rate [16, 19].

Our study showed that wear of X3 acetabular liners
after 2 years is less than a clinically quantifiable level,
making accurale comparison with [lirst-gencration Cross-
fire" liners challenging. A longer period of evalualion is
required until wear reaches a level that is clinically
detectable. However, it is clear X3™ liners have wear
properties superior to these of conventional polyethylene.
QOur measurements between 1 and 2 years followup suggest
wear is nearly undeteclable, which is encouraging for the
future clinical performance of this material.
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Where is Technology Taking Us?

Mark A. Kester, PhD, Lizeth Herrera, BS, Aiguo Wang, PhD, and Aaron Essner, MS

Abstract: A novel sequentially irradiated and anncaled hearing material (X3},
characierized for use in knee arthroplasty, has been developed. Attention was
directed 10 mechanical strength properties, oxidation resistance, and the ability to
reduce wear, Material propertics such as ultimate tensile and yicld strength were
unaffected by the sequential cross-inking process. Elongation was reduced relative to
GUR 1020 conventional polyethylene, but equivalent to that ol direct compression
molded 1900 maierial. fny kaee simulator testing for normal gait and stair climbing,
meastred wear rates for X3 pelyethylene were reduced by 79% and 77% when
compared to the same knee design using conventional polyethylene. Mechanical
propertics and wear characteristics of the X3 polyethylene were unaffected belore
and after exposure 1o accelerated aging: properties ol conventional polyctlylene

were adversely impacted. Key words: polycthytene, highly crosstinked,

knce

arthroplasty. wear, mechanical properties, joint simulator.
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Paticnt dentographics are changing in ways that will
create more challenges to total knee arthroplasty.
Total knee recipients are nearly 20% heavier, more
physically active, and have a life expeciancy that is
25% longer when compared with patients from
decades past |i]. The expectations of today's
patienis are often shaped by what they have been
exposed to on the nternet; this Web-based informa-
tion is rarely subjected 1o the peer review process.
Consequently, patients may have lofty expectations
for their arthroplasty, which, in turn, must be
calibrated by the orthopedic surgeon. Nonetheless,
implant manulacturers musl continually seek ¢
apply the results of responsible science to raise
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implant performance lo meet or exceed the
demands placed upon the replaced joints.
Polyethylene bearing failure has been cited as one
of the leading causes of knee implant revision
surgery; one inpvestigation found polyethylene
wear present in 25% of knee revision surgeries and
listed this wear as the lop reason for revision {2].
Certainly other mechanisms were present tlias may
have contributed to the revision, but it is clear (hat
polyethylene wear was a major clinical issue worthy
of being addressed. From a bearing perspective,
polyethylene needs to have sullicient strength, be
resistive to osidative breakdown, and not wear at
a rate that would place a burden on the host. Patient
factors such as weight and activity patterns <an
impact wear, mechanical, and fatigue behavior.
Lastly, surgeon factors such as aligimment and soft
tissue balancing can also influence wear. Increased
cross-linking has been shown o reduce hip wear
i simulators [3,4]. The geometry of the bearing
surfaces dramatically influences the kinematics of
thie joint, which can also impact the wear of the joint.



The purpose of this articie is to describe the material
characteristics and tribological festing for a new
bearing surface material, X3 (Stryker Orthopaedics,
Maltnwvah, NJ) desigred for knee joint applications.

Materials and Methods

X3 is composed of GUR 1020 polyethylene,
which is iradiated and anncaled in 3 sequential
steps—each consisting of 30 kGy of irradiation
followed by annealing lor 8 hours at 130°C in air.
Following these 3 steps, the part is machined and
gas plasma sterilized.

it is crucial that the bearing material properiies
be fully characterized. Further, the impact of time
in the harsh envirenment of the host on these
material properties must be investigated through
an accelerated aging regimen. The ultimate tensile,
yicld strengths, and elongation were determined
by following the protocol of American Society lor
Testing and Materials (ASTM) D638-03 [5]. The
free radical concentration of conventional (GUR
1020 with 30 kGy m inerl gas) and X3 poly-
cthylene were determined with electronic spin
resonance with a Bruker Instruments, Model EMX
spectrometer {(the authors gratebully acknowledge
Dr § Jahan: University of Memphis, Memphis,
TN). Six {n = 6) specimens of cach polyethylene
type were fested. The oxygen bomb, per ASTM
F2003-02, was used to simulate aging in the body
10 delermine the resistance of the X3 bearing
material 10 oxidation. Conventional and X3 poly-
cthylene specimens were subjected 1o 14 days at
70°C a1 5 amm of oxygen pressure. Alter aceeler-
ated aging, the mechanical properties (n = 8) and
level of oxidation (n = %) were determined, The
level of oxidation was determined using a Nicolet
750 Magna infrared spectrometer on specimens
with dimensions of 90 x 20 x 10 nun. The analysis
was performed on the full thickness (10 mm) in
250-pm increments per ASTM F2102-0tel [6].

Tribological testing that simulated level gait and
stair climbing {separately) using the Scorpio design
knee {Stryker Orthopaedics) was performed [7]. For
the gait simulation, the Scorpio Cruciate Retaining
(CR) design was used {(size 7. nominal 8-mm
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inserts). Three inseris cach of X3 and conventional
material were tested, The insert locking mechanisms
were disabled to permit easy removal from the
corresponding CoCr tibial tray. An MTS maotion
controlled joint simulator (Eden Prairie, MN) was
used with the loading waveforms per 1SO 14243-3.
The tubricant, Alplia Call Fraction serwm {Hyclone
Laboratories, Logan, Utah) was changed cvery
500,000 cycles, and the inserts weighed per ASTM
£2025, Joint fiuid absorpiion correction was accom-
plished with unloaded soak controls. Testing was
conducted for a totat of 5 million cycles. The wear
debris was collected from the lubricant and pooled
for analysis [rom ecach polyethylene set. The inserts
were visually inspected for wear pattern character-
istics. A second ieralion of the level gait simulation,
¥3, and conventional inserts that had been sub-
jected 1o accelerated aging per ASTM F2003-02
were tested,

The Scorpio Posierior Substitwing (PS) design,
size 7 using nominal §-mm inserts, was tested on the
MTS joint simulator using a loading wavelorm io
simulate stair ciimbing [7}]. The wavelorm was
chosen to ensure that the cam and post were
making contact. Thyee inserts each of X3 and
conventional material were tested. As in the gait
study, the inserts were removed every 500,000
cycles and weighed when the Alpha Call Serum was
replaced. Unloaded soak control inserts were used to
account Tor fluid absorption. Testing was conducted
for a total of 5 million cycles.

Results

Tensile yield sirength and ultimate yield strength
were statistically the same (P = .11 and .12,
respectively} between the conventional and X3
polyethylene belore accelerating aging {Tabie 1)
Elongation for X3 was lower than for conventional
polyethylene. However, it is comparable lo that of
divect compression molded 1900 material that has
shown excellent clinical performance [8].

Further, the tensile properties of the X3 were
statistically unaffected by the accelerated aging
challenge. However, the yield strength, ultimate
tensile strength, and elongation of the conventional

Table 1. Tensile Properties of Program Materials

Convendional (3 mrad in N2} X3 DCAM 1900 {3 mrad in N2)
Aged New Aged New New
Yiehd strengeh {MPa} 279+ 0.5 23.2 404 236202 2315+ 0.3 235
Tensile strengih (MPa) 299+ 1.2 54.8 + 2.5 56,7 £ 2.3 56.7 + 2} 511
flongation (%) [43 + 14 308 +£ 10 266 £ 9 26727 256
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polyethylenc decreased markedly after accelerated
aging. X3 exhibited 99% less [ree radicals when
compared to conventlional polycethylene, There were
{1550 % 32} x 1014 spins/g for the conventional
polyethylene as opposed to (14 + 2} x 1014 spins/y
for X3 polyethylene. Accelerated aging produced
large subsurface oxidation peaks for conventional
polyethylene but solicited a minimal response from
the X3 material. There were subsurface white bands
present in the conventional polyethylene but none
in the X3 samples,

The wear characteristics of the conventional and
X3 were different for both the gait and stair
simulator models, The wear rates lor Scorpio CR
knee in the gail simulator for conventional and X3
polyethylene were 34.6 + 1.5 and 7.3 = 0.7 mm’/
million cycles, respectively. Hence, X3 produced a
79% reduction in the wear rate, which was
statistically signiticant (P = .0001).

There was a stafistically significant (P < .001)
decrease in the wear rate when comparing
conventional {35.8 + 17 mm‘/million cyces)
and X3 {8.2 + 0.7 mm*/million cycles) polyethy-
lene wear rates {or the stair climbing simuolator.
This represents a 77% decrease in wear for the X3
relative o conventional polyethylenc. The wear
scars of all materials from both simulator types
exhibited arcas of burnishing, deformation, stria-
tions, and occasional scratches.

Wear debris results from the 2 types of simulator
testing are shown in Table 2. A total of 223 and
221 wear debris particles were idemiified lor con-
ventional and X3 UHMWPE material, respectively,
ander stair climbing conditions. A 1otal of 145 and
132 particles were also identified for conventional
ard X3 materials under gait conditions. Results show
that conventional polyethylene debris created under
stair climbing conditions were statistically signili-
cantly larger than X3 debris. X3 debris created under
gait conditions showed no difference in length but
were wider than the conventional CR debris.

X3 inserts that had gone through the accelerated
aging process went through 10 million cycles of
knee simulator testing. Results [or this test showed
no statistical difference {P = .36) in wear rate

Table 2. Wear Debris Length, Widih, and ECD

Material Length {gan) Width (um) ECD {um}
Control CR .30 +40.12 {128 + 0.07 .37 + 0,09
X3 CR 343 £0.23 0,33 £ 017 042 +0.22
Cuntrol PS 136+ 0.12 .23 + 0.06 032 £ 0,09
X3 PS 4,32+ 0.13 .20 £ 0.05 (.28 + 0.08

PS is the stair dlimbing test with posterior stabilized kpee, CR is
the gait test with enuciate retaining knee.

between the accelerated aged samples and the
unaged controls. The wear behavior was strongly
linear for either aging condition with a correlation
coefficient (R%) of 0,992 or larger lor all individual
samples. Regions of burnishing or wear polishing
along with surface deformation were seen in areas
of comtact. No gross evidence ol delamination,
pitting, or cracking was noted anywhere on any
insert, either unaged or aged.

Discussion

Satisfactory wear and mechanical performance
of implant bearing surfaces may be dependent
upon a number of lactors, such as how well the
implant is positioned, the demands of the host, the
material properties, the locking mechanism, and
the geometry of the design {9,10]. Care must be
exercised by the surgeon o balance the solt tissues
and appropriately align the knee. Technologies
such as navigation may aid in accurate and
reproducible positioning {11-13]. Patient expecta-
tions should be discussed belore the operation to
help the patient understand the limitations of total
knee arthroplasty.

The polyethylene chosen must have sufficient
mechanical strength and be resistant 1o oxidation
and wear. The mechanical properties of the bearing
material must be optimized not only at the time of
irplantation, but must also be maintained through-
out the service life of the implant. The mechanical
propertics of X3 exceeded the ASTM requiremcerts
for polyethylene both before and after accelerated
aging tests, The significant reduction in wear lor the
X3 polyethylene was also maintained belore and
after accelerated aging. The aged and unaged X3
material inserts did not show any signs of pitting or
delamination after 5 million cycles of simulated gait
conditions. The conventional material did not
exhibit any signs of pitting or delamination; how-
ever, in this study, the material was ot exposed 1o
the accelerated aging protocol. Further testing will
be necessary 1o study the effects of accelerated aging
in conventional polyethiylene,

Wear debris for both materials in either CR or PS
testing shosved bimodal particle morphology. with
small submicron spherical particles and some longer
libers, Size distribution (length, width, and equiva-
lent cirde diameter [ECD]) showed similar size
ranges for all particles, with a trend tosvard smaller
aspeat ratios for X3 material. This indicates slightly
more rounded or less elongated thread-like parti-
cles. The similarity in wear debris suggests a
common wear mechanism for both materials,



Hernice, the lower wear rate of X3 should translate to
a lower incidence of particle-induced osteolysis than
with conventional polyethylene.

The manulacturing processes, in creating highly
cross-linked polyethylene, result in the signiticant
reduction of wear that must not compromise the
polyethylene's ability to resist the demands placed
upon it by the patient. The X3 polyethylene is
annealed to reduce the free radicals and enhance
cross-Hnking withoul compromising mechanical
strength. Some manufacturers melt their highly
cross-linked material {14}, Melting may be more
eflicient in reducing detectable free radicals, but
meHling also reduces the mechanical and latigue
properties ol the polyethylene, which may limit its
apphicability in high stress applications 15,16}, The
maintenance of mechanical and wear properties
may be c¢ritical considerations for treating today's
high-demand patients.

There are limitations in the described investiga-
tion. Fatigue, racture toughness, and creep were not
directly measured in this study. However, PS knee
stair climbing simulation provides an aggressive
lunctional fatigue evaluation due o the high loads
that are applied 1o the post. Under these aggressive
conditions, no failures were seen lorany of the tested
inserts. The effects of edge loading, thivd body debris,
and malalignment on wear and component integrity
were not evaluated in this study.

Geomelry is an important factor in implant
performance. The shape of the articular surfaces
through their interaction with the soft tissues and
loads determines motion pathways and stresses at
the knee. The Scorpio knee used in the wear
simulators has a single radins in the coronal plane
that has been shown to both enhance conformity
and decrease resistance to infernal and external
rotation in contrast 1o dual radius condylar knee
designs [17]. Rewrieval and clinical studies of this
device have shown faverable midterm results
[18,19]. This design has a single sagintal femoral
radius over the flexion arc for activities such as gail
and stair dimbing [20}, and Hluoroscopic investiga-
tions suggested that this sagital geometry may
lead to more reproducible kinematics [21]. Bio-
mechanical studies of sagittal single-axis and
muti-axis knee arthroplasty systems in  sit-to-
stand and stand-to-sit patient activities demon-
strated less hamstring coactivity and less guad-
riceps electromyography in the single-axis group
[22,23]. This observed stability coinddes with the
lloroscopic study lindings. These kinematic pat-
terns, when coupled with the wear reduction of
X3, may be helpful in the survivorship ol the
arthroplasty. Clinical studies will be needed 1o
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document if the poteniial wear benefits of the X3
bearing material are realized.
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The Exeter Universal cemented femoral
component at 15 to 17 years
AN UPDATE ON THE FIRST 325 HIPS

The first 325 Exeter Universal stams {309 patients) implanted at the originating centre were
inserted between March 1988 and February 1990 by a group of surgeons with differing
experience. In this report we describe the clinical and radiological results at a mean of

15.7 years {14.7 to 172.3) after operation with no loss to follow-up. There were 97 patients
{108 hips) with replacements still in situ and 31 (31 hips) who had undergone a further
procedure. With an endpoint of revision for aseptic loosening, the survivorship at 17 years
was 100% and 90.4% for the femoral and acetabular component, respectively. The mean
Merte D’Aubigné and Postel scores at review waere 5.4 (sp 0.97) for pain and 4.5 (sp 1.72} for
function. The mean Oxford score was 38.4 (sp 9.8} {0 to 48 worst-to-best scale) and the
mean combined Harris pain and function score was 73.2 (sD 16.9). Radiclogical review
showed excellent preservation of bone stock in the proximal femur and no failures of the

femoral component.

The Exeter Universal stem (Stryker Orthopae-
dics, Mahwah, New Jersey) was introduced in
1988 and, apart from a minor change to the
neck and spigot, this polished, modular, double-
tapered stem has remained unchanged {Fig. 1).
In 2002 we described our experience with a
consecutive series of the first 325 Exeter Uni-
versal stems at eight to 12 years." This high-
lighted the similarities in behaviour of the
Exeter Universal stem and the original Exeter
stem,>? with a predictable mean subsidence
occurring at the stem-cement interface of
1.32 mem at eight to 12 years. We postulated
that this subsidence was crucial to the load
transmission and stability of the stem*® and
that it was probably protective of the cement-
bone interface. The 140% survivorship of the
stem with aseptic loosening as the endpoint,’
and the generally benign radiological appear-
ances seen in a broad spectring of patients and
the Barrack cement grades’ added credibility to
this suggestion,

We now present an update of our series with
results at a mean follow-up of 15.7 years {14.7
to 17.3) and with an emphasis on the clinical
and radiofogical performance of the stem,

Patients and Methods

Between March 1988 and February 1990 we
undertook 325 primary total Lip replacements
{THRs) in 309 patients using the Exeter Uni-
versal stem. The material propertics of the

stem were described in our review at eight to
12 years,!

Of the 325 THRs, 133 {40.9%) were per-
formed in men. The mean age of the patients at
the time of operation was 67.6 years {24 to 87}
with 31 patients {9.5%) under 50 years, The
numbers of patients in each Charniey
category® are summarised in Table I. The case
mix of diagnoses was presented in our original
paper.! Most patients had primary osteoarthri-
tis, but three followed previous sepsis, 14 had a
previous osteotomy or surgery for a fracture
and two were conversions of a previous arthr-
odesis. A consultant orthopaedic surgeon car-
tied our 48% (156} of the procedures, with a
further 50.5% {164} performed by senior reg-
istrars, registrars and fellows, and 1.5% (five)
by senior house officers. The data capture
forms used at the time of surgery did not record
details of the assistant surgeon and therefore it
was not possible to determine from our data-
base the degree of supervision during opera-
tions done by surgeons in training. However, in
common with many other units at that time,
after a suitable period of training, non-consul-
tant surgeons were allowed to perform opera-
tions without direct consultant supervision.

The posterior approach was used in 248 hips
and the transgluteal, or direct lateral, approach
in 72.>'% In all cases cemented polyethylene
acetabular  components  were used; in
306 (94.2%) the acetabular components were
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