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The aim of our study was to identify biological factors responsible for premature loosening of polyacetal hip
stems. The results of histological analyses of the tissue around 11 total hip prostheses with loosened polyacetal
femoral stems were compared to those obtained in a group of 11 total hip prostheses with loosened metal (CoCr)
femoral components. A higher number of polymer wear particles surrounded by giant cells, more bone chips, and
a more extensive necrosis were found around loosened polyacetal stems. Histomorphological characteristics of
polyacetal wear particles containing BaSO4 granules in the tissue around loosened polyacetal stems were described.
Radiological evaluation of the wear of polyethylene cups suggested that elastic modulus of the stem had no
influence on the wear of polyethylene cups. This study indicates that polyacetal wear particles have a great biological
potential accelerating the process of loosening.

Introduction

Total hip arthroplasty is a routine orthopaedic surgical
procedure with excellent early results and less encouraging long-
term results. Its basic complication, aseptic loosening, can be
related to various biomechanical and biological factors associ-
ated with the implant material, prosthetic design, and initial
fixation method. Artificial stems currently in use are made of
metal materials with an elastic modulus more than ten times
higher than that of the bone.1-6 The undesired effect of the
mechanical mismatch of the stiff stem with the elastic bone is
stress protection.4 Trabecular bone around such a stiff stem
atrophies, which enhances mechanical destabilization of the
stem. In the early 1970’s, Morscher and Mathys introduced a
femoral stem coated by polyacetal resins with an elastic modulus
(E ) 5-13 GPa) similar to that of the bone.5,7 Thus having
provided the condition of isoelasticity, such a stem was supposed
to transfer stresses to the bone in a more physiological way,
thereby preventing trabecular bone stress protection. Another
important advantage of the use of the polyacetal femoral stem
was fixation without using cement, which was supposed to
prevent deposition of poly(methyl methacrylate) wear particles
in the periprosthetic tissue. This deposition had been implicated
as a major biological culprit for osteolysis of the bone around
cemented stems.8,9

Against all expectations, long-term results after implantation
of polyacetal femoral components were discouraging.10-16 The
majority of the inserted polyacetal stems were revised in less
than ten years, which falls short compared to other designs of
artificial stems.17 Histological studies conducted to find possible
biological causes for premature loosening of polyacetal stems
were scarce.15,18 By using a simple microscopic observation,
no significant differences in histological criteria between the
periprosthetic tissue of loosened polyacetal femoral components

and that of loosened metal stems have been found.18 Although
polyacetal wear particles have been identified in the peripros-
thetic tissue, the debris from the polyacetal coating has not been
proven to be a potent biological factor responsible for premature
aseptic loosening of polyacetal stems.15,18,19

The biological impact of specific material on prosthetic
loosening depends on the velocity of its wear and the amount
of inflammatory cell reaction triggered by wear particles. The
aim of our study was to evaluate the biological role of polyacetal
wear particles in the process of premature aseptic loosening of
polyacetal femoral stems.

Materials and Methods

Patients and Tissue Samples.Periprosthetic tissue samples were
collected during 11 revision hip arthroplasties for aseptic loosening of
second-generation polyacetal femoral stems (Betlach, Switzerland), done
in 5 male and 6 female patients. Loosening was proven by comparing
X-rays taken immediately after insertion and prior to revision arthro-
plasty (Figure 1). Patients with laboratory signs and local or general
clinical signs or symptoms of infection were excluded from the study.
At the time of revision arthroplasty, at least 1 cm3 of periprosthetic
tissue was taken from five different sites: from the proximal, medial,
and distal parts of the interface membrane around the loosened stem,
from the pseudocapsule and, in cases of acetabular loosening, from
the interface membrane in the acetabular bed. In eight patients,
polyethylene acetabular components also became loose and were
therefore removed. Microbiological evaluation of periprosthetic tissue
was conducted to prove the aseptic nature of loosening. The total
number of tissue samples was 52 (11× 3 samples from the femoral
canals+ 11 samples from pseudocapsules+ 8 samples from the
acetabular beds). All tissue samples were fixed in 10% formalin
immediately after removal and embedded in paraffin. Slides (5µm
thickness) were stained with haematoxylin and eosin for microscopic
examination. One additional section from each tissue sample was stained
with Oil-O-Red for differentiation between polyethylene and polyacetal
particles.20

The results obtained in the group of patients with aseptically loosened
polyacetal stems were compared to those obtained in 11 patientss4
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males and 7 femalesswith aseptically loosened metal stems, all made
of CoCr alloy (Figure 2). There were 7 polyethylene acetabular
components revised in this group, and the total number of tissue samples
collected was 51 (11× 3 samples from the femoral canals+ 11 samples
of pseudocapsules+ 7 samples from the acetabular beds).

Radiological Evaluation of Polyethylene Wear.The amount of
polyethylene wear particles was determined by calculating end volu-
metric wear of polyethylene cups from X-rays taken following the
insertion and prior to the revision of the hip prosthesis. The equation
used takes into account the direction of the wear of polyethylene cups
(Figure 3).21

Histological Analyses.Histological slides were analyzed by light
and polarized microscopy (Opton, Germany).

In each haematoxylin-eosin (HE)-stained slide, 10 microscopic fields
at 100× and 400× magnification were examined, and histological
criteria of foreign body granuloma were estimated by Mirra’s semi-
quantitative method.22

The number of giant cells with polymeric particles was determined
semiautomatically using the IBAS 1000 image-based analysis system
(Kontron, Germany). The first microscopic field in each HE stained
slide was chosen randomly, and giant cells with polymeric particles
were counted. The next 19 fields were determined intermittently.
Numeric areal density was calculated and expressed by the number of
giant cells per square millimeter.

Statistics.Statistical analyses were done by the statistical software
packageSPSS 13.0for Windows. The nonparametric Mann-Whitney
test was used to find differences in the semiquantitative estimation of

histological criteria between tissue samples in the group of loosened
polyacetal stems and those obtained in the group of loosened metal
stems. Differences in patient age, volumetric wear of polyethylene cups,
and numeric areal density of polymeric giant cells between the two
groups were tested by thet-test for nonpaired data groups. The
correlation test for independent paired data was used to check for a
correlation between numeric areal density of giant cells with polymeric
particles, volumetric wear of polyethylene cups, and clinical data,
including age, sex, and body mass index.

Results

Patients showing loosening of polyacetal stems were signifi-
cantly younger than those with loosened metal stems (average
57.7 years and 69.3 years, respectively) (p < 0.05). No signif-
icant differences were found between the two groups concern-
ing other clinical data, sex (p ) 0.31) and body mass index
(average 26.3 kg/m2 and 25.0 kg/cm2, respectively) (p ) 0.24).

The time between insertion and revision due to aseptic
loosening was significantly shorter in the group of patients with
polyacetal isoelastic stems compared to that in the group of
patients with metal stems (average 10.3 years and 13.5 years,
respectively) (p < 0.05).

Radiological Evaluation of Polyethylene Wear.The mean
end volumetric wear values of polyethylene cups in the group
of loosened polyacetal stems and in the group of loosened metal
stems were 1417.39 mm3 and 1644.35 mm3, respectively. The
difference between the groups was not statistically significant

Figure 1. Radiographs of total hip prosthesis with polyacetal stem:
(a) immediately after insertion, (b) prior the revision with signs of
aseptic loosening (osteolytic lines around the stem, sinking of the
stem in the femur, lateralization of the distal tip of the stem, broken
screws).

Figure 2. Radiographs of total hip prosthesis with CoCr stem: (a)
immediately after insertion, (b) prior the revision with signs of aseptic
loosening (osteolytic foci around the stem, sinking of the stem in the
femur).

Figure 3. Radiological evaluation of polyethylene wear. Centers of
the prosthetic head and polyethylene cup are determined on two
radiographs: one taken immediately after insertion and the other just
prior to the revision of the hip prosthesis. Radiographs are superpo-
sitioned in such a way that the centers of the polyethylene cups
coincide. The extent of linear wear of polyethylene cup (d) is
measured as the length of the shift of the center of the prosthetic
head (straight black line). It is expressed in millimeters after magni-
fication is taken into consideration; the reference is the radius (R) of
the prosthetic head, 14 mm in all our cases. The direction of the linear
wear is defined as an angle (â) between the extension of the straight
line representing the shift of the center of the prosthetic head (green
line) and the line through both poles of the polyethylene cup (yellow
line). End volumetric wear of polyethylene cup (V) is calculated on
basis of equation V ) πR2d/2(1 + sin â).
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(p ) 0.13). The mean direction of wear value of polyethylene
cups in the group of prostheses with loosened polyacetal stems
did not differ significantly from that observed in the group of
prostheses with loosened metal stems (6° and 11°, respectively,
both laterally) (p ) 0.12).

Histological Analyses.A higher number of foreign body
giant cells with polymeric wear particles (p < 0.05) (Figure 4),
more bone chips (p < 0.05) (Figure 5), and more extensive
necrosis (p < 0.05) (Figure 6) were seen in the tissue around
loosened polyacetal stems than in the tissue around loosened
metal stems. There were no differences between the two groups
concerning the number of macrophages (p ) 0.14), chronic
inflammatory cells (p ) 0.09), metal wear particles (p ) 0.55),
and extension of necrobiosis (p ) 0.63), calcinosis (p ) 0.21),
or fibrosis (p ) 0.26).

The mean numeric areal density of polymeric giant cells was
significantly higher (p < 0.05) in the granuloma around loosened
polyacetal stems than in the granuloma around loosened metal
stems (Figure 7), but no correlation was found comparing it
with the volumetric wear of polyethylene cups in any of the
groups of patients (p ) 0.24 and 0.31, respectively). There was
no correlation between the numeric areal density of polymeric
giant cells and clinical data, age (p ) 0.36), sex (p ) 0.53),
and body mass index (p ) 0.09).

A thorough examination of histological slides of the tissue
around prostheses with loosened polyacetal stems revealed two
different types of polymer wear particles showing different
morphological characteristics.

Type I polymer particles corresponded to polyethylene wear
particles described in the literature23-27 and were also found in
the histological slides in the group of loosened metal stems
(Figure 8). Most of them were spindle-like in shape, 30µm
large in average (maximum 100µm), with typical shiny
appearance under the polarized light microscope.

Type II polymer particles were not found in the tissue around
prostheses with loosened metal stems (Figure 9). Most of them
were surrounded by foreign body giant cells, yet they were
occasionally seen lying freely in the areas of necrosis or
necrobiosis. The particles had a polygonal shape and were much
larger than type I polymer wear particles. Their average size
was 100µm, maximum 500µm. They contained 1-µm-large
sooty gleaming particles. Under the polarized light, they did
not shine but showed a dusty appearance (Figure 9b). Type II
polymer particles were ascribed to polyacetal containing gran-
ules of BaSO4.

Oil-O-Red Method. Both types of polymer wear particles
were stained by the Oil-O-Red method (Figures 8c and 9c).
Extracellular polyacetal wear particles surrounded by foreign
body giant cells were larger (average estimated size of 100µm
compared to average size of extracellular polyethylene particles
of 30µm), polygonal in shape and contained granules of BaSO4.
Smaller particles of both polyethylene and polyacetal may be
present in Oil-O-Red positive macrophages, but they could not
be distinguished.

Discussion

The first short-term clinical and radiological results after
implantation of polyacetal femoral stems were encouraging.28,29

Anterior-posterior radiographs taken up to two years after
implantation showed formation of new trabecular bone (neo-
cortex) around the whole surface of the polyacetal stems. Yet,
the initial enthusiasm was followed by great disappointment after

Figure 4. Semiquantitative estimation of polymeric giant cells in
periprosthetic tissue. Histogram showing the percentages of tissue
samples with one giant cell (1+), two to four giant cells (2+), and
five or more giant cells (3+) with polymeric wear particles per
microscopic field at 400× magnification. More giant cells with
polymeric wear particles were found in the tissue around loosened
polyacetal stems than in the tissue around loosened CoCr stems (p
< 0.05).

Figure 5. Semiquantitative estimation of bone chips in periprosthetic
tissue. Histogram showing the percentages of tissue samples with
five or less bone chips (1+), six to ten bone chips (2+), and ten or
more (3+) bone chips per microscopic field at 100× magnification. A
greater number of bone chips were found in the tissue around
prostheses with loosened polyacetal stems than in the tissue around
prostheses with loosened CoCr stems (p < 0.05).

Figure 6. Semiquantitative estimation of necrosis in periprosthetic
tissue. Histogram showing the percentages of tissue samples with
necrosis of less than 2 mm2 (1+), of 3-9 mm2 (2+), and of more
than 10 mm2 (3+) per slide. A more extensive necrosis was found in
the tissue around prostheses with loosened polyacetal stems than in
the tissue around prostheses with loosened CoCr stems (p < 0.05).

Figure 7. Numeric areal density of giant cells with polymeric wear
particles in the periprosthetic tissue. The numeric areal density of
giant cells with polymeric wear particles in the tissue around
prostheses with loosened polyacetal stems (13.31 ( 3.34 mm2)
exceeded that in the tissue around prostheses with loosened CoCr
stems (4.34 ( 1.13 mm2) (p < 0.05). THPs ) total hip prostheses.
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long-term results had been published.9-16 Radiological follow-
up revealed clear signs of loosening around the majority of
polyacetal stems in a relatively short time after insertion.
Radiolucent lines around the whole polyacetal stem and
unexpected extensive osteolytic foci in the zone of the calcar
and greater trochanter were observed. Radiological signs were
accompanied by clinical signs and symptoms of loosening, and
the majority of inserted polyacetal stems had to be revised in
less than ten years.17 Because of such a short life, polyacetal
stems have been abandoned in total hip replacement surgery.

Identifying mechanical and biological reasons for premature
aseptic loosening of polyacetal stems presented a challenge to
many researchers. Studies using finite element analysis have
demonstrated that because of its lower elastic modulus poly-
acetal material affords better transfer of compressive stresses
to the surrounding bone under loading conditions. It avoids stress
protection but at the same time it paradoxically produces greater
interface stresses due to the inevitable bending moment.4,30-32

Excessive interface micromotion that prevents the anticipated
bony ingrowth was recognized as a major mechanical cause of
the higher failure rate of polyacetal stems. Biological factors
responsible for polyacetal stem loosening have not yet been fully
understood. Boss and co-workers reported on large polymer
granulomas in the interface membrane arising in the space
between the loosened polyacetal stem and the bone.18 Although
polyacetal wear particles were identified in the periprosthetic
tissue, debris from the polyacetal coating was only assumed to
be a major biological factor enhancing premature aseptic
loosening of polyacetal stems.19

Using the Mirra’s semiquantitative method,22 we found more
large polymeric wear particles surrounded by foreign body giant
cells in the tissue around loosened polyacetal stems than in the
tissue around loosened cemented metal stems. Biological activity
of polymer wear particles in the periprosthetic tissue was
quantified by the determination of numeric areal density of
polymeric foreign body giant cells. This was found to be greater
in patients with prostheses with loosening of polyacetal stems

than in patients showing loosening of cemented stems. Using a
new radiological model,21 which takes into account the direction
of wear of the cups, we found no difference in the end
volumetric wear of polyethylene cups between the two groups
of prostheses with loosened stems of different elastic modulus
materials. This important finding led us to assume that in
prostheses with loosened polyacetal stems there must be another
source of polymer wear particles besides polyethylene particles
from the cups. A detailed microscopic observation of histological
slides revealed two distinctive types of large polymer particles
in the tissue around prostheses with loosened polyacetal stems.
Type I polymer particles, which were also found in the tissue
around prostheses with loosened metal stems, had the same
morphological characteristics as larger polyethylene particles
described in the literature.23-27 Type II polymer particles were
only found in the tissue around loosened polyacetal stems.
Minovič and co-workers isolated polyacetal particles from the
tissue around polyacetal stems, and the presence of 1µm BaSO4

particles in polyacetal matrix was proven by the backscattered
SEM analysis.19 BaSO4 is added to polyacetal in the process of
polymerization to achieve radiopaque appearance of the inserted
stem. The average size of isolated polyacetal particles they
described corresponded to the size of type II polymer particles
in our study, and the dusty appearance of type II polymers under
the microscope was found to be due to the presence of BaSO4

granules. The presence of BaSO4 particles in type II polymer
particles was additionally proven using nuclear microprobe and
in-air PIXE method.33 The measured Ba concentration in
particles matched well the Ba concentration of the polyacetal
coating of the unused polyacetal stem. In vivo studies have
shown that particles of contrast medium BaSO4 play an
important biological role in the process of prosthetic loosening
by activation of osteoclasts.34-36 Polyacetal and polyethylene
wear particles together with BaSO4 granules and metal wear
particles that are present in the tissue surrounding the loosened
hip prostheses trigger the aseptic inflammation in the peripros-
thetic tissue. The process leads to osteolysis of the femur and

Figure 8. Photomicrographs showing polymer type I (polyethylene) wear particles: (a) haematoxylin-eosin (HE) staining, 400× magnification;
(b) polarized microscope, 400× magnification; (c) Oil-O-Red stainining, 400× magnification.

Figure 9. Photomicrographs showing polygonal polymer type II (polyacetal) wear particle containing granules of BaSO4: (a) haematoxylin-
eosin (HE) staining, 100× magnification; (b) dusty appearance under polarized microscope, 100× magnification; (c) Oil-O-Red staining, 400×
magnification.
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finally results in loosening of the hip prosthesis. Extensive
necrosis observed in the periprosthetic tissue seemed to be due
to intense biological activity of all the above-mentioned wear
particles. It is clear that the interface stress itself is responsible
for abrasive wear of the surface of polyacetal stems. Polyacetal
wear particles and BaSO4 granules are released into the space
between the bone and the insufficiently osseointegrated stem.
According to Caravia and co-workers, BaSO4 particles floating
in the sinovial fluid are harder than plastic or metal materials
and are therefore to be blamed for the third body abrasion of
polyethylene cups and the stem.37 Contact and the third body
abrasion are hence responsible for delamination of the polyacetal
stem and for such an extensive number of polyacetal particles
and bone chips of large size.

There have been controversial reports on the efficiency of
the Oil-O-Red method for identification of polyethylene particles
in histological slides.20,27,38Willert and Buchhorn criticized the
authors of the method, maintaining that possible staining of the
particles was most probably due to uptake of the lipophilic dying
substance by fat cells released after the cell death.27 Our study
has proven that the Oil-O-Red technique is an efficient method
for identification of submicron-sized polymer particles in
macrophages and larger particles surrounded by giant cells.
Furthermore, the technique can be used for the differentiation
between large polyacetal and polyethylene particles, based on
their shape and the presence or absence of BaSO4 granules.

A typical radiological pattern of loosening of isoelastic
polyacetal stems has been described by many authors.4,18,30-32

The presence of radiolucent lines around the greater part of the
surface of polyacetal stems is the proof of low-degree osseoin-
tegration. Extensive osteolytic foci, especially those of the calcar
and the greater trochanter, seem to be the consequence of intense
biological activity of all wear particles and of polymer particles
in particular.

Until now, it has been believed that sophisticated analytical
techniques have to be used for the differentiation of polymeric
materials, such as gas chromatography, mass spectrometry,
measurement of melt and recrystallization temperature, or
determination of refractive indices by the Becke method.24,39

These methods, however, are of limited availability and difficult
to apply for detection of the particulate material deeply
embedded in the cellular tissue.

The results of our study have proven that quantification of
histological criteria in the interface membrane is a useful tool
for comparing two or more different designs of loosened
prosthetic components and provides important information about
the biological causes of loosening. The presence of polyacetal
particles in the tissue around loosened polyacetal stems was
confirmed, and coarse estimation of their biological activity was
unravelled for the first time. It was demonstrated that histological
analyses are accurate enough to differentiate between polyacetal
and polyethylene wear particles in periprosthetic tissue. Al-
though the exact role of biomechanical and biological causes
of aseptic loosening of polyacetal stems remains yet to be clearly
elucidated, it may already be concluded that polyacetal wear
particles have a major biological impact on premature aseptic
loosening of isoelastic hip stems coated by polyacetal.
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