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Background: Osseointegration is essential for the long-term survival of cementless femoral stems and is dependent on
periprosthetic bone quality and correct implantation technique. The aim of this study was to evaluate the 3-dimensional
long-term fixation patterns of, and bone microarchitecture around, cementless hip stems.

Methods: Four specimens with varying degrees of bone quality and fixation characteristics from body donors who had received
Alloclassic Zweymüller hip stemsduring their lifetime (mean time in situ at the timeof death: 12.73 years)were evaluatedwith use
of radiographs, high-resolution computed tomography (CT) scans, and hard-tissue histology. TheCT voxel sizewas85mm,and the
following parameters were calculated: total bone volume, total bone volume fraction, trabecular bone volume, trabecular bone
volume fraction, cortical bone volume, cortical bone volume fraction, and cortical thickness. Bone-implant contact and canal fill
index values for each Gruen zone of the specimens were calculated with use of histological samples.

Results: Femoral stemswith apparently good cortical contact on clinical radiographs showedhigher values for cortical bone
volume, trabecular bone volume, and cortical thickness in the high-resolution CT analysis than femoral stemswith apparently
weak cortical contact on clinical radiographs. Based on the histological evaluation, the mean bone-implant contact ranged
from 22.94% to 57.24% and the mean canal fill index ranged from 52.33% to 69.67% among the specimens.

Conclusions: This study demonstrated different osseointegration patterns of cementless femoral stems on the basis of
radiographs, high-resolution CT scans, and histological evaluation. Femora with high cortical bone volume and cortical
thickness were associated with higher canal fill indices, whereas femora with low cortical bone volume and cortical
thickness had lower canal fill indices and showed a characteristic corner-anchorage pattern.

Clinical Relevance: Osseointegration patterns and thus the long-term survival of cementless femoral stems are
dependent on cortical bone volume and cortical thickness.

T
he long-term outcome of cementless femoral stems is
indicated by the amount of implant-bone fixation, which
is dependent on a combination of primary mechanical

and secondary biological fixation. Primary stability is achieved by
press-fitting the prosthesis in the femur, and correct initial stability
acts as the predominant influence on bone ongrowth1. Varying
degrees of early micromotion from 20 to >150 mm lead to either
predominantly bone or predominantly fibrous tissue formation2.
Since undersizing of the femoral stem has been found to lead to
early aseptic loosening or migration, parameters such as bone-
implant contact and the canal fill index were established to cal-
culate the correct stem size3,4. Stable osseointegration usually takes
approximately 4 to 12 weeks and is themain factor responsible for
the long-term survival of cementless implants5.

Another important factor responsible for correct os-
seointegration is femoral bone quality and the underlying bone
microarchitecture. Over the course of a human lifetime, con-
stant bone remodeling leads to microarchitectural changes that
result in increased fracture risks for elderly men and women6,7.
Decreases in metaphyseal and diaphyseal bone mineral density
following total hip arthroplasty have been found in the first
year8 as well as up to 6 years postoperatively9. Although in-
creased fracture risk has been associated with low bone mineral
density10, no study thus far, to our knowledge, has demon-
strated the bone microarchitecture around secondarily fixated
femoral stems. Recent advances in microcomputed tomogra-
phy (mCT) imaging have evidenced osseointegration of dental
implants and small titanium femoral implants in animal
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models11,12. However, because of a lack of available human
specimens and adequately large mCTscanners, no study to date
has demonstrated correlations between standard radiographs
and bone microarchitecture around femoral stems13. The res-
olution of clinical computed tomography (CT) scanners is not
suitable for the evaluation of bone microarchitecture, and
femoral hip stems that were implanted during a person’s life-
time and retrieved post mortem are rare. Nonetheless, the
prediction and improvement of fracture rates are important
given the high morbidity and mortality associated with peri-
prosthetic fractures14, and a correct understanding of the un-
derlying osseointegration patterns might help in this regard.

There are many different designs of femoral stems for
total hip arthroplasty. One of the most frequently implanted
cementless stems worldwide is the Alloclassic Zweymüller stem
(Zimmer Biomet), which was invented in 1979. It is a tapered,
conical stem with a grit-blasted surface and a rectangular cross
section that obtains fixation primarily in the metaphysis and
the proximal part of the diaphysis15. Long-term survival has
been excellent, with rates of >96% over a time span of 20 to 30
years16,17.

To add knowledge to the existing body of literature, we
aimed to evaluate the 3-dimensional fixation patterns of ce-
mentless, tapered hip stemswith a rectangular cross section. Four
specimens with varying degrees of bone quality and fixation
characteristics from body donors who had received Alloclassic

Zweymüller hip stems during their lifetime were evaluated. The
purpose was to demonstrate the underlying microarchitectural
characteristics of osseointegration by making high-resolution CT
scans and performing hard-tissue histological evaluation. We
hypothesized that there are different secondary fixation patterns
and that the pattern of fixation depends on anatomical condi-
tions and implantation. By evaluating ex vivo implants in a
prospective study setting, we intended to demonstrate different
3-dimensional secondary fixation patterns for the first time.

Materials and Methods

Our ex vivo study design involved 4 femora from different
individuals, all of whom were female, with a mean time

in situ at the time of death of 12.73 years. All femora had
Alloclassic Zweymüller hip stems that had been implanted
during the person’s lifetime (Fig. 1). All specimens originated
from the Vienna Medical Bio-/Implantbank of the Center for
Anatomy and Cell Biology of the Medical University of Vienna,
which was designed to prospectively collect all available spec-
imens with hip implants from body donations to our institu-
tion. All donors provided informed written consent prior to
their death to have their body utilized in medical education and
research. The study was approved by the human ethics com-
mittee and the institutional review board of the Medical Uni-
versity of Vienna. Of the available specimens, we included
those with varying degrees of cortical integration and bone

Fig. 1

Overviewof the included femoral specimens. AP= anteroposterior. *As a result of a policy limiting the retention of data to 30 years, the exact date of surgery

for specimen D could not be specified.
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quality based on a visual inspection of anteroposterior and
lateral radiographs made in a standardized setting (Fig. 1).

Because of the long course of secondary biologic inte-
gration, none of the included specimens had an implant age of
<1 year. Each femur was extracted from the body and stored at
220�C. Radiographs were assessed by the first author with
guidance from the senior author and 1 senior EndoCert-
classified surgeon. Specimen A had excellent cortical integra-
tion and good bone quality. Specimen B had good cortical
integration, good bone quality, and lysis at the proximal part of
the femur, around the implant stem. Specimens C and D had
weak cortical integration and poor bone quality. All femora
showed signs of osteopenia at the proximal part of the femur
(Gruen zones 1 and 7). Immediate postoperative radiographs
for specimens A and B and 1 radiograph from a routine follow-
up examination 9 years postoperatively for specimen C were
available (see Appendix Figure 1).

High-resolution CT image data acquisition at an iso-
metric voxel size of 85 mmwas performed with use of a RayScan
250 E cone-beam CT device using a PerkinElmer flat-panel
detector with 2,048 · 2,048 pixels (pixel size, 200 mm) and a
Viscom 225 kV microfocus x-ray tube. Optimal high-resolution
CT scanning and reconstruction parameters were evaluated in an
empirical parameter study. Because of the heights of the speci-
mens, 2 consecutive scansweremade for each specimen in order to
image the whole femoral implant. Final CTscans were made at an
x-ray tube voltage of 200 kV and a tube current of 300 mA. The
integration time (i.e., the duration of the acquisition of a single x-
ray projection) was 1,999 milliseconds. Each scan consisted of
1,440 projection images. To reduce beam-hardening artifacts, we

utilized a physical 1-mm tin prefilter, as previously proposed by
Schwarz et al.18. Subsequently, the 2 acquired image datasets
obtained per sample were reconstructed and simultaneously
aligned with use of X-AID (MITOS). X-AID features dedicated
algorithms for image artifact reduction, including cupping and
streaking artifact reduction. The correction of streaking artifacts is
based on a normalized metal artifact reduction algorithm, which
facilitates the reduction of streaking artifacts between and around
highly attenuating metal parts19. The extent of artifact correction
was determined empirically and checked qualitatively in order to
reduce artifacts without introducing overcorrection20. Recon-
struction parameters were empirically optimized for optimal
image quality of the implant part with the greatest x-ray pene-
tration length (i.e., the anterior part)21. Postprocessing and
manipulation of the data were performed in VGSTUDIO MAX
(version 3.5; Volume Graphics).

Quantitative CT Evaluation
A quantitative evaluation of high-resolution CT scans was per-
formed with use of amorphometric analysis of the bone along the
femoral stem. The middle and distal parts of the prosthesis were
classified according to the Gruen zones (Fig. 2)22. The proximal
region was not analyzed quantitatively as a result of larger image
artifacts. The bone microstructure was segmented, and the total
volume surrounding the implant was determined and was sub-
divided into cortical volume and trabecular volume (i.e., total
volume minus cortical volume, and thus including both trabec-
ular bone and marrow volume) according to a previously pre-
sented method23. The implant volume was excluded from all
evaluations of bone volume. A region of 0.85 mm (10 voxels)

Fig. 2

Schematic illustration of the Gruen zones (numbered) that were utilized for high-resolution imaging and histological evaluation in this study.

943

THE JOURNAL OF BONE & JOINT SURGERY d J B J S .ORG

VOLUME 106-A d NUMBER 11 d JUNE 5, 2024
THREE-DIMENS IONAL OSSEO INTEGRAT ION PATTERNS OF

CEMENTLESS FEMORAL STEMS

D
ow

nloaded from
 http://journals.lw

w
.com

/jbjsjournal by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 06/05/2024



around the implant was excluded from the analysis in order to
reduce the influence of image artifacts. The following quantitative
measures were evaluated for each Gruen zone: total bone volume,
total bone volume fraction, trabecular bone volume, trabecular
bone volume fraction, cortical bone volume, cortical bone volume
fraction, and cortical thickness. In addition, the percentage of the
implant surface in contact with the cortex was computed. This
was achieved by dilating the implant volume by 1 voxel, counting
the number of voxels that thereby became part of the cortical
volume, and dividing that number of voxels by the total number
of voxels of the implant surface. All image processing steps were
performed in medtool (version 4.5; Dr. Pahr Ingenieurs e.U.).

Qualitative CT Evaluation
As a result of increased metal artifacts at the thicker proximal
third of the stem, only a qualitative evaluation of this region
was performed. Again, the stem was classified according to the
Gruen zones (Fig. 2)22. The bone around the femoral stem was
manually evaluated for lysis of >1 mm and osteopenia.

Histological Evaluation
Slices of 1 cm each were extracted from the middle of the
proximal, middle, and distal thirds of each specimen (Fig. 2)
with use of a diamond band saw (EXAKT 312 Pathology Saw;
EXAKT Technologies). Following extraction, the specimens
were fixed in Schaffer solution. They were then embedded in
methylmethacrylate after the appropriate ascending series of
alcohol solutions. Slices were ground, polished, and stained
according to the Giemsa method. Each slice was evaluated for
bone-implant contact with use of DotDotGoose software
(American Museum of Natural History)24, and bone-implant
contact was reported as a percentage of the implant surface.
Canal fill indices for the middle and distal regions were cal-
culated with use of ImageJ (National Institutes of Health) to
assess the stem size in relation to the femoral canal4.

Statistical Analysis
Statistical analyses were performed with use of IBM SPSS
Statistics forWindows (version 25.0) and aMicrosoft Excel 365

Fig. 3

Comparison of standard anteroposterior (AP) radiographs and high-resolution CT images of the middle region (i.e., Gruen zones 2, 6, 9, and 13) for each

specimen. Ct. integr. = cortical integration, Ct.BV = cortical bone volume, Tb.BV = trabecular bone volume, Tb.BV/TV = trabecular bone volume fraction,

Ct.Th. = cortical thickness, Ct. cov. = cortical coverage, ant. = anterior, post. = posterior.
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spreadsheet. Descriptive statistics (mean, standard deviation,
minimum, and maximum) were computed for all continuous
variables. Bone-implant contact was measured with use of
the point data collection method, and the following formula

was utilized to report percentages:
Bonepoints

Bonepoints1Voidpoints
·100. The

canal fill index was calculated with use of the following
formula:�

implantwidth
canalwidth

1
implantlength
canallength

��
2:

Results
Quantitative CT Evaluation

Specimens that demonstrated apparently good cortical con-
tact on anteroposterior and lateral radiographs showed a

tendency to have higher values for cortical bone volume, tra-
becular bone volume, trabecular bone volume fraction, and
cortical thickness in the high-resolution CT analysis than speci-
mens that demonstratedweak cortical contact on the radiographs.
Comparisons of high-resolution CT scans and radiographs

are presented in Figure 3 for the middle region and in Figure 4
for the distal region. All investigated specimens showed in-
creasing values of cortical bone volume, cortical thickness,
and cortical contact and decreasing values of trabecular bone
volume from proximal to distal. The cortical contact areas at
the middle and distal regions of the prosthesis were 32.64%
for specimen A, 16.44% for specimen B, 2.17% for specimen
C, and 0.69% for specimen D (Fig. 5). Detailed results of our
high-resolution CT analysis can be found in Appendix Tables
1 through 4.

Qualitative CT Evaluation
Because of increasedmetal artifacts at the proximal region, only
subjective, qualitative evaluations of high-resolution CT scans
were performed for this region. All specimens showed signs of
osteopenia, which was represented as visible thinning of tra-
becular bone at the proximal part of the prosthesis (Fig. 6). In
addition, specimen B showed a distinct femoral bone lysis of
>1 mm around the prosthesis.

Fig. 4

Comparison of standard anteroposterior (AP) radiographs and high-resolution CT images of the distal region (i.e., Gruen zones 3, 5, 10, and 12) for each

specimen. Ct. integr. = cortical integration, Ct.BV = cortical bone volume, Tb.BV = trabecular bone volume, Tb.BV/TV = trabecular bone volume fraction,

Ct.Th. = cortical thickness, Ct. cov. = cortical coverage, ant. = anterior, post. = posterior.
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Histological Evaluation
Good cortical integration was observed in the middle and distal
slices for specimens A and B. In contrast, the proximal, middle,
and distal slices for specimens C and D primarily demonstrated
trabecular bone contact, with most of the bone contact at the
edges of the prosthesis (Fig. 7). Bone-implant contact and canal
fill index values for each Gruen zone of the specimens are
presented in Table I. As in the qualitative CT analysis, the
histological evaluation demonstrated visible thinning of the
cancellous bone at the proximal part.

Discussion

The present study investigated 3-dimensional osseointe-
gration patterns of secondarily fixated cementless hip stems

by evaluating radiographs, high-resolution CT scans, and his-
tology for well-osseointegrated hip stems and, to our knowledge,
represents the first study of its kind in the literature. The most
important finding of our study was the demonstration of dif-
ferent fixation patterns, characterized by different values for
cortical bone volume, cortical thickness, bone-implant contact,
and canal fill index.

The survival of cementless femoral stems depends on
biological fixation between the bone and implant. Appropriate
osseointegration, defined as bone ongrowth and a resulting
implant-bone interface that is sufficient and stable, is crucial
for the long-term survival of the implant1. Multiple studies

Fig. 5

Cortical contact areas of the whole stem of each specimen. Specimen A:

32.64%, B: 16.44%, C: 2.17%, and D: 0.69%.

Fig. 6

High-resolution CT images of the proximal region for specimens A through D. The images demonstrate signs of osteopenia, represented as visible bone

loss. Additionally, the image for specimen B shows distinct proximal lysis.
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have focused on the fixation methods of hip implants, differ-
entiating the types of ongrowth, degrees of stress-shielding, and
initial postoperative cortical contact patterns and describing
proximal bone density loss9,25-27. Although all of these studies
included a relatively large number of patients, CT scans were
only obtained after total hip arthroplasty, resulting in low image
quality due to dose restrictions. To add knowledge to the existing
body of literature, we aimed to evaluate different long-term
osseointegration patterns of long, tapered femoral stems by
utilizing a realistic ex vivo setting. Each hip stem had been im-
planted during the lifetime of the person and therefore repre-
sented the actual periprosthetic interface at a mean follow-up
period of 12.73 years. We identified different fixation patterns in
this sample, with specimens having either predominantly cor-
tical or predominantly cancellous fixation. Specimens with high
values for cortical bone volume and cortical thickness had higher
values for cortical bone contact in the CTevaluation than those
with low values for cortical bone volume and cortical thickness.
The former were further characterized by slightly higher bone-

implant contact and canal fill index values in the histological
analysis. In contrast, specimens with low values for cortical bone
volume and cortical thickness were associated with lower bone-
implant contact and canal fill index values. The canal fill index
was introduced as an indicator for the correct stem size, as an
undersized stemwith a canal fill index of <80%was shown to be
associated with early aseptic loosening and stem migration3. In
the present study, the specimens had a mean canal fill index of
62.3% and no signs of relevant aseptic loosening or stem
migration. Although slightly different measurement heights
(2 cm below the lesser trochanter versus the middle and distal
Gruen zones) were utilized, our results suggest that even lower
canal fill index values enable successful osseointegration.

In cases of small cortical thickness with no direct cortical
contact, fixation is primarily achieved through cancellous bone
contact at the corners of the prosthesis. The histological images
in Figure 7 demonstrate different fixation patterns based on
cortical thickness and cortical bone volume. The characteristic
corner-anchorage pattern of primarily cancellous-fixated stems

Fig. 7

Histological evaluation of the proximal, middle, and distal regions (Giemsa staining, ·1). “Proximal” represents Gruen zones 1, 7, 8, and 14; “middle,”

Gruen zones 2, 6, 9, and 13; and “distal,” Gruen zones 3, 5, 10, and 12. Distinct lysis at the proximal section was observed for specimen B.

TABLE I Bone-Implant Contact and Canal Fill Index on Histological Evaluation*

Bone-Implant Contact (%) Canal Fill Index (%)

A B C D A B C D

Proximal 39.83 Lysis = 0.0 28.4 16.33 — — — —

Middle 38.97 78.34 63.94 18.0 64.79 77.61 55.76 53.98

Distal 58.79 36.14 40.96 34.48 70.3 61.73 63.52 50.69

Mean 45.87 57.24† 44.43 22.94 67.54 69.67 59.64 52.33

*Proximal =Gruen zones1, 7, 8, and14;middle=Gruen zones2, 6, 9, and13; distal =Gruen zones3, 5, 10, and12.†The mean was based only on
the middle and distal slices because of the lysis at the proximal region.
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such as those in specimens C and D is further supported by the
3-dimensional CT renderings presented in Figure 8. Coathup
et al.28 evaluated postmortem-retrieved hip implants and com-
pared bone ongrowth for different surface coatings histologi-
cally. They found more bone ongrowth at the medial plane than
at the lateral plane and reported a tendency for overall bone
ongrowth to increase with longer implant duration. However, it
is difficult to compare their findings with our own because
different stems (rectangular versus round), different surface
coatings, and different heights (measured at a Gruen zone versus
measured at the metaphysis) were investigated.

Signs of osteopeniawith thinning of the trabecular bone at the
proximal part of the femur were found in all investigated specimens
in both the high-resolution CTanalysis (Fig. 6) and the histological
analysis (Fig. 7). Given the diaphyseal anchorage mechanism of
Alloclassic Zweymüller stems, this finding can be interpreted as
evidence of stress-shielding and is in line with previous reports25,27.
Engh et al.25 differentiated among 4 different stages of stress-
shielding on the basis of radiographic findings. In the present study,
stress-shielding was analyzed with use of high-resolution CT scans
and histology, and thus the initial radiographic classification system
of Engh et al.25 could not be utilized in this scenario.

The primary limitation of the present study is the low
number of specimens that were included, and therefore general
conclusions cannot be drawn as it is possible that other os-
teointegration patterns exist that were not observable in our
cohort. Likewise, since the Alloclassic Zweymüller stem has a grit-
blasted titanium surface without hydroxyapatite coating and the
present study was dependent on voluntary body donors who
received hip stems during their lifetime, no comparisons can be
drawn to stems with hydroxyapatite coating. However, by focus-
ing on the Alloclassic Zweymüller stem, which is one of the most
frequently implanted hip systems in the world17, we present a
unique in-depth look into fixation mechanisms and the under-
lying microarchitecture. Another limitation is the fact that the
bone microarchitecture around the proximal part of the pros-
thesis could not be quantifiedwithCT; however, it was included in
the histological analysis. Although we utilized an optimized
scanning and reconstruction routine for femoral implants via
artifact reduction software dedicated to industrial high-resolution

CT, it was not possible to completely eliminate all artifacts from
CT scanning in the final volume datasets, as described by Trieb
et al.21. These remaining artifacts and the comparatively low res-
olution for the bone morphometric analysis must also be kept in
mind when interpreting the quantitative results of this study.
Another limitation might be the method of automating the
measurement of cortical and trabecular bone volume based on a
certain threshold, as previously reported23. Nonetheless, the CT
image quality and histological evaluation in the present study are
still superior to those in previous studies inwhich clinical CTscans
for longitudinal bone mineral density evaluation were utilized or
stems were implanted in anatomical samples post mortem. A
major limitation of the previous studies involving postmortem
implantation is the inability to simulate osseointegration and the
changes to bone over years. To our knowledge, the present study is
the first comprehensive assessment of the fixation patterns of
secondarily fixated cementless femoral stems based on a combi-
nation of high-resolution CT scans and histology.

Conclusions
This study demonstrated different osseointegration patterns of
cementless femoral stems on the basis of radiographs, high-
resolution CT scans, and histological evaluation. Femora with
high cortical bone volume and cortical thickness were associated
with higher canal fill indices, whereas femora with low cortical
bone volume and cortical thickness had lower canal fill indices
and showed a characteristic corner-anchorage pattern.

Appendix
Supporting material provided by the authors is posted
with the online version of this article as a data supplement

at jbjs.org (http://links.lww.com/JBJS/H948). n
NOTE: The authors thank the body donors and their families, as such studies would not be possible
without their donation and support.

Gilbert M. Schwarz, MD1,2,3

Alexander Synek, PhD4

Sascha Senck, PhD5

Sam A. Kandathil, MD2

Fig. 8

Three-dimensional renderings of a typical cancellous bone corner-anchorage pattern, generated from images of the middle region in specimen D. This

pattern was observed in both specimens C and D.
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